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Abstract

Slow strain rate tensile tests under hydrogen cathodic charging are conducted on 17-4 PH steel with
two surface conditions: mirror polished and ball-burnished. In both cases, significant subcritical
cracking initiating at the surface is observed leading to considerable reduction in elongation to
fracture. However, ball-burnished specimens show better elongation and much less secondary
cracking than the polished ones. Ball-burnishing introduces high compressive residual stresses in the
specimen sub-surface. However, EBSD showed a very limited impact of ball-burnishing on the
microstructure, so little effect on hydrogen trapping is expected. The beneficial effect of ball-
burnishing on the resistance of the hydrogen assisted cracking is mainly explained by the high
compressive longitudinal stress at the specimen surface, which makes crack initiation more difficult
and hence delays specimen failure. In addition, it is estimated that the amount of hydrogen introduced
at the specimen surface is decreased by approximately 30% due to the high compressive hydrostatic
stress.
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1. Introduction

Precipitation hardenable stainless steel are used for a variety of applications such as chemical plants,
marine environment or oil and gas industry. More particularly, 17-4 PH contains 15 — 17.5 wt.% of
chromium, allowing the formation of an adherent and protective passive layer at the surface, 3-5 wt.%
of nickel and 3-5 wt.% of copper. The 17-4 PH exhibits a martensitic microstructure after solution heat
treatment and quenching. An ageing treatment applied in the range of 480 —620°C can also be applied,
resulting in strengthening due to the precipitation of a Cu-rich phase in the martensitic matrix [1,2].
This alloy is one of the most popular among the precipitation hardenable stainless steels because of
its high tensile strength, corrosion resistance and fracture toughness. However, several studies showed
that it is very sensitive to hydrogen embrittlement [3—6].

In a previous work [3], the mechanical behavior of 17-4 PH was studied through slow strain rate tensile
(SSRT) tests under cathodic charging. In air, the material exhibits a ductile fracture whereas a fragile
intergranular fracture is observed with hydrogen. It appears that the brittleness is due to a subcritical
crack growth, where hydrogen interacts with the crack tip. The cracks initiate at the specimen surface
where the hydrogen concentration is usually the highest. Such a hydrogen-assisted phenomenon is
usually observed during SSRT tests under hydrogen [7,8]. In such case, the diffusion distance of
hydrogen during the experiment can be much smaller than the crack length, indicating that the
hydrogen source moves along with the crack propagation [7,9] and interacts with the crack tip.

17-4 PH has a complex microstructure with the presence of a martensitic matrix, copper precipitates
and austenite [3]. After solution heat treatment at 1050°C, the former austenitic grain size is about 15
to 20 um [10]. The former austenitic grains are divided into martensite packets, blocks and laths [11].



The block and lath size is of the order of 3 um [3] and 500 nm [12], respectively. Using atom probe
tomography, Yeli et al. [13] showed that, after ageing for 2 hours at 590°C, the number density and
mean radius of copper precipitates were 4.3 1022 m and 5.5 nm, respectively. According to a recent
study by Schutz et al. [14], copper precipitates have a face centered cubic (FCC) structure for ageing
treatments above 550°C, with orientation relationship with the matrix. Austenite is also present, either
as retained austenite or as reverted austenite, the latter forming during the ageing treatment. Alnajjar
et al. [3] measured a fraction of austenite of 5.2% after ageing for 4 hours at 580°C. Austenite is present
as thin layers, about 50 nm in thickness, along the lath boundaries [2]. Dislocation density in 17-4PH
steel was studied in details by Christien et al. [15]. In the quenched state, the dislocation density is as
high as a few 10> m?, but this value drops to a few 10'* m after ageing at 600°C for four hours.

