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New generation maraging steel developed by the aeronautical industry meet the highest mechanical stan-
dards thanks to the controlled growth of M,C carbides and B2-NiAl precipitates during aging treatment
at around 500 °C. However, the literature has reported a low resistance of precipitation-hardened steel to
hydrogen embrittlement that is associated with aging treatment and trapping at precipitates or reverted
austenite. Thus, in relation to the complex microstructure of X23NiCoCr 13-6-3 maraging steel, hydrogen
solubility and trapping was investigated using Thermodesorption Spectroscopy. A high apparent solubil-
ity of hydrogen was observed after aging that was attributed to reversible trapping at coherent B2-NiAl

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Due to its high strength-to-weight ratio, precipitation-hardened
martensitic steel is an ideal material for building the structural
parts of airplanes. However, these structures must withstand harsh
conditions throughout the life of the aircraft, which can include
exposure to a corrosive environment if there are defects in protec-
tion. Interactions between deformation, microstructure and corro-
sion reactions may lead to early failure of a structure induced by
complex damage mechanisms [1-3]. Thus, they must be clarified
and quantified to guarantee structure reliability over a long service
life.

A particular concern for high-strength steel is the production
of hydrogen from corrosion reactions [3]; structures containing
hydrogen may then suffer hydrogen embrittlement (HE). In that
case, brittle intergranular failure is generally observed, and is at-
tributed to hydrogen trapping at prior austenite grain and lath
interfaces [4-G]. However, for precipitation-hardened martensitic
steels, a significant effect of aging on HE resistance has been no-
ticed. Hydrogen can be trapped at semi-coherent or incoherent
precipitates and reverted austenite in the case of over-aging, de-
creasing interface trapping [6-9]. A homogeneous distribution of

* Corresponding authors at: LaSIE, La Rochelle Université, UMR CNRS 7356, Av-
enue Michel Crépeau, 17042 La Rochelle, France
E-mail addresses: camille.rousseau@ensam.eu (C. Rousseau),
abdelali.oudriss@univ-Ir.fr (A. Oudriss).

https://doi.org/10.1016/j.scriptamat.2020.03.013

1359-6462/© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

strong traps such as precipitates within the microstructure then
increase the apparent resistance to HE. Recently, Li and coworkers
[9] have highlighted the primary role of precipitates on HE resis-
tance for conventional maraging steel. Although they found a fine
and homogenous lath structure, PH13-8 was less resistant to hy-
drogen than 17-4PH. Due to their low misfit with the martensitic
matrix, B2-NiAl precipitates in PH13-8 had a lower capacity to trap
hydrogen than the incoherent Cu-rich precipitates in 17-4PH. In
the same way, aging treatment is a key parameter in the resistance
to HE of secondary-hardening steels, which is linked with hydro-
gen reversible trapping around M,C carbides [10].

In recent decades, new generation of maraging steel with a low
carbon content have been developed by the aeronautical industry.
Very high mechanical resistance (UTS = 2200 MPa at 293 K) can
be reached thanks to a combination of the typical B2-NiAl fine pre-
cipitation of conventional maraging steel with the growth of M,C
carbides, as is the case with secondary-hardening steels [11]. Con-
sidering the above, aging treatment would be expected to have a
significant influence in their resistance to HE. However, the role of
each type of precipitate on apparent hydrogen solubility and trap-
ping must be investigated, as mentioned recently in a review pub-
lished by Martin et al. [12].

In this paper, the material under study was the new generation
X23NiCoCrMoAl 13-6-3 maraging steel. It was elaborated under a
vacuum and remelted using a consumable electrode. After a solu-
tion treatment at 1173 K, the steel was quenched, and a subzero
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Fig. 1. (a) Schematic view of X23NiCoCrMoAl 13-6-3 maraging steel microstructure. (b) SEM-EBSD (left) and TEM (right) panorama. (b) Residual austenite observed by TEM
at lath boundaries. (c) On the left, bright and dark field TEM observations of a M2C carbide. On the right, nanometric B2-NiAl precipitates observed by TEM in dark field.

treatment performed to maximize martensitic transformation. The
structure was then relaxed by a short heat treatment at 473 K. Fi-
nally, the steel was aged for 10 h at around 773 K.

The microstructure was characterized at different scales, be-
fore and after aging, using a Leica DM6000M optical micro-
scope, by scanning electron microscopy (SEM Philips FEI, Quanta
200FEG/ESEM, 20 kV) associated with electron back scattering
diffraction (EBSD), and by transmission electron microscopy (TEM
JEOL JEM 2011 200 kV). The methodologies have been detailed in
previous studies [13].

