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Abstract  

Downhole tools made of dissolvable alloys (DAs) are getting more attractive, especially with the difficulties that arise 

from drilling wellbores with longer lateral distances. To date, most of the DAs are based on Al alloys (AAs) or Mg 

alloys, which offer undesirable mechanical properties. This work aims to develop a series of new Al-based DAs, 

providing high material strength and fast corrosion rates, for hydraulic fracturing applications. Given the enormous 

possibilities in tunning the structures and compositions of potential DAs, a literature review was first done to 

summarize the effects of various alloying elements on the microstructures, mechanical properties, and corrosion 

resistance of AAs. The main chemistry in downhole environments is KCl while the abundant electrochemical data of 

AAs are in NaCl electrolytes. In order to maximize the available electrochemical data of AAs, the effect of the 

associate cation type (K+ vs. Na+) on the corrosion of selected alloys was investigated by comparing the 

electrochemical values obtained under the same Cl- molar concentration of KCl vs. NaCl solutions. To facilitate the 

design and elemental selection, Taguchi’s method was utilized to change the chemistry of a commercial alloy (AA 

7075) by adding various elements (such as Cu, Ga, Ag, Sn, In, Zn, Cr, and Zr). Scheil-Gulliver model was used to 

predict the potential phases formed as well as their amounts. Based on the review and simulation results, a few 

candidate alloys were targeted which were anticipated to potentially yield high mechanical properties and active 

corrosion behavior. It is believed that the experimental and simulation methods employed in the work will facilitate 

the development of the most promising DA compositions for downhole applications.  
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1. Introduction 

Multi-stage hydraulic fracturing by plug-and-perf is one of the most successful and economical methods for oil and 

gas extraction in unconventional reservoirs [1]. All plug-and-perf systems require frac plugs to isolate zones in the 

wellbore. Since hydraulic fracturing was developed on a commercial scale in 1949, the frac plug technology has 

undergone three distinct step changes based on the construction materials. Walton et al. [2] summarized these three 

stages into cast iron age (1950s through 1990s), composite age with the birth of the horizontal completion (1990s – 

Today), and Dissolvable Age – (2010s-Today). Traditional frac plugs are constructed from cast iron, composite 

materials, and non-dissolving elastomers. Once all fracturing stages are completed, traditional frac plugs must be 

removed from the wellbore with a coiled tubing unit to maximize production. The mill-out process is costly, 

problematic, risky, and can sometimes lead to production delays [3]. Inevitably, this inspired the idea of a dissolvable 

plug that would simply vanish, taking all of these problems with it [4]. 

Driven by efficiency needs and advancements in available materials, dissolvable materials are currently used to create 

dissolvable frac plugs (DFPs) that greatly reduced the need for milling with coiled tubing. At the end of 2017, roughly 

2% of all frac plugs deployed in the field were made of dissolvable metals. The market is expected to grow to 5% of 

all frac plugs deployed in the field by the end of 2018 – a 250% growth in one year, with adoption and use increasing 

through 2025.[5] A DFP is made of dissolvable materials and designed in a way such that it will degrade completely 

to leave an unrestricted wellbore for production. Obviously, material selection is the key. The selected high-strength 

dissolvable metal must allow dissolution in water-based wellbore fluid, formation fluid, or production fluid [4]. 

Downhole chemistry and temperature are the two primary variables considered when determining the right material 

composition for dissolvability in any given application. Most alloys used in today’s DFPs are Mg or Al-based, also 

requiring that the operator understand the exact chemistry of the well fluid to predictably estimate how long it will 

take for that plug to dissolve. However, downhole chemistry changes constantly. It varies dramatically from the 

vertical to the heel, and from heel to the toe. It varies from one well to the next, even on a multi-well pad. It’s affected 

by the original water source and the fluid being pumped into the well. With so many variables, predicting how long it 

will take for the plug to dissolve is complicated. In turn, the material selection for desirable DFPs is complicated.   

