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1. Introduction

With the depletion of fossil energy sources, oil and gas exploration begins to
transform into unconventional oil and gas resources that are difficult to extract with
complex storage conditions, lower permeability and less economically efficiency
[1]. The fracturing ball is a plugging tool for horizontal wells in the segmented
fracturing process [2], and plays a critical role in improving the efficiency of oil and
gas production [3]. It requires greater pressure for hydraulic fracturing techniques
to obtain oil and in the underground environment the temperature is higher [4].
Fracturing balls always serve in the environment of high-temperature and high-
pressure [5], in which it is required that fracturing balls possess both high strength
and high corrosion rate simultaneously [6]. It is easier for the lower density
fracturing ball to follow the fracking fluid into the ball seat [7]. Fracturing balls
need lightweight that can withstand the high pressure, high temperature and have
rapid corrosion rate during fracturing process.

Currently, extensive investigations are being conducted on various magnesium
alloy fracking ball materials systems, such as magnesium-aluminum (Mg-Al) alloy
[8], magnesium-zinc (Mg-Zn) alloy [9] and Mg-rare earth (RE) alloy [10].
However, the prioritization of density requirements for fracturing balls has been
relatively low. Doping with high levels of other elements leads to a further increase
in density. Magnesium-lithium (Mg-Li) alloy possesses the lowest density among
metallic engineering materials, with a density of 1.4-1.6 g/cm?3[11]. Besides the low
density, Mg-Li alloy also has the characteristics of high specific strength, poor
corrosion resistance etc. [12]. The poor corrosion resistance of Mg-Li alloy limits
its applications as engineering materials. However, poor corrosion resistance makes
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it good for biomedical applications [13] and fracturing balls [14]. Due to the lower
potential of Li, the degradation rate of Mg-L.i alloy is often much higher than that
of other Mg alloys [11]. Adjusting the galvanic coupling corrosion between the
second phase and matrix can improve the corrosion rate [15]. Now, research on
Mg-L.i alloys for fracturing balls remains a gap.

2. Experimental

Mg-8Li-4Gd-xNi (x =0, 0.5, 1, 1.5 wt.%) alloys were prepared in a vacuum
induction melting furnace protected by argon atmosphere. The materials used are
pure Mg (99.9 wt.%), pure Li (99.9 wt.%), master alloys of Mg-30 wt.% Gd and
Mg-30 wt.% Ni. The microstructure of the alloy was observed by optical
microscope (OM), and the morphology of the alloy before and after corrosion was
analyzed by scanning electron microscope (SEM) and energy dispersive
spectrometer (EDS). The microstructure of the alloy was also characterized by
transmission electron microscope (TEM). X-ray diffraction (XRD) was used for
phase composition analysis, and X-ray photoelectron spectroscopy (XPS) was used
to analyze the surface chemical properties of the corroded samples. The Volta
potential fluctuation and surface morphology with different microstructures was
measured by means of atomic force microscope (AFM).

Electrochemical analysis and hydrogen evolution were used to research the
corrosion behavior of Mg-Li-Gd-Ni alloys. Electrochemical tests were performed
using a three-electrode system with a platinum electrode as counter electrode, a
saturated calomel electrode as reference electrode and the sample with an exposed
surface area of 1 cm? as the working electrode. The frequency range for
electrochemical impedance spectroscopy (EIS) tests was set to 100 kHz ~ 100 MHz
with an interference signal of 10 mV, and the tests were performed at room
temperature. Hydrogen evolution was performed using glass devices including
beakers, droppers and funnels for hydrogen collection and volume measurements,
and samples were immersed in 3.0 wt.% KCI solution for 8 hours at room
temperature to measure the weight loss rate and washed for 5 min using 200 g/L
CrO; + 10 g/L AgNOs; solution at the end of the test for the corrosion surface
observation [28].

3. Results and Discussion

3.1. Microstructure characterization

The XRD patterns of Mg-Li-Gd-Ni alloys with different Ni contents are shown
in Figure 1. Mg-Li-Gd-Ni alloys are composed of a-Mg, B-Li, LPSO, MgsGd and
GdNis phases. With the increase of Ni content, the amount of a-Mg and Mg;Gd
decreases, and the amount of GdNis; increases. Figure 2 shows the optical
microstructure of the Mg-Li-Gd-Ni alloys. Gd-rich particles are dispersed in the
Mg-Li alloy. When Ni is added to the Mg-Li alloy, a-Mg is mainly distributed at
the grain boundaries and a few parts inside the grains. LPSO appears in a-Mg, the
content of LPSO increases first and then decreases.
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Figure 1. XRD diffractograms of Mg-8Li-4Gd-xNi (x =0, 0.5, 1, 1.5 wt.%0)
alloy.

Figure 2. Optical microstructure of the Mg-8Li-4Gd-xNi alloys: a) x = Owt.%;
b) x = 0.5 wt.%; c) x = 1 wt.%; d) x = 1.5 wt.%.

SEM observations and EDS results are performed on the Mg-Li-Gd-Ni alloy,
as shown in Fig. 3. The bright particles in the Mg-8Li-4Gd alloy are MgsGd phase,
EDS results prove the presence of more Gd and Mg in the particles. After the
addition of Ni, more lamellar secondary phases exist in the a-Mg and grow into
thick and compact plates. EDS results show a typical LPSO phase. The continuous
network is disrupted, and intermittent and blocky LPSO appears with Ni content.
Meanwhile, the mount of Gd-rich phase increases and the Gd-rich regions with high
Ni content appear, presumably as GdNi3z phase.

4. Conclusions
(1) The addition of Ni results in the formation of 24R structured LPSO and



«RESOURCE AND ENERGY-SAVING INNOVATIVE TECHNOLOGIES
IN THE FIELD OF FOUNDRY»

GdNisz phases. With the increase of Ni content, the morphology of LPSO changes
from continuous to intermittent. Higher fault energy makes LPSO difficult to form
when the atomic ratio of Gd to Ni is lower than 4:3.

(2) Mg-8Li-4Gd-1.5Ni alloy shows a very high corrosion rate, with the weight
loss rate and hydrogen precipitation rate of 0.36 mg/cm? min and 0.37 mL/cm?min,
which is 75 times higher than that of Mg-8Li-4Gd alloy. The addition of positive
potential Ni to the alloy leads to an increase in the potential difference. The number
of galvanic corrosion sites increase caused by intermittent network LPSO.

(3) The corrosion of Mg-Li-Gd-Ni alloy is mainly galvanic corrosion, and the
corrosion formation is mainly due to the formation of potential difference between
the second phase and the matrix. With the increase of Ni content, galvanic corrosion
effect between the bulk LPSO/GdNis; and a-Mg/B-Li matrix is increased, resulting
in a significantly higher corrosion rate of the alloy.
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