Such microstructure induces a high trapping effect of hydrogen. Using hydrogen permeation, Alnajjar
et al. [3] measured an apparent hydrogen diffusion coefficient of 2.3 10 m? s in 17-4PH steel aged
for 4 hours at 580°C. This is lower by four orders of magnitude than the hydrogen diffusion coefficient
in bcciron [16], showing the effect of the steel microstructure on hydrogen trapping. Using permeation
and TDS on different heat treatments of 17-4PH steel, Schutz et al. [14] showed that the most active
traps for hydrogen were copper precipitates and austenite. Concerning trapping by the copper
precipitates, they suggested that hydrogen is mainly trapped at the precipitate-matrix interface.

Several works tried to identify some relations between hydrogen microstructural trapping steel and
hydrogen embrittlement of 17-4PH steel. Some studies pointed out the effect of the prior austenite
grain size on hydrogen embrittlement [4,17,18]. Increasing the austenitizing temperature results in
coarser grain structure and then to a decrease of the grain boundaries length. By decreasing the
proportion of grain boundaries, less hydrogen is trapped and hydrogen embrittlement susceptibility
could be modified accordingly. However, the difficulty of such studies is to decouple the effect of prior
austenite grain size to other microstructural modifications due to heat treatments. Indeed, some
studies showed an effect of heat treatments on hydrogen trapping and embrittlement [4-6]. For
example, Chiang and co-authors [5] showed that the solution annealed specimen exhibit a better
resistance to hydrogen embrittlement than the peak-aged specimen. They concluded that the
hydrogen trapped in the Cu-rich precipitate —matrix interface cause the brittle fracture of peak-aged
17-4 PH, although direct comparison between the solution annealed and peak-aged state is difficult as
these two states have very different initial mechanical properties. Shen and co-authors [4] on the
contrary demonstrated a beneficial effect of copper precipitation on hydrogen embrittlement
susceptibility when the solution-treatment temperature increases. Hayashi et al. [6] confirmed the
beneficial effect of precipitates on hydrogen embrittlement by a trapping effect. However, such effect
disappeared when hydrogen was trapped in both precipitates and matrix. Again, these studies showed
the high trapping effect of precipitates. However, the role of such traps on hydrogen embrittlement is
still unclear.

Many researches were conducted to prevent hydrogen embrittlement. For example, the use of
“hydrogen-resistant coatings” were considered to act as a diffusion barrier on the material surface
[19,20]. Several coatings were tested such as stable oxides formed at the surface, cadmium or nickel
plating or hard coatings. The limitation of such technologies is mainly due to coating defects and the
necessity to be completely adherent to pursue its hydrogen-resistant properties [19,20]. Mechanical
treatments of the surface were then considered to prevent hydrogen embrittlement. Several authors
showed a beneficial effect of pre-straining [21,22] or peening technologies [23-25] to mitigate
hydrogen embrittlement. Such mechanically transformed surface was investigated to determine the
role of residual stress and plastic deformation on hydrogen diffusion and embrittlement. It mainly
appears that plastic deformation plays an important role to inhibit the diffusion of hydrogen towards
the bulk material by favoring trapping. Indeed, the decrease in grain size or the increase in dislocation
density at the surface lead to an increase in the apparent solubility and a decrease in the apparent
diffusivity [23,25,26]. The introduction of compressive residual stress (CRS) at the surface also plays a
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role to mitigate hydrogen embrittlement. Takakuwa and co-authors [27,28] showed that the
hydrostatic stress field around the crack tip can be greatly reduced by compressive residual stress,
which then reduces the hydrogen concentration in the critical zone. Hence, the introduction of CRS
delays the initiation and the growth of cracks, not only in hydrogen-rich environment.

In the present paper, it is proposed to study the effect of a superfinishing process, ball-burnishing, on
17-4 PH hydrogen-assisted cracking. Burnishing is a simple and low-cost process which improves the
surface integrity (roughness, residual stress, microstructure, hardness) of materials [29,30]. For
example, ball-burnishing has a beneficial effect on fatigue lifetime [31], wear [32] or corrosion
resistance [33]. 17-4 PH is a low work hardening rate material with high yield stress so it is expected
that ball-burnishing, with the absence of sliding, only implements compressive residual stress during
the surface treatment [34].

