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Electrochemical jet processing (EJP) is an easy-to-implement technology for creating complex microstructures
based on anodic dissolution without requiring specially designed cathodes. In this study, a new electrolyte-jet-
based surface modification method based on the principle of cathodic hydrogenation, namely, electrochemical
jet hydrogenation (EJH), was proposed for the first time to selectively modify the material in aspects of its
brittleness. In this method, a workpiece is innovatively set as the cathode, and hydrogen evolution occurs locally
on the cathode surface within the jet impinging area, leading to a localized H-treatment of the cathode material.
The hydrogen-material interaction can alter the surface material property and result in localized surface
modification, for example, material ductile-brittle transition by hydrogen embrittlement (HE). In this research,
the proposed method was validated on niobium metal. According to the results, evident localized embrittlement
was achieved, and the degree of embrittlement was precisely controlled by adjusting the electrochemical pa-
rameters mainly including current density and processing time. As a selective surface modification method, EJH
can be applied as an assistive technology in hybrid machining of difficult-to-machine superalloys where localized
surface modification of ductile-brittle transition is expected.

1. Introduction

Electrochemical Jet Machining (EJM) [1,2] is an easy-to-implement
precision technology that utilizes an electrolyte jet impinging target
workpiece to realize selective surface structuring, texturing or finishing
based on electrochemical principle. As an adaption of electrochemical
machining, EJM needs no tool electrode with a specific shape, and
machining is performed by controlling the electric current and the
nozzle movement [3,4]. So far great attention has been paid because of
its advantages such as micro-scale resolution, no thermal affected zone,
residual stress-free smooth surface finish, and high flexibility. By
traversing the jet over the workpiece, various complicated patterns can
be created without the use of a special mask because of its good local-
ization [5-7]. By controlling the electric charge transport process, the
electrochemical finishing of workpiece can be achieved [8]. In addition,
EJM can be used not only for removing processes by anodic dissolution
but also for the coloring process by anodic oxidation [9]. Furthermore,
by reversing the polarity to set the workpiece cathode, selective elec-
troplating [10] and 3D additive manufacturing can be performed [11].
Up to present, however, except for electrochemical jet deposition, there

have been few researches on EJP techniques when the workpiece is
cathodic. It is well-known that by setting the workpiece cathode,
hydrogen ion in the electrolyte will acquire electrons and evolve on the
cathode surface within the jet impinging zone. The reduced hydrogen
atoms may interact with workpiece material, e.g., chemically bond with
surface material to form a hydride or diffuse into the lattice, resulting in
an alteration of surface physical-mechanical properties.

One of the most common results caused by hydrogen-material
interaction is hydrogen embrittlement (HE), which is a well-known
phenomenon whereby metals lose ductility and become brittle and
fracture as a result of the introduction and diffusion of hydrogen into the
material [12,13]. Significant work has been undertaken to explore its
mechanism to limit the extent, even avoid HE. Martin et al. discussed the
universality of HE phenomenon of a range of structural materials
including steel, iron, and nickel [14]. Alvarez et al. demonstrated the
phenomenon of fracture toughness change of structural steels after HE
[15]. Lynch discussed various mechanisms of HE in steel and the phe-
nomena supporting them, such as hydride formation and
adsorption-induced dislocation-emission [16]. In electrochemical
machining of niobium using a flat jet with bipolar pulses conducted by
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Fig. 1. Principle of the electrochemical jet hydrogenation.
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Kakudo et al., the deformation and embrittlement of the machined area
was confirmed, which was thought to be caused by hydrogen [17,18].
Despite the variety and complexity of HE mechanism, the introduction
of hydrogen to the material surface and the association and movement of
hydrogen with material dislocations are comprehended as the principal
causes leading to premature failure of material [12,13].

