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Abstract: Electropulsing treatment (EPT) was performed on a nickel base corrosion resistant alloy during aging. The effect of EPT
on the microstructure and corrosion resistance of the alloy and the mechanisms were investigated. The results show that the
intergranular corrosion resistance can be improved substantially without the degradation of mechanical properties of the alloy by EPT.
The EPT has an effect of enhancing the interface diffusion rate of the alloying element, which is higher than the body diffusion rate.
And thus discontinuous precipitation of My;Cg type carbides appears at the grain boundary in the alloy by EPT, which decreases the
depletion extent of the alloying elements at the grain boundary substantially. As a result, the intergranular corrosion resistance of the
alloy can be improved by the EPT without any degradation of mechanical properties.

Key words: nickel base alloy; electropulsing; discontinuous precipitation; intergranular corrosion

1 Introduction

With the rapid development of aerospace industry,
the alloying degree of superalloy is increasing and the
working condition is going more and more severe [1-2].
Besides the excellent properties including the high
temperature strength and plasticity, the oxidation
resistance and corrosion resistance are also required
[3—4]. Especially when the number and size of the grain
boundary carbides change after long-term service, the
grain boundary becomes weak under the specific
corrosion conditions [5—6], which directly affects the
safe service.

Electropulsing treatment (EPT) as a new method for
the material processing has been widely noticed recently.
The main researches of EPT are concentrated on refining
solidification structure of metallic materials, effect of
electro plasticity, and promoting the crystallization of
amorphous materials [7—9]. While as for the superalloy
used under severe working conditions, the microstructure
evolution in the alloy by EPT and the effect of EPT on
the properties of the alloy have not yet been reported.
The present study aimed at performing EPT on a nickel

base corrosion resistant alloy with the emphasis on the
effects of EPT on microstructure and corrosion resistance
of the alloy. And the mechanisms were also discussed.

2 Experimental

The alloy was vacuum induction melted and
electroslag remelted, then rolled into plate with a
thickness of 4 mm. The chemical compositions (mass
fraction, %) of the alloy are: C 0.1, Si 0.65, Mn 0.40, P
0.01, S 0.01, Cr 25.60, W 14.50, Mo 1.45, Fe 3.95, Al
0.40, Ti 0.65 and Ni balance. After being solution treated
at 1 150 °C for 5 min followed by air cooling, the plate
was machined along the rolling direction into specimens
of 0.5 mmx3 mmx100 mm for EPT.

The specimens were electropulsing treated by a
HPC-5 type EPT equipment. The EPT conditions were
as follows: current density of 2 kA/mm? pulse width of
15 ps for 1 h at pulse frequency of 25, 35 and 45 Hz,
respectively (named A group), and current density of
2 kA/mm?, pulse width of 15 ps, frequency of 35 Hz for
I, 3 and 5 h, respectively (named B group). The
specimen temperature was measured by an infrared
temperature meter and a K-type thermocouple soldered
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onto the specimen surface. For comparison, the normal
aging treatment was also performed on the specimens
with the same process just without EPT. The conditions
of EPT and the corresponding temperatures of the
specimens are listed in Table 1.

Table 1 Conditions of EPT and corresponding real temperature

of specimens
) Current Pulse  Pulse Specimen
Specimen . .
density/ width/ frequency/ temperature/
group )
(kA'mm ) pus Hz °C
25 581
A 2 15 35 1 650
45 778
1
B 2 15 35 3 650

The corrosion test was carried out based on the
Standard GB/T 15260—94. The corrodent was a solution
of CuSO,(16 g), HCI (80 mL) and C,HsOH (20 mL) and
the etching time was 72 h. The results presented were an
average of three specimens.

The mechanical properties of the specimens were
examined by MTS 810 type material test system with a
force sensor of 0—5 kN. The microstructure evolution,
surface morphology of the alloy after corrosion were
observed on an optical microscope (OLYMPUS GX71),
laser scanning confocal microscope (OLYMPUS OLS
3100) and field emission scanning electron microscope
(JEOL 7001).

3 Results

3.1 Effect of EPT on corrosion resistance of alloy

The normal aging treatment was carried out at
800 °C for 12 h followed by air cooling to satisfy the
strength requirements for the alloy during service. The
corrosion resistance and mechanical property of the
specimen by EPT were compared with the normal aging
one. The variations of corrosion rate and yield strength
of the alloy by EPT are shown in Fig. 1. It can be seen
that the corrosion rate of the alloy by EPT increased but
was still less than that of the alloy by normal aging.