2. Experimental procedures

2.1. Studied material
The material used in this study is a wrought 17-4 PH steel whose composition is provided in Table 1.
The axisymmetric slow strain rate tensile test samples are cut into the commercial bar and have a gage
length of 10 mm with a diameter of 5 mm. Samples have undergone a solution heat treatment at
1050°C for 1 h followed by a water quenching and an ageing treatment at 580°C for 4 h. The tensile
specimens were also polished up to 1 um diamond finish using a lathe.

Table 1 : Chemical composition of the 17-4 PH steel used in this work in wt. % provided by supplier.

C Ni Si P Mn Cr Cu S Nb Fe
0.031 4.82 0.31 0.016 0.81 15.61 3.12 0.02 0.21 Bal.

2.2. Ball-burnishing procedure

The ball-burnishing process is a mechanical surface treatment (Figure 1) where a normal pressure is
applied to the machined surface using a rigid rolling ball. The process induces a cold plastic
deformation of the roughness peaks of the surface. From a macroscopic point of view, no sliding occurs
between the ball and the machined surface. Ball-burnishing has been performed within the following
conditions: ball diameter @ = 6mm; rolling velocity (or burnishing speed) v4 = 50 m/min; feed per
revolution f = 0.2 mm and normal force F, = 250N. Some specimens were ball-burnished before the
tensile experiments and are denoted “ball-burnished specimens” in the following. The specimens that
did not undergo ball-burnishing are denoted “polished sample” since a polishing procedure was
applied (see sub-section 2.1).

High pressure fluid

Fnl | » Vg

@ : ball diameter

Rolling
velocity : Vg

Figure 1 : Principle of the ball-burnishing process (reprinted from [29] with permission from Elsevier).



2.3. X-ray diffraction measurements
Residual stresses were measured on polished and ball-burnished cylindrical tensile specimens.
Measurements were conducted in both the longitudinal and transverse directions using an X-ray
diffractometer of type STRESSTECH Xstress 3000. The conditions of measurement are given in Table 2.

Table 2 : Experimental conditions of residual stress measurements.

Diffraction Conditions Acquisition conditions
e CrKasource (A =0.2291 nm) operated at 28 kV e Yy mode
and 6 mA e 17y angles from -45° to +45°
e (211) plane, 26 = 156.4° e y oscillation: £ 6°

The in-depth residual stresses were measured after layer-by-layer material removal using local electro-
dissolution under 13V in an ammonium chloride solution. After each layer removal, the depth was
measured using an INTRA Talysurf profilometer from Taylor Hobson. Peak breadths (FWHM: full width
at half maximum) were also extracted from the X-ray diffraction measurements. The diffraction peak
breadth in the kind of materials studied here is mainly related to the dislocation density [15,35].

2.4. Roughness measurements
Surface roughness was measured on polished and ball-burnished cylindrical tensile specimens thanks
to a focus variation microscope mounted with a 50x objective. The vertical resolution was of 30 nm
and the lateral resolution was of 2 um for a scanning area of 1x1 mm?2. A cut off filter of 800 um was
used and the surface waviness was removed using the appropriate filter.

2.5. Slow Strain Rate Tensile tests
Ball-burnished and polished specimens were tested at room temperature at a displacement rate of
10° mm/s and 10 mm/s with or without electrochemical hydrogen charging. The tensile machine
used for the experiments is a SCHENK machine where a LVDT is mounted in order to record the
displacement. A correction is applied on raw data as the LVDT is fixed outside the electrochemical cell,
i.e. not on the specimen itself.