As a promising material, Al and Al alloys (AA) have favorable properties that if exploited properly, can yield the 

desired controlled dissolution and the necessary mechanical strength. Even though pure Al possesses desirable 

corrosion rates, Al is a soft, ductile, and relatively weak material to be utilized in the target downhole application [6]. 



 

The low strength can be compensated by alloying with other elements such as Mg, Zn, Cu, etc. AA 7075, 7050, and 

7049 are AAs with high strength, among which AA 7075 possesses the highest strength [7]. The high mechanical 

properties of AA 7075 make it a good base material for the development of DA, yet its corrosion behavior needs to 

be adjusted to adapt to the targeted dissolvability in wellbore conditions. Another downside of AAs is the formation 

of stable protective oxide film formed on the surface, which in turn passivates its electrochemical (EC) activity. Al 

activation can be approached by (1) depassivation, i.e., alloying with low melting point metals (e.g., Ga, In, Sn and 

their respective low melting point intermetallic phases with Mg, Zn, etc.) [8], and (2) micro-galvanic corrosion, i.e., 

alloying with elements that trigger localized galvanic corrosion such as Ag [9]. The alloying elements' search space, 

as well as the elemental composition ranges, are huge. Furthermore, most corrosion data found in the literature are 

reported in NaCl electrolyte, while wellbore fluid has environments containing KCl solution – adding another 

challenge to overcome.  

To address all the challenges in an efficient manner, in this work, firstly the effects of Cu, Mg, Zn, Ag, Ga, In, Sn, Cr, 

Er, and Zr on the mechanical properties and corrosion behavior of AAs were summarized to support our initial 

elemental selections and their composition ranges. Secondly, to extend the library of corrosion datasets, EC tests were 

performed to investigate the corrosion behavior of AA 7075, AA 6061, AA 2024, and dissolvable Al alloy in KCl and 

NaCl electrolytes at the same Cl- molar concentration. Finally, Taguchi’s method and Scheil-Gulliver's model were 

utilized to facilitate the material design, narrow the composition range and lead to future casting direction. 

 

2. Alloying elements on the microstructures, mechanical properties, and corrosion of Al alloys: a review 

Given the enormous possibilities in tunning the structures and compositions of potential DAs, a literature review is 

presented below to summarize the effects of various alloying elements on the microstructures, mechanical properties, 

and corrosion resistance of Al alloys. The alloying elements considered in this study are Ga, In, Sn, Mg, Zn, Cu, Ag, 

Cr, Er, and Zr. The selection was initially made based on the known effects those elements have on the mechanical 

properties as well as the electrochemical behavior of Al and Al alloys.  

Gallium, Indium, and Tin – the activation of Al by adding Ga, In, and Sn has been investigated by several researchers 

[8, 10–12]. Woodall et al. (2011) [10] studied the effect of the liquid Ga-In-Sn (GIS) phase on a bulk AA [10]. The 

liquid GIS phase, with a melting point of 10.4 °C [13], is the key factor for the depassivation of Al-Ga-In-Sn alloy. It 

was confirmed that Al present in the liquid Ga or GIS phases first reacts with water. The consumed Al in the reaction 

causes a drop in Al equilibrium concentration, resulting in a chemical potential gradient as the driving force for Al 

diffusion from grains to maintain equilibrium. This in turn consumes Al atoms in the alloy as the hydrolysis reaction 

continues. On the other hand, intermetallic phases such as TiAl3 and Al2Cu do not involve in the reaction [12]. He et 

al. (2016) [11] studied the microstructure and interface reactions of Al-Ga-In-Sn alloys, with different In/Sn mass 

ratios [11]. It was concluded that the activation of Al did not necessarily take place in the presence of the GIS eutectic. 