Fig. 1a shows a schematic view of the martensitic microstruc-
ture and heterogeneities of the steel after aging. After quench-
ing and relaxing, a homogeneous martensitic structure was ob-
tained, made of 200 nm-wide laths organized in blocks and pack-
ets within equiaxed prior austenite grains of 30 pm (Fig. 1b). No
effect of aging treatment on the martensitic structure was noticed.
Based on high resolution XRD measurement, both unaged and aged
steel contained around 4%-5% of austenite. TEM observations with
diffraction pattern analyses showed the existence of fine austenite
phases between martensite laths before and after aging (Fig. 1c).
Thus, the austenite is only a residual from quenching. The steel
also contained around 10 inclusions per mm?, which were mainly
aluminum nitride (AIN) inclusions of approximately 5 pm in equiv-
alent diameter.

The martensitic steel was hardened by secondary M,C carbides
that grew mainly during the aging treatment. Before aging, M,C
(M=Mo, Fe, Cr), My3Cs and VC carbides were observed by TEM,
with an equivalent diameter of 24.5 + 10.3nm, and a density
of 38+ 13um~3 (fy(carbides) = 0.03%). They were mainly semi-
coherent with an average mismatch of around 8 =3.7% ((as —
ap)/as with ag and ap the phase and precipitate lattice parameter,
respectively). In the aged material, the carbides were incoherent
or semi-coherent M,C with an average mismatch of around § =
2.9%. They were spherical or elongated and had an average equiv-
alent diameter of 35.1 + 13.1nm. A total density of 75+ 15um™3

was observed (fy(carbides) = 0.17%) (Fig. 1d). Consequently, aging
treatment promoted the nucleation (volume fraction) and growth
(diameter) of carbides and then decreased the solutes in solution
(substitutional and interstitial states). Aging treatment also allowed
the simultaneous growth of spherical intermetallic B2-NiAl precip-
itates with a diameter of 4.4 + 0.6 nm, characterized by a high co-
herency with the martensitic structure and a low mismatch pa-
rameter § = 1.47%. Due to their very small size, the density of NiAl
precipitates was difficult to estimate by conventional TEM, but this
density should be least a 10-times higher than that of carbides
[14]. Other authors found fy (B2 — NiAl) = 5% and f,(B2 — NiAl) =
7.2% on similar maraging steel with respectively 0.9 wt% and 1.05
wt% of Al [11,15]. In the present study, high magnification TEM pic-
tures were used to estimate this fraction after aging f, (B2 — NiAl)
at around 12% (Fig. 1d).

The high number of interfaces and heterogeneities suggested a
high density of dislocations and significant internal stress. From
XRD measurements based on a Williamson-Hall analysis [16], the
total density of dislocations was estimated at 2 x 10”m™ and
the internal stress at 925 MPa. No significant difference was ob-
served before and after aging. TEM measurements and the line-
intercept method showed that the intra-granular dislocation den-
sity was 14.9 & 1.4 x 10m2 before and 15.3 £ 2.6 x 10'* m~2 af-
ter aging. The geometrically necessary dislocation density was es-
timated from EBSD measurements [17] to be 4.0+ 1.2 x 10'4 m—2
before and 1.6 + 0.2 x 10" m=2 after aging. Thus, aging treatment
only had a moderate impact on the total dislocation density.

Apparent hydrogen solubility and trapping were then studied
on the material before and after aging using Thermodesorption
Spectroscopy (TDS). Specimens (4 x 4 x 10 mm?3) were mechani-
cally polished with SiC grinding paper down to 5 pm, cleaned with
acetone and finally masked with a Mecaprex MA2 resin to pro-
ceed to one side polarization. Specimens were subjected to a ca-
thodic polarization at —100 mA.cm~2 (HER: Hydrogen Evolution
Reaction) in a deaerated 1 M H,SO4 solution at 20 °C. These ex-
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Fig. 2. (a) Apparent hydrogen solubility within the steel before and after aging treatment. (b) Evolution of hydrogen desorption spectra on the aged steel after 24 h of
cathodic charging for different heating rate r (c) Deconvolution of a hydrogen desorption spectra performed at 183 K/min on aged steel after 24 h of cathodic charging in

four Gaussian peaks. At heating rate r, each peak is associated to the temperature T,.

perimental conditions were not representative of the actual condi-
tions of the manufacturing and operating environment but allowed
to maximize adsorbed hydrogen at the surface. After polarization,
the resin was removed, and specimens mechanically polished to
remove corrosion products. Finally, a TDS analysis was conducted
using gas catharometry with a Jobin Yvon Horiba EMGA-621 W hy-
drogen analyzer (TCD: Thermal Conductivity Detector).