However, it is presumed that if the hydrogen-material interaction
(hereafter referred to as hydrogenation) process can be precisely local-
ized and controlled, selective surface modification, e.g. local ductile-
brittle transition of material [19], can be realized, which has high po-
tential to improve the machinability of superalloy material to a
considerable extent. Superalloys such as titanium and nickel-based alloy
are well-known difficult-to-machine materials due to their high tensile
strength, low thermal conductivity, and high adhesion. In mechanical
machining of superalloys, work hardening and tool wear are notable,
which significantly deteriorates the machining performance [20]. On
the other hand, it has been reported that the machinability of
difficult-to-machine superalloy materials can be improved by appro-
priate modification of the material ductile-brittle property by hydrogen
embrittlement [21]. Specifically, an increase of the material brittleness
can decrease the machining force by reduction of material fracture
strength and reduce the tool temperature, thus leading to longer tool life
and an improved machining performance. Based on the application
background discussed above, this work proposed a novel method of
electrochemical jet hydrogenation (EJH) for localized material surface
modification by utilizing the HE phenomenon.

2. Principle of electrochemical jet hydrogenation (EJH)

Electrochemical jet hydrogenation (EJH) employs a similar experi-
mental system as that in electrolyte jet machining (EJM). As shown in
Fig. 1, EJH is carried out by jetting electrolytic aqueous solution from a
nozzle toward the workpiece while applying a voltage to the gap.
However, instead of the anode, the workpiece is set as the cathodic by
attaching it to the negative pole of the power supply. Correspondingly,
the jet nozzle was connected to the positive pole. Owing to the potential
difference, a current density of Gaussian spatial distribution could be
obtained within the jet impinging zone on the workpiece surface, as the
red dotted line shown in Fig. 1, which is similar to that in EJM calculated
by Yoneda and Kunieda [22]. The electrochemical reactions occurring at
the anode and cathode can be expressed as bellows:

Cathode:

2H,0 +2¢~ - 20H™ + H;

Anode (Stainless 304 jet nozzle):
Fe - 2¢~ — Fe?"
2H,0 — Oy + 4H+ 4e”

Accordingly, hydrogen is evolved on the cathode surface, as illus-
trated in Fig. 1, and the amount of hydrogen liberation can be calculated
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Fig. 2. Experimental setup for electrochemical jet hydrogenation process.

using the current density distribution based on Faraday’s law of elec-
trolysis (Eq. (1)) and the ideal gas law (Eq. (2)) as shown below.

J
"TF D
PV =NRT 2)

Where n is the amount of substance liberated at an electrode per unit
area per unit time [mol/(mz*s)], J stands for the absolute value of
current density [A/mz], a is the valence of the substance, F is Faraday’s
constant, P, V and T is the local pressure [Pa], gas volume [m®] and
temperature [K], N is the amount of substance [mol], and R is the ideal
gas constant [J/(mol*K)].

Differentiate time and area on both sides of the ideal gas equation of
state gives:

Pv=nRT 3

where v is the volume of gas liberated per unit area per unit time.
Based on the density formula m = pV where p is the density [kg/m®],
by bringing Eq. (1) into Eq. (3), the mass flux of hydrogen gas evolved,
Ny, can be derived as the following equation:
N, = ke | @
As can be seen, the mass flux of hydrogen generation is in direct
proportion to current density distribution, which enables the parametric
control of the process. The resulted hydrogen species either form
chemical bonds with surface material or diffuse through material
structure at the atomistic level, making the crystal lattice distorted and
leading to the alteration of material properties. Most commonly, the
hydrogen-material interaction will make the material more brittle, and
eventually cause hydrogen embrittlement. Therefore, it is considered
that by EJH, a localized hydrogen modified zone, determined by current
density distribution, can be obtained on a workpiece surface with
altered physical-mechanical properties. Furthermore, by traversing the
jet over the workpiece, selective surface modification can be achieved.

3. Experimental method and material

Experiments were carried out using a home-made CNC platform, as
shown in Fig. 2. A numerically controlled 4-axis positioning system was
employed to realize the relative movement between the nozzle and
workpiece, with the workpiece placed on the XY stage and the nozzle on
the Z-axis. A constant current (CC) power source was employed to
supply current between the nozzle and workpiece. The workpiece was
connected to the negative pole of the power source while the nozzle
served as the anode during the process. The electrolyte was transported
to the nozzle and ejected towards the workpiece by an electrolyte cir-
culation system.
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Fig. 3. Processing modes: a) Point processing by keeping the jet still and b) Pattern processing by translating the jet over the workpiece.

experiment. The other experimental conditions are as shown in Table 1.
Before and after the experiments, the workpiece was degreased by
sonicating in ethanol for 10 min at room temperature, rinsed with

Table 1
Experimental conditions for surface modification by EJH.