For each surface condition (ball-burnished or polished surface), tensile tests were performed in air and
under cathodic charging. Some specimens were pre-charged for 24 h before the SSRT test began and
remained under charging until the fracture happened. Such tests are denoted “H pre-charged”. Other
specimens were only charged during the tensile tests and are denoted “H charged”. All samples were
cathodically charged at — 800 mV using a PGP201 potentiostat. A saturated calomel electrode is used
as a reference electrode and a platinum grid as a counter electrode. The charging procedure was done
using a 30 g/l NaCl + 0.4 g/l sodium acetate solution with a pH of 1.5. The solution was deaerated with
nitrogen gas before and during the test. The electrochemical cell and the sample are mounted on the
tensile machine and purged with nitrogen before the solution is introduced. The cathodic charging was
launched when the three electrodes were immersed. After the SSRT test, the specimens were
unmounted and cleaned with ethanol for fractographic observation.

2.6. Microstructural observations using EBSD
For EBSD observations, the samples were cut following the transverse direction. The section was
polished up to 1200 grit followed by electropolishing using 94% ethanol + 6% perchloric acid as an
electrolyte at 25 V during 60 s. A Zeiss SEM was used at 20 kV for EBSD.

2.7. Hardness measurements
The same specimen as for EBSD observations were used for nanoindentation measurements in the
sub-surface. Berkovich nanoindentation grids (100x600 um) were carried out to evidence
modifications of mechanical properties induced by the burnishing operation using a DCM
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nanoindentation set up (MTS). The penetration depth was set to 300 nm and space between indents
was about 20 um. Hardness and elastic modulus were extracted using Loubet’s method [36].

3. Results and discussion

3.1. Surface modifications due to ball-burnishing
3.1.1.Roughness measurements

Table 3 presents the roughness of polished and ball-burnished specimens. As expected, the roughness
of the ball-burnished material is low, around 0.4 um. For the polished material, the roughness is around
0.5 pum. Escobar and co-authors [37] have shown that the surface roughness of a high-strength low-
alloy steel can affect the quantity of hydrogen absorbed by the surface during electrochemical
charging. However, a significant effect is observed when the roughness varies by a factor of 100. Hence,
it can be safely concluded that, in this study, the roughness will not affect the electrochemical charging
and then the quantity of absorbed hydrogen. Then, it is considered here that the roughness is very low
and similar for the two materials.

Table 3 : Roughness measurements for the polished and ball-burnished samples.

Polished material Ball-burnished material
Ra (um) 0.49 0.37

3.1.2.Microstructural observations
Figure 2 shows the EBSD results obtained on a cross-section of a ball-burnished specimen. The bottom
of the maps corresponds to the ball-burnished surface and the mapped area covers 200 um below it.
Figure 2a is the orientation map (IPF z, z being the normal to the observed surface). Grain boundaries
of misorientation higher than 10° are highlighted in black. Those “grains” actually correspond to
martensite blocks, as described in details in [11]. No significant deformation of the morphological
texture, i.e. shape of the martensite blocks, is observed close to the ball-burnished surface.

Figure 2b shows the first order KAM map obtained from the EBSD data. The first order KAM (Kernel
Average Misorientation) is the misorientation between a given pixel of the map and the first order
neighboring pixels. Local misorientations are observed inside the martensite blocks. In addition, the
highest local misorientations, corresponding to the yellow areas in Figure 2b, are concentrated in
“walls”. This is consistent with the existence, in a given martensite block, of several slightly misoriented
martensite laths, that can be described as dislocations walls [11]. Additionally, an increase in local
misorientation is observed at the bottom of Figure 2b, i.e. in the vicinity of the ball-burnished surface.
This suggests that ball-burnishing has plastically deformed the sub-surface of the specimen.
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Figure 2 : EBSD analysis on a cross-section of the ball-burnished material : (a) orientation map (IPFz) ; (b) kernel average
misorientation map. The bottom of the figure corresponds to the ball-burnished surface.