Other GIS mixtures, Ga with  (In3Sn) and  (InSn4), could also dominate Al activation at reaction temperatures, i.e., 

their respective melting points. Al-Ga-In-Sn alloy exhibits high reactivity with water at GIS eutectic composition at 

mass ratios of Ga:In:Sn = 65:22:13, thus, the alloys considered in this study has total GIS composition ranges of 1.5, 

3, and 6 wt.%, at which a high activity is achieved [11, 14].  Nevertheless, it is believed that adding Ga, In, and Sn 

will increase the corrosion of AAs; the lower end of 1.5 wt.% GIS content is chosen here to address the concern of 

liquid embrittlement caused by those low melting point metals.   

Magnesium – recently, the influence of alloying Mg in Al-Mg-Ga-In-Sn has been investigated [14–16]. According to 

the Al-Mg binary phase diagram [17], adding Mg greater than 2 wt.% enables the formation of  phase (Al3Mg2). The 

formation of  phase and other grain-boundary precipitates, in higher Mg content alloys, has been related to stress 

corrosion cracking (SCC). These precipitates can be developed slowly at ambient temperatures, or the process can be 

accelerated at a temperature in the range 37.78 – 176.67 °C. [18] Du et al. (2018) [14] examined the effects of varying 

Mg content in Al-xMg-3.8Ga-1.5In-0.7Sn with 2.4 wt.% Al-5Ti-1B as grain refiners. Binary phase diagrams predict 

the formation of MgIn, Mg2Sn, MgGa2, MgGa, MgGa2, and Mg5Ga2 phases during solidification [19]. Interestingly, 

the formation of the In3Sn phase reported previously [8, 11] was not observed when adding Mg in as-cast alloys. 

However,  In3Sn was present in the rapidly solidified alloys regardless of Mg addition [16]. The appearance of  

Al3Mg2 phase only occurred with Mg content at 5 wt.% and greater. Baer et al. (2000) [20] also concluded that the 

thickness of oxides remained unchanged, showing no impact on the dissolution of Al.  Even though adding Mg could 

improve the mechanical properties of AAs. It potentially reduces the Al reactivity with water (i.e., reducing cathodic 



 

sites) [21]. The base material chosen for this study, AA 7075, has 2.1-2.9 wt.% Mg. Therefore, Mg will not be 

considered as a design factor in this study.  

Zinc – another way to interfere with the protective oxide films of Al is by adding Zn. Several studies reported the 

effectiveness of this method, especially in Al-air battery anode [22–25]. Zn addition in the Al electrode resulted in a 

more active potential in alkaline solutions, owing to the formation of Zn passive films [26]. Ternary Al-Zn-X alloys 

(where X is Ga, In, or Sn) have been shown to possess a more electronegative behavior. Al-Zn-Ga exhibits a ternary 

eutectic at 23 °C with the composition of Al-2Zn-14Ga [25]. Aragon et al (1996) [25] suggested that the mechanism 

for Al activation is similar to the liquid GIS eutectic discussed above. Venugopal and Raja (1997) [24] investigated 

the influence of In and Zn on the electrochemical behavior of Al-Zn-In alloy in a chloride medium. The researchers 

also observed In segregation owing to its low solubility in both Zn and Al according to their phase diagrams. This in 

turn promotes intergranular corrosion at In-rich and Zn-rich zones formed during solidification and surface diffusion. 

Further, similar behavior was observed by Khireche et al (2014) [23] in the study of Sn addition to Al-Zn alloy. 

Alloying Sn with Al-5Zn shifted the polarization curves to a more active position and increased the corrosion current 

density. No passive regions were observed in the Al-Zn-Sn alloys due to the active dissolution of Sn to Sn(OH)2, SnO, 

and SnO2  [27]. Unlike alloying with Mg, the addition of Zn to from Al-Zn-Ga-In-Sn alloy showed the presence of the 

In3Sn phase [28]. However, the presence of Zn in grain boundaries dictates changes in Al and grain boundary phases 