Jet Diameter L.11 mm deionized water and dried in the air. The surface morphology of the
Nozzle Material Stainless steel 304 processed workpiece was observed using a scanning electron microscope
Workpiece Pure niobium (Nb) plate (SEM, Hitachi TM4000Plus and ZEISS Merlin). The surface profile was
Eitcif:j;idim"“e gbsﬂ«;: NaNOs (2q) examined with a laser scanning confocal microscope (LSCM, Keyence
Electrolyte flow rate 6 mL/s s VK-X1000). The change in surface hardness of the processed material
Power Supply Constant Current was measured using a nanoindentation tester (Hysitron TI-950).

4. Analysis of hydrogen embrittlement region
Two processing modes, as illustrated in Fig. 3, a) point processing by

keeping the jet still and b) pattern processing by translating the jet along 4.1. Micrographic morphology of HE region
the arbitrary path were carried out and the influence of processing

modes was Qiscussed in .detail in the following parts. ) Fig. 4 shows a typical SEM image of the micrographic morphology of
Considering tl'fe casiness of low-teI.nperat.ure hydrogen embrittle- the EJH treated surface. The initial surface is also shown for comparison.
ment [23,24], a niobium metal sheet with a dimension of 30 mm x 10 A clear circular HE region filled with numerous microcracks can be

mm x 0.1 mm was selected as the workpiece to facilitate the

c) EDS analysis of HE central region M spectrogram

Fig. 4. a) Initial surface, b) Modified surface topography resulted from EJH and c) Elemental analysis for EJH treated surface (Processing time: 60 s, current: 0.6 A).
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Fig. 5. Formation of regularly distributed nano-cracks in the HE region.

confirmed. The size of the HE region varies with process conditions and
will be discussed later. In comparison, the peripheral region presented
no visible change. The HE region can be divided into the central area
where cracks are clearer with larger crack widths and the boundary area
where cracks are smaller and less vivid. Specifically, the width of
microcracks around the center was about 10 pm, while the width of most
cracks in the boundary area was less than 1 pm. The differences of crack
widths between the two areas reveal the disparities of HE degree which
are following the normal distribution of the current density on the sur-
face. According to the literature [23,24], hydrogen is relatively innoc-
uous when present in solid solution at low concentration and that
hydrogen embrittlement of Nb occurs when it precipitates as a hydride
due to the presence of stress. In EJH, it is considered that evolved
hydrogen at the cathodic workpiece diffuses through the crystalline
structure into the materials and forms hydride along grain boundary or
specific crystalline plane [25,26]. Niobium hydride has a much larger
volume than the pure Nb and can induce large internal stress in the
substrate [25], which consequently leads to hydride embrittlement and
forms many cracks in the jet impinging zone. In the peripheral region,
however, as the hydrogen concentration in the material is low, no
embrittlement occurs. Besides, it was found that the angles of 90 and
120 between two intersecting microcracks appeared frequently,
implying that the microcracks were initiated along either the grain
boundary or specific crystal planes of the Nb material. On the other
hand, as a cathodic process, there is a possibility of material deposition
on the resulted surface during the EJH. Therefore, energy-dispersive
X-ray spectroscopy (EDS) analysis for the EJH treated surface is car-
ried out as shown in Fig. 4c. According to the spectrogram, no obvious
deposition of material is confirmed under the present conditions except
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for a small carbon peak.

The enlarged view of the HE central area in Fig. 5 reveals that in
addition to the microcracks with a width of around several microns or
larger, nano-scale cracks with a width less than 100 nm distributed
among the micro-scale cracks. Furthermore, unlike the microcracks,
nano-cracks distributed in the HE region much more concentratedly and
presented high regularity. As Fig. 5 shows, a large number of nano-
cracks appeared close to one another in a very small area of several
tens of square microns which fell in the range of grain size of metal. The
boundary of the nano-cracks concentration region, as Fig. 5 a) shows,
was quite clear. In addition, nano cracks have arranged either parallel to
each other or with an intersection angle of 120°. It was inferred that the
well-arranged distribution pattern of nano-cracks grew along specific
crystal direction in Body-Centered Cubic (BCC) system, for instance,
<110> direction on the {111} plane.

