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. Introduction 

Hydraulic fracturing is a cost-effective method that can signif- 

cantly increase unconventional oil and gas production from the 

eservoir with low porosity and permeability. The fracturing tools, 

uch as bridge plug and fracturing ball, are crucial components 

sed in hydraulic fracturing to seal oil and gas wells temporarily. 

uring fracturing, the fracturing tools are first sent to the down- 

ole with wellbore fluid. Using lightweight materials makes the 

ent process easier and benefits the settling process [ 1 , 2 ]. Then the

ools are used to seal the pipes and endure high liquid pressure 

o create downhole cracks, thus requiring the candidate materials 

ith high compressive strength (more than 450 MPa in ultrahigh 

ydraulic pressure operations [1] ). Once the fracturing process fin- 

shes, the fracturing tools need to be removed to open the path- 

ay for oil and gas flow. Traditional fracturing tools, usually made 

f mild steel, phenolic, and polyether ether ketone (PEEK), which 

re non-degradable materials, require costly and time-consuming 

echanical milling, posing a risk of underground accidents and 

ontamination of oil and gas reservoirs [ 3 , 4 ]. In contrast, fracturing

ools made by degradable Mg alloys can self-degrade after fractur- 

ng in flow back water that contains chloride ions, which no longer 

equires mechanical milling. Therefore, degradable Mg alloys are 

ttractive for manufacturing fracturing tools in unconventional oil 

nd gas extraction and have been widely studied in recent years 

5–15] . However, in some extreme downhole environments with 

ow temperatures and low chloride ion concentrations, the degra- 

ation rate of common Mg alloys is still insufficient. Consequently, 

t is important to develop lightweight Mg alloys with better degra- 

ation rates and high compressive strength. 

One common strategy for designing highly degradable Mg al- 

oys for fracturing tools is to directly add high-potential elements 

ike Ni (–0.25 V vs. SHE (Standard Hydrogen Electrode)) and Cu 

0.159 V vs. SHE) elements to existing Mg alloys to form Ni, Cu- 

ontaining second phases to promote galvanic corrosion [ 5 , 7–34 ]. 

g-Al, Mg-Zn, and Mg-RE alloys are commonly chosen because 

hese alloys usually have high strength. However, the solid solu- 

ion of Al, Zn, and RE elements in these alloys can increase the 

otential of the anodic matrix and decrease the potential differ- 

nce of the corrosion couples, thus decreasing the degradation 

ate. Table 1 summarizes the reported potential difference between 

he Ni, Cu-containing second phases and Mg matrix in degradable 

g alloys. For example, in Mg-8Gd-3.5Cu and Mg-2Gd-1Cu alloys, 

he potential difference between ( α-Mg) and Mg2 Cu is only 186 

35] and 225 mV [36] , respectively, which are much lower than 

he potential difference between pure Mg and Mg2 Cu, i.e., 417 mV 

37] . That is, the solid solution of Gd to Mg matrix increases 
ttps://doi.org/10.1016/j.jmst.2023.12.073 

005-0302/© 2024 Published by Elsevier Ltd on behalf of The editorial office of Journal of
he anodic matrix potential, thus decreasing the potential differ- 

nce between Mg2 Cu and Mg matrix, which weakens the galvanic 

orrosion. 

In this work, a lightweight Mg-Li-Ni-Cu alloy with a superb 

egradation rate and high compressive strength was designed and 

anufactured. Mg-Li system is chosen because the potential of Li 

s lower than that of Mg. Consequently, the solid solution of Li will 

ecrease the anodic matrix potential, which increases the poten- 

ial difference of the galvanic couple. Meanwhile, the addition of Li 

an reduce the alloy density. The added Ni and Cu can form Ni/Cu- 

ontaining second phases with Mg, which has a high Volta poten- 

ial. At the same time, the Ni and Cu can also refine the grain size

o guarantee high strength. 