(e.g., GIS phases) interactions. As Zn has a higher melting point than the other grain boundary phases, an increase in 

activation energy was confirmed causing a barrier for the hydrolysis reaction. Adding Zn up to 2 wt.% was reported 

to present no significant change in Al reactivity (i.e., micro-galvanic cells of Al-Zn compensate for the reduced 

effectiveness of GIS eutectic) while increasing Zn content up to 5 wt.% could decrease the dimensions of grain 

boundaries. The Al activity will then be hindered owing to the higher activation energy. [28] The Zn content in the 

base AA 7075 is 5.80 wt.%. zinc content will be adjusted for desirable Zn/Mg ratios. In addition, fixed Zn content in 

dissolvable Al and Mg alloys was reported to be 4-6 wt.% [23, 29–31]. This study will consider Zn content of 4 wt.% 

as a lower level (corresponding to Zn/Mg ratio of 1.67), and of 12 wt.% as a higher level (corresponding to Zn/Mg 

ratio of 5).  

Copper – as Cu has low solubility in Al at low temperatures (maximum solubility of 5.7 wt.% Cu at 550 °C [17]), 

changes in intermetallic phases at grain boundaries, especially low melting point phases, are expected owing to the 

formation of Cu bearing intermetallics at grain boundaries. He et al (2019) [32] reported further increase in Cu content 

at grain boundaries occurred when Cu content increased up to 8 wt.%. In addition, they also found that the formation 

of  (Al2Cu) led to a decrease in Al grain size. This was explained by the role this phase play as a nucleation site 

during solidification, which in turn improves the mechanical properties. It was concluded that the addition of Cu to 

form Al-Cu-Ga-In-Sn alloys slowed the reaction as the  (Al2Cu) phase that occupies GIS sites, and decreases the Al-

GIS contact area [32]. El Warraky et al. (2007) [33] investigated the impact of increasing the Cu content up to 11 

wt.% on Al. It was shown that higher localized corrosion activity was obtained at higher Cu content. Moreover, Cu-

bearing intermetallic phases such as S (Al2CuMg) and Mg(ZnAlCu)2  are susceptible to the de-alloying process in 

chloride solutions which further alter the corrosion behavior [34–36]. A wide range (4.1 – 11 wt.%) of Cu content 

would be considered in this study to show the influence of the amount and type of precipitates’ phases on the corrosion 

and mechanical strength.  

Silver – a small addition of Ag to AAs increases the mechanical strength through precipitation strengthening [37, 38]. 

In Al-Zn-Mg alloys, a small quantity of Ag reduces the width of precipitate free zones (PFZs) owing to the increased 

nucleation site density; thus, improving mechanical properties [37, 38]. Moreover, Ag and Sn have a dual effect on 

improving the tensile properties of Al-Zn-Mg alloys [37]. In terms of corrosion behavior, Ag, as a noble metal, 

accelerates corrosion on other active metals since it does not readily polarize. Thus, localized galvanic cells between 

Ag particles and Al matrix would form and enhance corrosion [39]. The influence of Ag content on the mechanical 

properties and corrosion behavior would be considered in a range between 0.07 and 4.2 wt.%. The lower level would 

reveal the influence on mechanical properties based on the discussion above, while the higher level would give insight 

into the localized galvanic corrosion behavior.  

Chromium, Zirconium, and Erbium – the addition of Cr to Al not only reduces stress corrosion and improves 

toughness, but also controls grain structure and grain growth in Al-Mg-Si or Al-Mg-Zn alloys during heat treatment 

[40]. The intermetallic compounds are produced upon adding Cr and Zr to Al alloys, which also influence the corrosion 

behavior [38]. The addition of Cr will improve the corrosion resistance of AAs owing to the enhanced passivation due 

to the formed intermetallics as well as the increased Cr density in the solid solution [41]. H.C. Fang et al. (2014) [42] 

also studied the influence of alloying with Cr, Zr, and Er on the mechanical and electrochemical properties of Al-Zn-

Mg-Cu alloys. They concluded that adding those alloying elements improved the mechanical and corrosion-resistant 



 

behavior as they would restrict the recrystallization at grain boundaries. It was observed that adding 0.16 wt.% Zr 

resulted in Ultimate Tensile Strength (UTS) and Yield Strength (YS) of 704.0 and 683.6 MPa, respectively, while 

adding 0.16 wt.% Zr, 0.3 wt.% Er, and 0.18 wt.% Cr resulted in UTS and YS of 743.9 and 728.1 MPa, respectively. 