4.2. Geometric change of EJH region

Laser scanning confocal microscopy (LSCM) was employed to study
the geometric change of the processed surface. Fig. 6 a) shows an
example of the three-dimensional profile of the EJH processed region
measured by LSCM. The treated region near the boundary presents a low
height profile (blue area) and seems to be removed. However, according
to the cross-sectional profile through the center of the EJH zones shown
in Fig. 6 b), it is found that the specimen is not removed but locally
deformed with an evident curvature by EJH, resulting in a convexity
with a height of several tens micrometers at the EJH spot on the work-
piece surface. This is consistent with the bending phenomena of Nb film
subjected to EJM observed by Kakudo et al. [17,18]. Besides, the height
profile at the central area is higher than the peripheral area, which ac-
cords with the Gaussian-type current density distribution. The
high-frequency components of the profile curve implied the influence of
cracks on the overall surface morphology. The profiles of the EJH region
under different conditions measured with a Surface Profiler (SURFCOM
NEX 031 DX-12, Accretech) are shown in Fig. 6¢) and d). It can be
observed that almost all of the EJH treated regions are hump-shaped,
with the central area higher than the boundary. With longer process
time and larger current density, the deformation became more signifi-
cant with a higher hump-shaped profile, suggesting that the degree of
the bulge reflects the degree of HE.

In EJH, the hydrogen atom absorbed on the workpiece surface and
diffused through the material or accumulated in voids. The formation of
hump can be explained by either the formation of a hydride or the
hydrogen molecule near the surface region. On the one hand, the for-
mation of hydride could expand the local volume and generate
compressive stress which causes a yield of the material in the tangential
direction and bumping in the direction normal to the surface during
machining. On the other hand, the recombination of a diffused hydrogen
atom at voids or other defects of lattice in the vicinity of the surface
could also cause excessive internal hydrogen pressure and induce the
local deformation, which is so-called hydrogen-induced blistering [27].
However, in this study, no blistering feature was seen in the SEM images.
Therefore, it is highly possible that the hump is formed by the generation
of hydride, and the reaction of hydride formation is strongly dependent
on the local current density. In the peripheral area, less hydrogen gas
was formed due to the lower current density, resulting in a smaller
deformation compared to the central zone.

4.3. Thickness of the modified layer

To investigate the modified layer thickness after EJH, the cross-
section of the processed surface was observed by SEM. To do this, the
EJH processed area was first cut by wire electrical discharge machining
(WEDM) to expose the cross-section. Then the section was subjected to a
lapping process to eliminate the influence of the WEDM process. The
observation result is shown in Fig. 7. It can be seen that the EJH process
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Fig. 6. Surface profile after EJH treatment showing localized deformation at the EJH spot.
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Fig. 7. Cross-sectional observation of EJH processed region showing a modified layer with micro-cracks. (Processing time: 65s, current: 0.6 A).
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Fig. 8. Variation of EJH modified layer thickness with the processing time.
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resulted in a clear modified layer on the workpiece surface with many
micro-cracks in it. The size of micro-cracks in the central area was larger
than the boundary area, indicating a more significant influence of EJH at
the jet center. Furthermore, the cracks propagated not only within the
surface but also in the direction perpendicular to the surface. However,
nano-scale cracks were difficult to be observed on the cross-sections. If
the cracked region was defined as the modified layer, the thickness of
the modified layer versus processing time is plotted in Fig. 8. The
modified layer thickness was from a few microns to dozens of microns
range and with prolonged treatment time it showed a linear increase,
indicating that the modified layer thickness can be parametrically
controlled.

4.4. Change in hardness of EJH processed surface

As hydrogen atoms are absorbed to the material surface or diffuse
into the material during EJH, it is considered that the micro- and
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Fig. 9. Change in micromechanical properties of EJH treated surface measured by nanoindentation test: a) Load-displacement curve and b) Hardness of

different regions.