. Materials and experiments 

The alloy with a nominal composition of Mg-4Li-0.5Cu-6Ni 

wt.%) was prepared through casting with argon protection and ex- 

rusion (300 ± 5 °C, extrusion ratio of 18:1 at a rate of 0.2 mm/s). 

he density of the alloys was evaluated using the Archimedes 

ethod on six samples with absolute ethylalcohol as a suspending 

edium (Analytical Balance, GT204, China). The samples were pre- 

isely weighted to an accuracy of 10–4 g. The chemical composition 

as determined by an inductively coupled plasma (ICP) emission 

pectrometer ( Table 2 ). Microstructural features were character- 

zed using optical microscopy (OM), scanning electron microscopy 

SEM), and transmission electron microscopy (TEM) coupled with 

n energy-dispersive spectrometer (EDS). Crystal structures were 

etermined by X-ray diffraction (XRD). The Volta potential was 

easured by an AFM (SPM-9700HT) using scanning Kelvin probe 

icroscopy (SKPM) mode. The corrosion rate was measured by two 

ethods, pH (hydrogen evolution rate) and PW 

(weight loss rate), 

hich was then converted to average corrosion rate (mm/y) using 

he standard of ASTM G31-72. The potentiodynamic polarization 

urve was tested from catholic –0.2 V ( EOCP ) to anodic 0.2 V ( EOCP )

ith a scan rate of 0.5 mV/s by using an electrochemical worksta- 

ion (VersaSTAT 3F, Princeton Applied Research). Tafel extrapolation 

rom the cathodic branch evaluates corrosion potential ( Ecorr ) and 

orrosion current density ( icorr ). The EIS was obtained in the range 

f 105 –10–2 Hz with an AC amplitude of 10 mV. The potentiody- 

amic polarization curves were tested from catholic –0.2 V ( EOCP ) 

o anodic 0.2 V ( EOCP ) with a scan rate of 1 mV/s. Surface chemistry

f specimens, subjected to 1 h immersion in 3.0 wt.% KCl solution 

t room temperature, was analyzed by X-ray photoelectron spec- 

roscopy (XPS, ESCALAB Xi + , Thermo Fisher). The binding energy 

alues were calibrated by the C 1s (hydrocarbon C–C) of 284.8 eV. 

ompression and tensile tests were performed on the Gleeble 3800 

nd Instron 5969 testing machines, respectively. All tests were con- 

ucted along the extrusion direction (ED) on a strain rate of 10–3 

–1 at room temperature. 
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Table 1 

Reported potential differences between the Ni, Cu-containing second phases and Mg matrix from literature. 

Galvanic couple Potential difference (mV) Alloy composition 

( α-Mg)-Mg5 (Gd, Cu) 75 Mg-8Gd-3.5Cu [35] 

( α-Mg)-(Cu-containing SF) 64–85 

( α-Mg)-Mg2 Cu 186 

( α-Mg)-Mg2 Cu 225 Mg-2Gd-1Cu [36] 

( α-Mg)-(Cu-containing block LPSO) 155 Mg-9.5Gd-2.7Y-0.9Zn-0.4Cu [32] 

( α-Mg)-(Cu-containing plate LPSO) 80 

Mg-Mg2 Cu 430 Mg-2.5Cu-(4, 5, 6 wt.%) Al [16] 

( α-Mg)-MgAlCu 540 

( α-Mg)-Al2 Cu 230 

( α-Mg)-Zr7 Ni10 

( α-Mg)-Ni containing LPSO 

–40 

170 

Mg-10Gd-3Y-0.3Zr-(0.2, 0.4, 0.6 wt.%) Ni [10] 

( α-Mg)-(Ni, Cu-containing lamellar LPSO) 110 Mg-9.5Gd-2.7Y-0.9Zn-0.8Cu-0.4Ni [12] 

( α-Mg)-(Ni, Cu-containing block LPSO) 170 

Fig. 1. SEM and X-ray diffraction characterizations of the second phases. (a) SEM results show a large amount of second phases (10.0 ± 0.2 vol.%) that distribute along the 

extrusion direction. (b) XRD shows the diffraction peaks of the second phase that are close to Mg2 Ni. The inset magnified pattern shows that the peak slightly shifts left to 

the theoretical value of Mg2 Ni. 

Table 2 

Chemical composition of the designed Mg alloy (wt.%). 