Alloying with Zr alone shifted the corrosion potential to the more active position and did not decrease the corrosion 

current density comparing with alloying with Zr, Er, and Cr together. AA 7075 has very few amounts of Cr and Zr, 

0.19 and 0.02 wt.%, respectively. Therefore, Cr and Zr would be considered as grain refiners in this study, and their 

influence on mechanical properties would be studied up to 1 wt.% at a higher level.  

In summary, this work would put the scope on the alloying elements influencing the dissolvability and mechanical 

properties of the targeted DA. The selected elements are: 

i) Ga, In, and Sn added at the GIS eutectic mass ratio of 68:22:13, respectively, and at the total composition of 1.5, 3, 

and 6 wt.%; expecting a boost in the corrosion rates of the designed alloys; 

ii) Cu and Zn having lower and higher levels of 4.1 – 11 wt.% and 4 – 12 wt.%, respectively, as well as Mg at a fixed 

composition of 2.4 wt.%; forming intermetallic phases which enhance the mechanical properties; 

iii) Ag in the range of 0.07 – 4.2 wt.%; forming micro-galvanic cells that enhance corrosion as well as improving 

mechanical properties via PFZs reduction;  

iv) Cr and Zr as grain refiners in amount up to 1 wt.%; expecting an increase in mechanical strength and control over 

grain growth and structure.  

 

3. Methodology 

3.1 Electrochemical experiments 

Commercial AA 2024, AA 6061, AA 7075, and dissolvable Al (Table 1) were used in EC testing. Open circuit 

potential (OCP) and linear polarization resistance (LPR) measurements were performed using an EC potentiostat in 

aqueous NaCl and KCl solutions at the same Cl- molar concentration. The wt.% concentration of KCl is 4.46 wt.%, 

which is calculated to be equivalent to 3.5 wt.% NaCl. The EC cell consisted of a three-electrode arrangement with 

the potential being recorded with respect to saturated Ag/AgCl reference electrode and graphite as a counter electrode. 

LPR tests were performed in voltage ranging from -0.1 V vs OCP to 0.1 V vs OCP at a scan rate of 0.5 mV/s.  

Table 1 Compositions (wt.%) of selected Al alloys 

Alloy Zn Mg Cu Ag Ga Cr Fe Si Mn Ti Zr V Al 

AA 2024 - 1.42 3.53 - - - 0.22 - 0.22 - - - Bal. 

AA 6061 0.05 1.00 0.32 - - - 0.50 0.73 0.03 - - - Bal. 

AA 7075 5.80 2.40 1.50 - - 0.19 0.17 0.08 0.04 0.03 0.02 0.01 Bal. 

Dissolvable Al - 2.60 4.10 2.10 2.00 - - - - - - - Bal. 

3.2 Simulation of Alloy Phases  

The chemical compositions of the designed alloys considered for phase simulation are shown in Table 1. Those 

alloys represent a systemic approach with L27 (6 design factors at 3 levels) orthogonal array of the Taguchi method. 

Thermo-Calc software was used to predict the intermetallic phases formed during solidification which would enhance 

the mechanical properties and boost the corrosion activity. The model used in the simulation is Scheil-Solidification, 

and the database used is TCAL7, a database designed for Al-based alloys. 