TM4000 15kV x50 BSE M

Fig. 10. Evaluation of HE degree in EJH processed area by spot diameter and line width respectively.

nanomechanical properties of the material surface layer also change
within the EJH processed region. In the experiments, the micro-hardness
measurement of the EJH region was performed by using nano-
indentation. Fig. 9 a) shows a comparison of the load-displacement
curve involved in the nanoindentation between surfaces with and
without undergoing the EJH process. The unloading curve of the EJH
region presents a sharper slope than that of the unprocessed surface,
indicating that Young’s modulus of the material after EJH becomes
larger, which accords with the phenomenon that metal material be-
comes harder after HE takes place [23,24]. Also, the residual displace-
ment becomes smaller, from which it can be presumed that the
processed material becomes less plastic and more brittle. Fig. 9 b) shows
the results of the indentation hardness calculated from the
load-displacement curves using the Oliver-Pharr method [28].
Comparing the material hardness of three regions illustrated in Fig. 5,
EJH center area showed the highest microhardness, followed by the
boundary region and the unprocessed surface. It is considered that the
center area with larger current density has a higher degree of HE,
resulting in an improvement of material surface hardness.

TM4000 15kV x50 BSE M

~
~

5. Evaluation of HE degree in EJH influenced region

As Fig. 10 shows, still jet can result in a circular modified region
while translating the jet can realize an arbitrary line pattern of modified
surface. In this research, the diameter of the circle and the width of the
line resulted from EJH were employed to characterize the HE degree of
the EJH influenced area for point processing and pattern processing,
respectively.

Furthermore, the area percentage of cracks, which was defined as the
proportion of the crack area to the whole area of HE region, was
introduced as a criterion to more accurately evaluate the embrittlement
degree. As Fig. 11 shows, the crack area has much darker contrast than
other areas in the obtained SEM image. With the help of a pixel test
program, the brightness of each pixel in the SEM picture was acquired.
Through setting a threshold brightness value, dark pixels, which were
considered as crack area, could be picked out. The area percentage of
cracks in the EJH region could thus be calculated given the dark pixel
number and the total number of pixels. This area percentage of crack can
describe the density of the cracks.

TM4000 15kV x300 BSE M

Fig. 11. Calculation of area percentage of cracks in EJH region by image processing technique based on the phenomenon that crack area presents a lower brightness.
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Fig. 12. Modified surface topography resulted from EJH with different processing time (current: 0.4 A).
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6. Optimization of processing parameters

With the aim of a comprehensive understanding of the EJH process,
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Fig. 14. Influence of jet translating speed on hydrogenation degree.
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various processing parameters were analyzed and the optimization of
the EJH process was performed.

6.1. Influence of processing time and jet translating speed

Fig. 12 shows the variation of EJH resulted surface with different
processing times. It can be seen that in the first few seconds, there were
only a very small number of cracks appearing around the center. With
increasing the processing time, new cracks were grown and the HE re-
gion expanded accordingly with time until it was stabilized. Eventually,
the HE region size exceeded the jet diameter, and numerous micro/nano
cracks could be observed. In addition, with prolonged processing time,
cracks continued to grow longer and wider and meet with each other,
resulting in a larger density of cracks. Fig. 13 a) shows the variation of
HE region size with time under different current densities. The same
mechanism was confirmed when the current density was increased.
Furthermore, larger current density could result in a larger diameter of
HE region in a relatively shorter time. Fig. 13 b) shows the plot of crack
area percentage verse time. It is noticed that the crack density grows
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Fig. 15. Change of EJH zone of influence with varying jet current (Jet diameter: 1.11 mm, processing time: 60 s).
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Fig. 16. Influence of current density on EJH in point processing: a) diameter of EJH affected zone and b) crack area percentage (Processing time: 20 s).

with increasing the processing time, although the HE region size be-
comes constant. In addition, the growth rate is larger in the end than the
beginning. It is presumed that the crack growth and propagation
continuously occurred in the whole processing time, despite the stabi-
lization of HE region size.