Samples Ni Li Cu Mg 

Mg-4Li-0.5Cu-6Ni 6.28 3.71 0.50 Bal. 
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. Results and discussion 

SEM characterizations demonstrate that a large number of sec- 

nd phases was formed in the as-extruded alloy, with a volume 

raction of 10.0% ± 0.2%, distributed along the extrusion direc- 

ion (Fig. S1(a) in the Supplementary Material). The XRD result 

hows that the diffraction peaks of the second phase are close to 

hat of Mg2 Ni, but the peak slightly shifted left to the theoretical 

alue of Mg2 Ni ( Fig. 1 (b)), which is usually due to lattice distortion

aused by atomic substitution. TEM characterization of the second 

hase shows that the diffraction pattern of the second phase was 

onsistent with that of Mg2 Ni ( Fig. 2 (a–c)). EDS mapping results 

 Figs. 2 (d) and S1 and S2) reveal that the second phase contains

g, Ni, and Cu elements. The above results suggest the forma- 

ion of second phases with crystal structure of Mg2 Ni and some 

f the Ni atoms were replaced by Cu atoms. Similar structures can 

lso be found in other Refs. [ 38 , 39 ]. According to its crystal struc-

ure and composition, such second phase is termed as Mg2 (Ni, Cu) 

ereinafter. Most grains of the prepared alloy are equiaxed, indi- 

ating that dynamic recrystallization occurs during hot extrusion 

 Fig. 1 (a)). Statistically, the average grain size is ∼1.50 μm (Fig. 

3), which is expected to provide a significant grain refinement 

trengthening. 
181
Composition analysis of the corrosion product film reveals that 

nly Mg(OH)2 and MgO are formed on the surface of the Mg ma- 

rix (Fig. S4). It is well known that the formed Mg(OH)2 /MgO film 

oes not effectively protect the Mg matrix, in this situation, the 

egradation of Mg alloys mainly depends on the potential dif- 

erence of formed corrosion couples [ 4 8 , 4 9 ]. The formed Mg2 (Ni,

u) second phase exhibits a very large potential difference to the 

g-Li matrix ( Fig. 3 ). The sample was electropolished and used 

o perform surface morphology and potential tests. Surface mor- 

hology mapping shows that the height of Mg2 (Ni, Cu) phase was 

igher than that of the matrix ( Fig. 3 (a)), indicating that the ma- 

rix part was corroded in a much faster manner than the sec- 

nd phases during electropolishing. Volta-potential mapping, as 

ell as the line scanning analysis, demonstrates that the area with 

igher potential coincides with the higher area, which means that 

hese residual second phases have higher potential than the matrix 

 Fig. 3 (b, c)). This indicates that galvanic corrosion occurred during 

he electropolish, i.e., the high potential Mg2 (Ni, Cu) phase acts as 

athode and the low potential Mg-Li matrix corrodes as anode. The 

olta-potential difference of the Mg2 (Ni, Cu) phase and matrix is 

00 ± 21 mV, which far exceeds most of the corrosion couples in 

able 1 . 

The largely formed Mg2 (Ni, Cu) phases with high potential dif- 

erence to the Mg-Li matrix serve as numerous high-efficient cor- 

osion couples, suggesting a superb degradation rate, which was 

hen verified by immersion tests. The degradation rate was quan- 

ified by hydrogen evolution (pH) and weight loss ( PW 

) in 3.0 wt.% 

Cl solution at room temperature ( Figs. 4 (a) and S5). The pH and

W 

of the designed alloy are 2252.3 and 2404.3 mm/y, respec- 

ively, which is much higher than the reported highest degrada- 

ion rate of extruded Mg alloy fracturing tools ( PW 

, 1056.8 mm/y). 
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Fig. 2. STEM, TEM, and EDS characterization shows that the second phase mainly comprises Mg, Ni, and Cu and has a similar crystal structure of Mg2 Ni. (a) STEM bright 

field images show that the second phases distribute along the grain boundaries; (b, c) A typical second phase and corresponding selected area electron diffraction (SAED) 

result, which is consistent with the pattern of Mg2 Ni under the same viewing direction; (d) EDS mapping shows that the second phase is composed of Mg, Ni, and Cu. 

Fig. 3. Surface morphology (a), potential mapping (b), and line scan (c) show that the second phases have high potential compared with the Mg-Li matrix and remains after 

electropolishing, indicating the occurrence of galvanic corrosion, where the second phase acts as cathode and Mg-Li matrix corrodes as the anode. The line scan is conducted 

the black line marked in (a). 
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Fig. 4. Corrosion experiments show that the designed alloy has a high degradation rate caused by intense galvanic corrosion. (a) degradation rates measured by hydrogen 

evolution (pH) and weight loss ( PW 

) experiments, (b) potentiodynamic polarization curve, (c) SEM observation of specimen surface shows that second phases remained after 

corrosion, indicating galvanic corrosion. 