First, cathodic polarizations were performed for 3-72 h. The to-
tal hydrogen content for each charging time was estimated by TDS
with direct heating at 2000 °C. As shown in Fig. 2a, the results on
the material before aging are consistent with previous studies on
martensitic steels [18]. A maximum apparent solubility of around
3 to 4 wppm was obtained after 72 h of cathodic charging. How-
ever, hydrogen apparent solubility on the material after aging was
higher. After 24 h of cathodic charging, 6 wppm may be introduced
into the material without inducing internal damage or blistering.
The maximum apparent solubility was obtained after 72 h and was
above 10 wppm. Thus, a large quantity of hydrogen may be intro-
duced into the new generation maraging steel X23NiCoCrMoAl 13-
6-3 in environments allowing its adsorption onto the surface. This
can be explained by the microstructural changes induced by the
aging treatment (Fig. 2a).

Following the same methodology, further investigations were
performed by polarizing specimens for a fixed time of 24 h and by
conducting TDS analysis at specific heating rates (70-300 K min~1)
from 80°C to 2000 °C to obtain desorption profiles. As shown in
Fig. 2c, thermal desorption spectra obtained for each heating rate
was then deconvoluted using a sum of four Gaussian distributions.
Each peak is related to a type of site for hydrogen trapping and a
specific temperature for a given heating rate. As has been well es-
tablished in the literature [19,20], the peaks were moved towards
a higher temperature by increasing the heating rate (Fig. 2b). Then,
the trapping energy for the hydrogen of the associated type of site
is given by Kissinger’s equation:

dln(%) _ —AEp,

a(x) F

where ¢ is the heating rate (K s1), T,; the ith peak temperature
(K), AEry, the energy of the trap associated with the ith peak and
R the gas constant (8.13 ] K~1 mol~1).

The energy related to the four peaks was 0.12 eV, 0.18 eV,
0.28 eV and 0.50 eV, respectively (Fig. 3b). According to the litera-

(1)



C. Rousseau, A. Oudriss and R. Milet et al./Scripta Materialia 183 (2020) 144-148 147

4.5
a
e 4 After @)
g 3.5 aging
= 3
‘g Before /
229 aging
3 2
g .
:én 1.5 ?
° 1
E\0.5 . ]
0 r. %_
Peak 1 Peak 2 Peak 3 Peak 4
Lattice Reversible Reversible Irreversible
sites (L) traps (r1) traps (r2) traps (ir)

JTPLY y — 1397.0x - 10.445 (b)
-11.5 18TP2 (K) R - 0078
aTP3 (K) e
-12 10 TP4 (K)
125
e o
SRR &%@s\ﬁ
z y =-2046.8x - 10.707
-13.5 1 4 R2=0.9617
-14 y=-3238.2x - 10.484
R2=0.9712
145 4y =-5806.8x - 9.4046
R?=0.9635
-15 . ‘ .
0.0003 0.0008 0.0013 0.0018
1T, (1/K)

Fig. 3. (a) Hydrogen distribution calculated from deconvolution of desorption spectra for the two states (before and after aging) after 24 h of cathodic charging. (b) Deter-
mination of trapping energy associated with each identified peak on the material after aging from Eq (1).

ture [18,21-23], the trapping energy associated with the first peak
corresponds to diffusible hydrogen in lattice sites (AEr. ~ 0.1 eV).
The two intermediate peaks are related to reversible traps (AEr ~
0.2-0.4 eV), generally attributed to the elastic field of dislocations
and/or coherent and semi-coherent precipitates [24,25]. The last
peak can be attributed to irreversible trapping at grain or phase
boundaries, dislocation cores and vacancies (AEr, > 0.5 eV)
[22,26].

Regarding the microstructural characterization, both grain
boundaries (prior austenite grain, blocks, packets and laths) and
phase boundaries (between austenite and martensite) can irre-
versibly trap hydrogen with an energy AEp . of 0.5 eV. Disloca-
tions cores and vacancies within martensite and austenite phases
can also act as irreversible traps. Dislocations can contribute to re-
versibly trap hydrogen in their elastic field, with an energy AEy 1,
of 0.28 eV.

Precipitates can be involved in both reversible and irre-
versible trapping, and this depends mainly on their coherency
[9,10,13,18,24,27]. The exact location of the trapping sites remains
unclear (e.g., surrounding strain field, coherent interface, non-
coherent interface with misfit dislocations, vacancies in or around
the precipitates). However, some results have clearly demonstrated
the elastic field contribution to hydrogen trapping at coherent and
semi-coherent precipitates [18,28-30]. The local strain field out-
side the precipitates were caused by the § mismatch of lattice pa-
rameters which exists between coherent or semi-coherent precipi-
tates and the matrix [28,31]. The high coherency of nanometric B2-
NiAl precipitates with a martensitic microstructure only generates
a low local strain field (§ =1.47%). The first type of reversible traps
(AEr. 1 =0.18eV) could thus be associated with fine intermetal-
lic precipitation. On the other hand, M,C precipitates are semi-
coherent and/or incoherent and could trap hydrogen at local strain
fields and at non-coherent interfaces with misfit dislocations or
at vacancies in or around the precipitates. They can contribute to
both types of reversible traps (AEr 1 = 0.18eV, AEp 5 =0.28 eV
depending on their coherency, at a surrounded elastic field, and
to irreversible traps at dislocation cores and vacancies (AEp i =
0.50eV).