Fig. 14 shows the relationship between HE degree and scanning
speed in scanning EJH. It can be found that higher scanning speed
resulted in a narrower hydrogenation zone and a smaller area percent-
age of the crack due to the less processing time per unit area. It is also
noticed that the width of the HE line was a little smaller than the
diameter of HE point resulted from a still jet under any conditions. For
example, at the scanning speed of 0.05 mm/s, the nozzle needed 22 s to
move over a distance of the jet diameter 1.11 mm. It can be interpreted
as that the nozzle stayed beyond the circle area for 22 s. However, the
resulted HE line width was smaller than the HE point diameter resulted
from stationary EJH when the jet processing time was 20 s. The cause of
this phenomenon is presumed that the relative motion between the
nozzle and the workpiece will be of help to facilitate the dissipation of
hydrogen away from the workpiece surface, resulting in a lower degree
of hydrogen embrittlement.

6.2. Influence of current density

A constant current was applied in the EJH process, and the average

current density was defined as the total current divided by the cross-
section area of the jet. It can represent the power density level which
has an enormous influence on the hydrogenation process. As Fig. 15
shows, larger current density resulted in the larger affected area and
more cracks, indicating more severe hydrogen embrittlement. At the
peripheral region, as the current density is lower due to the Gaussian
distribution of the current density, cracks could hardly be observed,
indicating that there is a threshold of current density to initiate cracks.

The same regularity was confirmed after repeating the experiments
with more different currents. As shown in Fig. 16a) and b), the area of
HE region and the crackle density increase while average current density
increasing, which proves that current density has a remarkable influence
on the speed of the hydrogenation process and the degree of HE as a
result.

7. Patterning by EJH

In EJH, by translating the jet over workpiece along a pre-
programmed path, arbitrary patterns could be obtained, which can be
utilized for selective surface modification in the form of patterning or
texturing. As shown in Fig. 17, jet scanning along a straight-line was
performed. It was found that by reducing the scanning speed or
increasing the number of reciprocations of the jet, a HE region with
many more cracks could be obtained. The width of the HE region

Fig. 17. Line processing by scanning EJH under different conditions.
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Fig. 18. Selective embrittlement of Nb metal by scanning EJH with arbitrary patterns: a) Circle, b) Square, and c) Character EJP (scanning speed: 0.04 mm/s,

current: 25 mA, jet diameter: 320 pm).

however increased only at a very limited amount. For instance, at 0.4 A,
when the scanning speed is halved or reciprocating scanning was per-
formed, the width of HE lines increased only by less than ten percent and
at the same time, much clearer and more cracks could be observed. It is
therefore concluded that reciprocating scanning is of help to acquire
more localized and concentrated surface modification with higher res-
olution. Furthermore, by utilizing a micro-scale jet nozzle, micro pat-
terns featuring embrittlement, as shown in Fig. 18, were successfully
obtained by scanning EJH.

8. Conclusions

A novel electrochemical jet hydrogenation method to selectively
modify material surface taking advantage of cathodic hydrogen evolu-
tion was proposed for the first time in this study. The proposed EJH
method provides a flexible and efficient but simple means of H-treating
of the material with the high locality. In the study, a niobium sample was
subjected to EJH and the material embrittlement evidently appeared
under cathodic hydrogenation. The embrittled surface showed a
micromorphology with a significant number of micro/nano-scale cracks,
while the material showed an improved surface hardness and an evident
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modified layer. The degree of embrittlement including the crack size and
density and the modification layer properties could be parametrically
controlled by current density and/or processing time with the electro-
chemical jet technique. Specifically, the area of HE region increases
under increased EJH processing time and current density until it is
stabilized at a plateau value. The crack density, however, increased
constantly. Larger current density leads to a higher density of cracks. In
scanning EJH, with smaller current density, reducing jet scanning speed
or increase of the scanning time is of help to acquire more localized and
concentrated surface modification with higher resolution. Based on EJH,
arbitrary embrittlement patterns with micrometer scale resolution were
achieved, verifying the feasibility of this technique. The localized sur-
face embrittlement by EJH is expected to find application in hybrid
machining processes which requires a localized ductile-brittle transition
to improve the machinability of difficult-to-machine superalloys, e.g.,
nickel and titanium-based alloys. Other applications of EJH, for
example, H-passivation, will be further investigated in the future.
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