Figure 3 shows the variation of the local misorientation with the distance to surface. This was obtained
by averaging the data of Figure 2b line by line. The KAM is observed to increase from 0.5° to 0.8° over



the depth investigated here (200 um). Assuming that the density of geometrically necessary
dislocations (GNDs) is proportional to the KAM [38], this would imply an increase of the GND density
by a factor of the order of 1.5 in the close sub-surface, due to ball-burnishing. However, this increase
in KAM observed in Figure 3 has to be considered with caution as it is not much higher than the level
of noise [38].
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Figure 3 : Average kernel misorientation as a function of the distance to the ball-burnished surface, extracted from Figure 2b.

Figure 4 shows the depth-dependence of the X-ray diffraction peak breadth (FWHM). Similar values of
FWHM are found in the transverse and longitudinal directions. Data in Figure 4 are the transverse-
longitudinal average values. An increase in the diffraction peak breadth from 2.5° to 3° is observed
within the 200 um beneath the surface. Following the approach proposed in [15] and [35], the
additional dislocation density corresponding to such a peak broadening can be roughly estimated at
~10' m2, which is of the same order as the initial dislocation density present in the material bulk.
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Figure 4 : Diffraction peak breadth (FWHM) as a function of the distance to the ball burnished surface



3.1.3. Hardness and residual stresses profiles
Figure 5a present the evolution of the hardness and the elastic modulus from the surface towards the
bulk for the ball-burnished specimen. An increase in hardness is observed at the vicinity of the surface
and tends to slowly decrease to stabilize around 500 um below the surface. It should be noted that the
increase is only of about 7% (H = 4.2 GPa at the surface and H = 3.9 GPa in the bulk). The elastic modulus
also varies from surface to depth with an increase of less than 5% (E = 190 GPa at the surface and E =

180 GPa in the bulk).
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Figure 5 : (a) Hardness and elastic modulus in-depth profiles of the ball-burnished specimen ; (b) Hardness in-depth profile
of the ball-burnished specimen computed from nanoindentation measurements considering a constant Young modulus
(185 GPa)

Figure 6 presents the evolution of the residual stress before and after the ball-burnishing process. High
compressive residual stress (CRS) are observed for the ball-burnished specimen over the first hundreds
of micrometers, around -600 and -800 MPa. For the polished specimen, it appears that the CRS is very
limited, reaching only -110 MPa over the first ten micrometers.
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Figure 6 : Residual stress depth profiles for the ball-burnished and polished specimens.

It was previously showed that residual stresses can have a significant effect on the hardness and elastic
modulus obtained from nanoindentation measurements [39,40]. Indeed, residual compressive
stresses are known to lead to an apparent hardness increase related to the decrease of the penetration
depth for a given indentation load. The same conclusion holds for the elastic modulus. In absence of
residual stresses, the elastic modulus should not depend upon any mechanical surface treatment
inducing plastic flow. The noticed variation is a clear signature of residual stresses. For instance,
computing the hardness profile assuming a constant elastic modulus of 185 GPa leads to a roughly
constant hardness versus depth (Figure 5b). Such method was previously used by Breumier et al. [41]
to reveal shot-peening induced strain hardening.

The effects of residual stress on nanoindentation hardness is usually a second-order effect compared
to plastic flow induced strain-hardening, except for low work-hardening rate materials such as 17-4
PH. In this latter case, the yield stress reaches saturation after a few percent of plastic deformation,
when Berkovich or Vickers indentation tests are known to probe metals yield stress for a “8% plastic
strain level [42]. Note that, as the specimen was cut for hardness measurement, the longitudinal stress
was suppressed and only the transverse stress applies here.

In summary, no significant increase in hardness was observed due to ball-burnishing. This shows that
the increase in dislocation density shown in Figure 3 and in Figure 4 does not significantly affect the
material hardness. This is consistent with the analysis of the strengthening mechanisms by Alnajjar et
al [3], showing only a limited contribution of work-hardening to the hardness of aged 17-4PH steel.