The yield strength increased substantially with
increasing pulse frequency and treatment time. The yield
strength of the alloy by EPT with pulse frequency of
45 Hz in group A and that of the alloy by EPT for 5 h in
group B increased by 13.24% and 14.05% compared
with that of the alloy by aging, respectively. But there is
no obvious change in fracture elongation of the alloy by
EPT under different conditions compared with that of the
alloy by aging. It is indicated that the electropulse has a
remarkable effect on the thermodynamics and kinetics of

precipitation of the alloy. At a low temperature, there is a
rapid precipitation of the strengthening phases by effect
of electropulse, so that the yield strength of the alloy
increases obviously.
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Fig. 1 Effect of pulse frequency in group A (a) and treatment
time in group B (b) on corrosion rate and yield strength of alloy
by EPT

It is worth noting that the increment of the corrosion
rate of the alloy by EPT is much lower than that of the
yield strength. It can be concluded that the corrosion
resistance of the alloy increased obviously with the yield
strength and the plasticity of the alloy basically did not
change. By comparing with normal aging, the yield
strength of the specimen by EPT increased by 13.24%
and the corrosion rate decreased by 11.61% under the
condition of 2 kA/mm?, 15 us, 45 Hz for 1 h, and the
yield strength increased by 14.05% and the corrosion rate
decreased by 7.96% under the condition of 2 kA/mm’,
15 ps, 35 Hz for 5 h. In other words, the corrosion rate of
the alloy can be improved by EPT without degradation of
mechanical properties, which is very important for the
application of the alloy.

3.2 Morphology of corrosion surface of alloy by EPT
Figure 2 shows the surface morphologies of the
alloys after corrosion under different conditions. There
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are a large amount of net-like corrosion ditches on the
surface of the alloy by aging after corrosion, which
shows the typical intergranular corrosion morphology. It
indicates that the grain boundaries of the alloy by aging
are corroded preferentially in the present study, and
displays typical intergranular corrosion.

Nevertheless, the corrosion surface fluctuation of
the alloy by EPT is similar to that by solution treatment
and the surface displays the typical uniform corrosion.
With increasing the treating time of EPT, the surface
fluctuation increases and there is no obvious change of
the microstructure in the alloy. It is indicated that both
the intergranular corrosion and the corrosion rate can be
reduced by the EPT compared with aging.

4 Discussion
4.1 Discontinuous precipitation of grain boundary

carbide by EPT
In the austenitic stainless steel and corrosion

resistant alloy, the precipitation of MpCs type grain
boundary carbides can result in a depletion of the nearing
Cr element, which is the main cause of intergranular
corrosion [10]. As a result, the carbides will precipitate
and grow at the grain boundary and the obvious
intergranular corrosion appears under specific corrosion
conditions.

After EPT, the yield strength of the alloy increases
and the yield strength is higher than that of the alloy by
aging even when being treated at a low temperature for
short treatment time. In addition, it can be seen from the
results of the chemical compositions and the phase
analysis that there is no other phase transformation
except for the dissolving and precipitation of carbides in
the alloy [11]. It is indicated that the EPT does not inhibit
the precipitation of the carbides but changes the
morphology and distribution of precipitation of the
carbides. Consequently, EPT improves the distribution of
elements at the grain boundary, inhibits the intergranular
corrosion and decreases the corrosion rate substantially

Fig. 2 SEM images showing surface
morphologies of alloys after corrosion by
solution treatment (a), by aging at 800 °C for
12 h (b), and by EPT under condition of 2
kA/mm?, 15 ps and 35 Hz for 1 h (c), 3 h (d),
and 5 h (e), respectively
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with assurance of strengthening the substrate.

Researches on the microstructure evolution by EPT
showed that the electropulse has a promoting effect on
the element diffusion in the alloy and thus changes the
thermodynamics and kinetics of precipitation of M,;Ce
type grain boundary carbides [12]. EPT not only speeds
the precipitation of grain boundary carbides but also
decreases the peak temperature of precipitation. And
after EPT, the grain boundary carbides in the alloy can
precipitate at a lower temperature rapidly. As a result, the
yield strength increases rapidly in the alloy by EPT with
increasing treatment time even at a lower temperature for
a shorter time compared with aging.

Figure 3 shows the microstructures of the alloy
under different conditions. It can be seen that the M,;Cq
type carbides precipitate and grow at the grain
boundaries of the alloy by aging. In contrast with this,
the percentage of the grain boundary carbides of the
alloy by EPT with different pulse frequency increases
substantially and it is more than that by aging. And some
carbides precipitate at grain boundary in cellular
structure with increasing pulse frequency. Most of the
cellular structure grows from the grain boundary to the
inside of the grain and little grow towards the both side
typical
discontinuous precipitation of the carbides appears [13].

It was reported that there is a strong impacting force
of high-rate drift electrons on atoms during the passing

grains along the grain boundary. The

of the electropulse [14]. The atomic thermal vibrations
will be promoted by the periodic impact of high
frequency, and then it leads the atoms up to high energy
state. The minimum energy for the atom-bonds breaking
with the neighbor atoms and jumping over energy barrier
decreased. As a result, the activation energy for atom
diffusion decreased with decreasing atomic transition
energy barrier (AE.<AE).