Fig. 5. The designed alloy exhibits a superb degradation rate, relatively high compressive strength (a), and lower density (b) compared to other extruded degradable Mg 

alloys for fracturing tools. The figure was drawn based on the results of this work and Refs. [5–15] . For those alloys their densities were not directly provided in the literature, 

we used Factsage to estimate their densities. 
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M

he charge transfer resistance ( Ra ) and corrosion product resis- 

ance ( Rf ) values are only 0.57 and 4.09 (Fig. S6 and Table S1), 

hich indicates an activated matrix that fails to form an effective 

rotective film. Fig. 4 (b) shows the potentiodynamic polarization 

urve of the designed alloy. The icorr is 3.96 × 10–2 A/cm2 , which 

s much higher than those of the reported icorr of extruded Mg al- 

oys for fracturing tools (in the range of 1.78 × 10–6 to 1.20 × 10–3 

/cm2 [5–15] ). Numerous short rods of Mg2 (Ni, Cu) phases were 

bserved on the corroded sample surface after the immersion test 

 Figs. 4 (c) and S7), which further confirmed the strong galvanic 

orrosion. 

According to the compressive curve (Fig. S8), the alloy has high 

ompressive strength (484.9 ± 7.9 MPa) and plasticity (compres- 

ive strain before fracture of about 16.1% ± 0.1%), which can be 

ttributed mainly to its fine grain size. Furthermore, the solution 

f Li also can increase the activity of 〈 c + a 〉 slip to improve

he plasticity (Fig. S9). The average grain size of the designed al- 

oy is about 1.5 μm, smaller than the typical grain size of ex- 

ruded Mg-Li-based alloys with HCP structure (in the range of 

.5–35 μm [40–46] ). The grain refinement is caused by the addi- 

ion of Ni and Cu with high grain restriction factor (Ni-6.13, Cu- 

.28) [47] that can refine the grains during solidification. More- 

ver, the generated Mg2 (Ni, Cu) phases can further inhibit grain 

oundary migration thus restricting the grain growth during hot 

xtrusion. 
M

183
Fig. 5 compares the compressive strength, degradation rate, and 

ensity of the Mg-Li-Cu-Ni alloy and other extruded Mg alloys de- 

igned for fracturing tools [5–15] . The designed Mg-Li-Cu-Ni al- 

oy has a superb degradation rate (2404.3 mm/y), 3.6–16.2 times 

igher than that of other competitive Mg alloys. At the same time, 

he alloy has a relatively high compressive strength (484.9 MPa) 

hat satisfies the requirement in ultrahigh hydraulic pressure op- 

rations [1] . Moreover, the density of the Mg-Li-Cu-Ni alloy is only 

.70 g/cm3 , lower than the density of existing degradable Mg alloys 

or fracturing tools (1.75–1.95 g/cm3 ), making the sent process eas- 

er. It can be seen that the designed alloy has a competitive advan- 

age over other comparative Mg alloys in the literature. In addition, 

 3–5 day pause is generally needed for tools to complete degrada- 

ion after fracturing (data from SJS Petroleum Drilling & Production 

quipment Co., Ltd.). The employment of high degradation rate Mg 

lloys in this study can shorten pause time and reduce costs, espe- 

ially in extreme downhole conditions (low temperature, low chlo- 

ide ion concentrations), which indicates that this work is suffi- 

iently practical. 

. Conclusion 

In summary, the present work designed a superb degradable 

g alloy with high compressive strength and low density. The 

g-Li system was selected to decrease the anodic matrix poten- 
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 large number of galvanic couples with high potential differences 

( α-Mg)-Mg2 (Ni, Cu)) formed, leading to an ultrahigh degradation 

ate. The Mg-Li matrix also enables low density. Moreover, adding 

i and Cu and the formation of the Mg2 (Ni, Cu) phase can refine 

he grains (1.5 μm), leading to high strength and plasticity. The 

esigned Mg alloy is expected to meet the increasing demand for 

igher performance in harsh downhole environments, such as low 

emperature, low chloride concentrations, and ultrahigh hydraulic 

ressure operations. 
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