3.2. Mechanical results
3.2.1.Slow strain rate tensile test
Figure 7a presents the engineering stress-strain curves obtained for the ball-burnished (full line) and
polished (dotted line) specimens when tested in air (at 10°> mm/s) and in hydrogen-rich environment
(H charged at 10* mm/s , H pre-charged at 10* mm/s and H pre-charged at 10 mm/s). The engineering
stress was calculated by dividing the load with the minimal cross-section obtained along the tensile
axis.
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Figure 7 : (a) Slow strain rate tensile test curves ; (b) Elongation at fracture for the two materials in the different H charging
conditions tested

A significant elongation (about 26%) is observed for the polished specimens in air (Figure 7b). When
tested in hydrogen environment, a pronounced effect of hydrogen is observed for the polished
specimens compared to air. Indeed, as presented in Figure 7b, the elongation decreases to 9.7% for
the H charged, 10* mm/s condition, to 4.1% for the H pre-charged, 10* mm/s condition and to only
0.7% for the H pre-charged, 10° mm/s condition. A strong effect of the hydrogen charging condition is
observed. After ball-burnishing, the specimens present a systematic increase in the elongation at
rupture when tested in hydrogen environment (Figure 7b) compared to air. Hence, a small but
systematic beneficial influence of the ball-burnishing process is observed on the hydrogen
embrittlement susceptibility.
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3.2.2.Fractographs and fracture mode

In a previous work [3], it was showed that 17-4 PH presents a ductile fracture when tested in air,
indicated by the presence of a reduction of area, dimples and shearing lips. The same conclusion is
made when the fracture of the ball-burnished specimens tested in air is observed (not show here).
Figure 8 presents the fracture surface of the polished and ball-burnished specimens tested for H
charged at 10 mm/s. Such images are representative of what is observed for all the hydrogen charged
tested conditions. Both polished and ball-burnished surfaces present no reduction in area after the
SSRT experiments. The fractures surface are composed of a brittle area near the edges and a ductile
zone at the centre (Figure 8a & d). The brittle zone is entirely intergranular (Figure 8b & e) whereas
the ductile zone is revealed by the presence of dimples (Figure 8c & f).

ST

20_p.m

Figure 8 : Fracture surfaces after tensile test for the polished specimens (a-c) and the ball-burnished specimens (d-f) for the
H charged, 10 mm/s condition.
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Figure 9 shows a side view of the polished and ball-burnished specimens after the tensile test in H
charged, 10* mm/s condition. The same observations are made in the other H charging conditions.
Secondary cracks are observed over the surface of the polished and ball-burnished specimens. Those
cracks, which did not induce the final fracture, demonstrate the occurrence of subcritical crack growth
occurring for all the tested conditions. The fracture can be described into three steps [3]:

- Formation of multiple subcritical cracks,

- Coalescence of some of them to form the main crack that propagates up to a critical length,

- Final overload of the remaining ligament inducing the fracture.

(a)

(b) I

1 mm

Figure 9 : Side views showing secondary cracking for: (a) the polished specimen ; (b) the ball-burnished specimen at 10
mm/s, pre-charged conditions.

Figure 7a confirms the subcritical crack growth. Indeed, a decrease in load in observed for the samples tested in hydrogen
environment, while no necking is observed on the fracture micrographs presented in Figure 8. Such load drop is attributed
to the propagation and coalescence of cracks, inducing a decrease of the specimen’s rigidity and then a load drop. Finally,
as previously observed [3], the load drops are very slow for all the tested condition (ball-burnished and polished
specimens), ranging from 2 hours to 59 hours depending on the testing conditions (

Table 4). For polished and ball-burnished specimens, hydrogen has sufficient time to interact with the
crack tips. From these results, it is concluded that there is no significant difference in the degradation
mechanism under hydrogen environment between the polished and the ball-burnished specimens.
However, degradation is delayed for the ball-burnished specimens.

12



Table 4 : Duration of load drop on the SSRT curves depending on the different charging conditions and specimens.