To evaluate hydrogen distribution within the different sites, the
ratio between the peak area obtained from the thermal desorption
spectra at medium heating rates (183 K min~! and 230 K min~1)
may be considered [32]. The evaluation of hydrogen distribution
before and after aging (Fig. 3a) showed that aging is promoting
the first type of reversible traps (AEr ;1 = 0.18 eV). Indeed, the ra-
tio between the first type of reversible trapped hydrogen Cr;q and
diffusible hydrogen C; is around 9 before aging and around 25 af-
ter aging. No modification was observed with aging for the second
type of reversible trapped hydrogen Cr/C. and the irreversible

trapped hydrogen Cr;/C. They were around 10 and 1.5, respec-
tively.

The ratio between reversible trapped hydrogen Crp, associated
with local strain, outside coherent and semi-coherent precipitates
or induced by edge dislocations, and diffusible hydrogen C;, can be
deduced by analytical calculations Eqs. (2) and (3). For coherent
and semi-coherent precipitates, the 6 mismatch was used to for-
malize the reversible trapped hydrogen in their Crypr. elastic field
as in the following expressions [13,28,31,33]:

Crrprec f AV 1 fr'ﬁAr s(r) dr
=0 - =
.

C]_ Tp Ar » So
LoS(r) omVy B E
with =5 —e"P< keT ) o= (135 )en
2.(\>
and e, = §8(7) (2)

Where o, and ey are the hydrostatic stress and strain, respec-
tively. E is the Young modulus, v the Poisson coefficient. rp is the
precipitate radius. Ar =r —rp is the radius of the elastic distortion.
Vy is the partial molar volume, V}, the precipitate volume and AV
the volume fraction of elastic distortion.

The lattice distortion generated by an edge dislocation induces
the creation of an elastic field characterized by a hydrostatic stress.
The macroscopic excess of hydrogen resulting from the distor-
tion of crystallographic features can be expressed by the following
equation [34-37]:

CTr dislo 77:62 1
5 — l
¢ ez’ ™ bp

. ub\/1+v\ =

with ﬂ_(3n>(1_u> Vu 3)
p is the dislocation density, b the burgers vector and p the shear
modulus.

As shown in Fig. 4, considering trapping at a local strain around
the B2-NiAl precipitates, Eq. (2) gives a Cy;p-njal/CL ratio of around
17, which is in quite good agreement with the experimental value
(Ctr1/CL=25). This result supports the hypothesis that B2-NiAl pre-
cipitates constitute the preferential site of reversible trapped hy-
drogen with a AEp , energy of 0.18 eV and therefore the main
source of the difference in apparent solubility between the two
states (before and after aging). Applied to the elastic field of car-
bides, Eq. (2) predicts a Cry.carp/Cp ratio of around 6 before and af-
ter aging. Considering Eq. (3), a lower value was given for trap-
ping at the elastic field of edge dislocations. Indeed, the model
predicts a Cry4i510/Cy. ratio of around 0.1 before and after aging. As
shown in Fig. 4, the value associated with carbide was quite sim-
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Fig. 4. Comparison between the TDS experimental results and an analytical calcula-
tion of CTr,prec/CL from Eq. (2) for the material under study and other results from
literature (see *[33] and **[13]).

ilar to the experimental value (Ct,/C =10). Thus, the main factor
for the second type of reversible traps (AEy , = 0.28 eV) seems to
be a consequence of the interaction between hydrogen and carbide
precipitation. However, dislocations are expected to have a major
contribution on irreversible hydrogen trapping. Indeed, as shown
by several authors [37-39], the density of deep traps Nt can be
estimated by analytical expressions as a function of dislocation.
For the material under study, both dislocations density and irre-
versible trapped hydrogen Cy;,/C. were found to be constant with
aging.

To conclude, a high quantity of hydrogen may be introduced
and trapped within the new generation maraging steel. This high
apparent solubility can be attributed to the growth of fine precip-
itates during aging. Our results showed that hydrogen is mainly
reversibly trapped at the elastic field induced by coherent fine
precipitates with an energy of around 0.18 eV. Semi-coherent car-
bides also contributed to reversibly trapped hydrogen at their elas-
tic field, with a higher energy (0.28 eV). However, by compari-
son, the influence of carbides on the apparent hydrogen solubil-
ity seems to be more limited. Further investigations are ongoing
to study irreversible hydrogen trapping and evaluate the impact of
deep trapped hydrogen on the mechanical properties of maraging
steel.
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