For the diffusion in a metallic material, two

dominative mechanisms are possible: interstitial
diffusion and vacancy diffusion. Based on the crystal
structure of My;Cg type carbide and the atom radii of Cr
and Ni, it is clear that Cr locates in the lattice sites of y
phase and diffuses into the austenitic matrix by vacancy
diffusion. The activation energy of diffusion includes
two parts: activation energy for atomic transition AE and
vacancy formation energy AE,. For an atom to be moved,
there must be an empty adjacent site and the atom must
have enough energy to break bonds with the neighbor
atoms. EPT is a rapid heating process and usually the
energy provided by such an external resource transfers
into Joule heating. It was recognized that in metallic
materials, dissipation of electronic excitation into heat is
very fast and the rate of temperature rising can achieve
an order of 10° °C/s [15]. Consequently, nonsynchronous
change of temperature rising before dynamic thermal
stress can be formed [16]. A mass of supersaturation
point defects will be formed by the transient thermal
stress, and therefore the vacancy density is increased.
The atom transition frequency is proportional to the
vacancy density by vacancy diffusion mechanism [17].
Consequently, increasing vacancy density is beneficial to
the diffusion rate of atoms. It indicates that both AE and
AE, will be decreased and the atom diffusion can be
promoted by EPT. And thus the rate of interface diffusion
of alloying element will be higher than that of body
diffusion rate. Consequently, it appears to be a rapid
discontinuous precipitation of the carbides at the grain
boundary of the alloy by EPT [18].

4.2 Mechanisms of improvement of corrosion
resistance of alloy by EPT
Figure 4 shows the variations of corrosion
microstructure at the grain boundary of the alloy with the
pulse frequency of EPT. It can be seen that there are
obvious intergranular corrosion ditches at the grain

(a)y i

Fig. 3 OM observation showing microstructures of alloy after solution treatment (a), after aging at 800 °C for 12 h (b), and after EPT

under condition of 2 kA/mm?, 15 ps, with pulse frequency of 35 Hz (c) and 45 Hz (d) for 1 h, respectively
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boundary carbides in the alloy by aging. The corrosion
ditches become deep into the alloy along the two sides of
the carbides. It can be observed that the net-like carbides
remain in the center of corrosion ditches (as indicated by
black arrows in Fig. 4(a)).

However, after EPT, the percentage of grain
boundary carbides increases substantially with increasing
pulse frequency and treatment time. And there is no
obvious intergranular corrosion and no corrosion ditch in
the alloy by EPT even at the front of the cellular
structure with bigger size (as indicated by white arrows
in Figs. 4(c) and (d)). It can be concluded that the
discontinuous precipitation of grain boundary carbides in
the alloy by EPT can improve the distribution of alloying
element at the grain boundary and inhibit the
intergranular corrosion behavior of the alloy.

Figure 5(a) shows the schematic illustration of
depletion of the solute atoms near the grain boundary
induced by precipitation of carbides by aging.
Discontinuous precipitation is a phase transformation, of
which the interface diffusion rate is much higher than the
body diffusion rate of the solute atoms in the alloy [19].
The solute atoms diffuse rapidly at the interface of the
cellular structure front to the precipitates and there is no
solute depletion zone in the alloy due to the body

diffusion of the solute atoms near the interface of cellular
structure of discontinuous precipitation, which is
different from the alloy by aging, as shown in Figs. 5(b)
and (c). In other words, the alloying element needed for
precipitation of carbides mainly originate from the
diffuse flow of elements at the interface of the cellular
structure front. The depletion zone cannot be formed and
the intergranular corrosion hardly occurs in the alloy,
which is the main reason for improving corrosion
resistance of the alloy by EPT.

5 Conclusions

1) The intergranular corrosion resistance of the
alloy can be improved by EPT without the degradation of
mechanical properties. Compared with the alloy by aging
at 800 °C for 12 h, the corrosion rate of the alloy by EPT
decreased by 11.61% (under the conditions of 2 kA/mm?,
15 ps, 45 Hz, 1 h) and 7.96% (under the conditions of
2 kA/mm?, 15 us, 35 Hz, 5 h), respectively.

2) The interface diffusion rate of the alloying
element is higher than the body diffusion rate in the
alloy by EPT. It appears to be a discontinuous
precipitation of Mj;Cy type grain boundary carbides,
which is the main reason for decreasing the depletion

Fig. 4 SEM images showing microstructures at grain boundary of alloy after corrosion by aging (a), by EPT under condition of
2 kA/mm?, 15 ps with pulse frequency of 25 Hz (b), 35 Hz (c), and 45 Hz (d) for 1 h, respectively

(a) Aging

M,;C; precipitates

Grain boundary
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Fig. 5 Schematic illustration of mechanisms of improvement of corrosion resistance of alloy by EPT: (a) Depletion of alloying

element near grain boundary induced by precipitation of M;Cg type carbides by aging; (b) Discontinuous precipitation of carbides at

grain boundary by EPT; (c) Interface diffusion features of discontinuous precipitation (S: lamellar spacing)
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extent of the alloying elements at the grain boundary
and improving the intergranular corrosion resistance of
the alloy by EPT.
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