Duration of load drop (h)

Polished specimens Ball-burnished specimens
H charged — 10* mm/s 3.7 5.3
H pre-charged — 10* mm/s 2.75 3.7
H pre-charged — 10° mm/s 22 59

3.3. Discussion
Results have shown that ball-burnishing induces a systematic decrease in the hydrogen embrittlement
susceptibility (Figure 7) by introducing a delaying effect on the degradation mechanism.

First, the question of a possible effect of ball-burnishing on the dislocation density and associated
hydrogen trapping in the sub-surface deserves consideration. The analysis of local crystal
misorientation (Figure 3) and diffraction peak broadening (Figure 4) have shown that ball-burnishing
increases the initial dislocation density by a factor of 1.5 to 2 at the specimen surface. However, to
know if this can significantly affect hydrogen trapping, the trapping capacity of the different types of
traps has to be estimated. Assuming that the number of trapping sites per dislocation length is 10 nm"
1143], a dislocation density of 5 10** m2 (corresponding approximately to the dislocation density at the
surface of the bull burnished specimens) gives a trapping site volume density of 5 10%* m3. On the
other hand, considering the martensitic block size of 3 um, the block boundary density is 10® m™,
Assuming one trapping site per Biirgers vector squared [44], a trapping site density of 1.6 10> m3 is
obtained in block boundaries. The same estimation for the copper precipitate — matrix interfaces can
be made. Considering the volume density and size of precipitates measured by Yeli et al. [13] after
ageing at 590°C, the precipitate-matrix interface density obtained is as high as 1.6 10’ m?,
corresponding to a trapping site density of 2.6 10%® m3. For austenite — martensite interfaces, assuming
an austenite fraction of 5% [3] and a thickness of austenite layers of 50 nm [2], an austenite —
martensite interface density of 2 10°m™ is obtained, corresponding to a trapping site density of
3.3 10% m3. Numerical data are summarized in Table 5.

Table 5 : Estimation of the trapping site density for 17 4 PH steel for the ball-burnished specimen

Type of traps Estimation of the trapping site density
Dislocations 510* m3

Martensitic block boundaries 1.6 10 m?3

Copper precipitate — matrix interfaces 2.610%m?3

Austenite — martensite interfaces 3.310® m?3

By adding the contributions of the different types of interfaces, a total trapping site density of
2 10 m™ on interfaces is obtained. This estimation shows that the trapping capacity of interfaces,
especially copper precipitate — matrix interfaces, is higher by almost two orders of magnitude than
that of dislocations. This is in agreement with the conclusions by Schutz et al. [14], showing that the
precipitate — matrix interfaces are the main trapping sites in 17-4PH steel. Hence, it can be safely
concluded that the increase in dislocation density due to ball-burnishing in this material is not going to
affect significantly the hydrogen trapping capacity, that is mainly governed by interfaces.

One the other hand, one has to consider the hydrostatic pressure effect on the diffusion kinetics of
hydrogen. The effect of stress on equilibrium hydrogen concentration is given by Equation (2) that can
be obtained by equalizing the chemical potential for a stressed and unstressed material in a given
hydrogen-rich environment [45,46]:
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(2)

onVy
Cy = Co€XP RT

Where ¢, is the hydrogen concentration in the stressed region, ¢, is the concentration in absence of
. . 1 . .
stress, oy, is the hydrostatic stress : g, = 5(011 + 0y, + 033) and Vy is the partial molar volume of

hydrogen (equals to 2 cm3/mol for steels [25,47]). For the ball-burnished specimens, a biaxial
compressive stress exists close to the specimen surface. Considering the stress profiles shown in Figure
6, the depth dependence of the hydrostatic stress can be obtained and introduced into Equation (2).
Figure 10 presents the depth dependence of ¢, /c, thus obtained. It is to be mentioned that Equation
(2) only applies at equilibrium, i.e. when the entire specimen thickness is equilibrated with the charging
medium. This was not the case in the SSRT test conducted in this study because of the low hydrogen
diffusion coefficient. However, it is obvious from Figure 10 that, due to the high CRS, the amount of
hydrogen present in the subsurface may be lower by 30% in the ball-burnished specimens, compared
to the polished specimens.
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Figure 10 : Evolution of the ¢, /c, ratio for the ball-burnished and polished specimens obtained from Equation (2).

In addition, during tensile testing of the ball-burnished specimens, the subsurface remains under
compression until the external tensile stress overcomes the longitudinal CRS, while the specimen bulk
undergoes tension at any time. As crack initiation and propagation is possible only under a certain
tensile stress, crack might initiate preferentially below the ball-burnishing affected layer (i.e. at a depth
of ~500 um), where the tensile stress and possibly the hydrogen concentration are higher (Figure 10).
This scenario is of course possible only if hydrogen is able to travel a few hundreds of micrometers in
a sufficiently short time. Considering the diffusion coefficient mentioned earlier (2.3 10* m?s?), a

2
hydrogen diffusion distance of 500 pm would require a diffusion time of twelve days (t = %, where t

is the time, D the diffusion coefficient and x the travelling distance), which is longer than any SSRT test
conducted here. So, it seems that this mechanism, involving cracking below the ball-burnished affected
layer, is rather unlikely. Moreover, all the cracks observed are connected to the specimen surface, so
it is not possible to provide experimental evidence of such a mechanism.

Consequently, it is assumed that the cracks rather initiate at the specimen surface in both polished
and ball-burnished specimens. In this scenario, it is obvious that the longitudinal CRS due to ball-
burnishing is going to delay the initiation of cracks, that will not be possible until the external tensile
stress has overcome the longitudinal CRS by a certain factor. In contrast, in the polished specimens,
the tensile stress needed to initiate cracks will be reached earlier. In addition to this, the lower surface
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hydrogen concentration in the ball-burnished specimens, compared to polished specimens (Figure 10)
might also contribute to the retardation of surface crack initiation. This scenario could explain the
beneficial effect of ball-burnishing on the resistance to hydrogen embrittlement on this material.

One final comment is due here about the secondary cracking observed on the side views of broken
tensile specimens (Figure 9). Under the same testing conditions, the number of secondary cracks is
significantly higher in the polished specimen than in the ball-burnished ones. This observation shows
that crack initiation is less probable in the ball-burnished specimen, which further demonstrates the
beneficial effect of ball-burnishing. This can be simply interpreted by the maximum tensile stress
reached at the specimen surface during the SSRT test. For the polished specimens, the maximum
tensile stress reached at the surface is approximately the tensile strength of the material, i.e. about
1200 MPa. For the ball-burnished specimens however, the maximum net tensile strength reached
during the SSRT test is only of about 400 MPa, corresponding to the difference between the maximum
external tensile stress (about 1200 MPa) and the surface longitudinal CRS (800 MPa). This makes crack
initiation less probable for ball-burnished specimens and results in less secondary cracks formed.

4. Conclusion

In this work, slow strain rate tests under hydrogen cathodic charging were conducted on polished and
ball-burnished cylindrical specimens of 17-4 PH stainless maraging steel aged four hours at 580°C. The
main results of this study can be summarised as follows:

- Ball-burnishing results in high compressive residual stress (up to 800 MPa) in the longitudinal
and transverse directions over a depth of several hundreds of um. However, it has limited
impact on the sub-surface microstructure of the material;

- Under cathodic charging, hydrogen embrittlement of 17-4 PH steel is considerable; it is
manifested by sub-critical intergranular cracking, which results in limited tensile elongation;

- Ball-burnished specimens show better resistance to hydrogen embrittlement than polished
specimens. This is due to the high compressive longitudinal stress at the surface of ball-
burnished specimens, which makes crack initiation more difficult and hence delays the
specimen failure.

- Another possible beneficial contribution of ball-burnishing is that the amount of hydrogen
introduced at the specimen surface is decreased by approximately 30% due to the high
compressive hydrostatic stress.
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