 

Table 2  Composition (wt.%) of the designed DAs used in the simulation 

DA Cu Zn Mg Ag Ga In Sn Cr  Zr  Ti V Al 

1 4.10 4.00 2.40 0.70 0.88 0.37 0.25 0.19 0.00 0.03 0.01 87.07 

2 4.10 4.00 2.40 0.70 0.88 0.37 0.25 0.60 0.50 0.03 0.01 86.16 



 

3 4.10 4.00 2.40 0.70 0.88 0.37 0.25 1.00 1.00 0.03 0.01 85.26 

4 4.10 8.00 2.40 2.14 1.75 0.75 0.50 0.19 0.00 0.03 0.01 80.13 

5 4.10 8.00 2.40 2.14 1.75 0.75 0.50 0.60 0.50 0.03 0.01 79.22 

6 4.10 8.00 2.40 2.14 1.75 0.75 0.50 1.00 1.00 0.03 0.01 78.32 

7 4.10 12.00 2.40 4.20 3.80 1.50 0.70 0.19 0.00 0.03 0.01 71.07 

8 4.10 12.00 2.40 4.20 3.80 1.50 0.70 0.60 0.50 0.03 0.01 70.16 

9 4.10 12.00 2.40 4.20 3.80 1.50 0.70 1.00 1.00 0.03 0.01 69.26 

10 7.55 4.00 2.40 2.14 3.80 1.50 0.70 0.19 0.50 0.03 0.01 77.18 

11 7.55 4.00 2.40 2.14 3.80 1.50 0.70 0.60 1.00 0.03 0.01 76.27 

12 7.55 4.00 2.40 2.14 3.80 1.50 0.70 1.00 0.00 0.03 0.01 76.87 

13 7.55 8.00 2.40 4.20 0.88 0.37 0.25 0.19 0.50 0.03 0.01 75.62 

14 7.55 8.00 2.40 4.20 0.88 0.37 0.25 0.60 1.00 0.03 0.01 74.71 

15 7.55 8.00 2.40 4.20 0.88 0.37 0.25 1.00 0.00 0.03 0.01 75.31 

16 7.55 12.00 2.40 0.70 1.75 0.75 0.50 0.19 0.50 0.03 0.01 73.62 

17 7.55 12.00 2.40 0.70 1.75 0.75 0.50 0.60 1.00 0.03 0.01 72.71 

18 7.55 12.00 2.40 0.70 1.75 0.75 0.50 1.00 0.00 0.03 0.01 73.31 

19 11.00 4.00 2.40 4.20 1.75 0.75 0.50 0.19 1.00 0.03 0.01 74.17 

20 11.00 4.00 2.40 4.20 1.75 0.75 0.50 0.60 0.00 0.03 0.01 74.76 

21 11.00 4.00 2.40 4.20 1.75 0.75 0.50 1.00 0.50 0.03 0.01 73.86 

22 11.00 8.00 2.40 0.70 3.80 1.50 0.70 0.19 1.00 0.03 0.01 70.67 

23 11.00 8.00 2.40 0.70 3.80 1.50 0.70 0.60 0.00 0.03 0.01 71.26 

24 11.00 8.00 2.40 0.70 3.80 1.50 0.70 1.00 0.50 0.03 0.01 70.36 

25 11.00 12.00 2.40 2.14 0.88 0.37 0.25 0.19 1.00 0.03 0.01 69.73 

26 11.00 12.00 2.40 2.14 0.88 0.37 0.25 0.60 0.00 0.03 0.01 70.32 

27 11.00 12.00 2.40 2.14 0.88 0.37 0.25 1.00 0.50 0.03 0.01 69.42 

 

4. Results and discussion 

4.1 The effect of associate cations S (K+ vs. Na+) on the corrosion of selected materials  

Equilibrium OCP values, i.e., corrosion potentials (ECorr) of mechanically polished AA 2024, AA 6061, AA 7075, and 

dissolvable Al electrodes in 3.5 wt.% NaCl and 4.46 wt.% KCl (table 3) reveal insignificant variance upon changing 

cation type for each material. Fig. 1 presents the obtained ECorr and corrosion current densities (iCorr). ANOVA results 

further assure the insignificance effect of changing cation type (Na+ vs K+), where the P-Values (0.981 and 0.889 for 

iCorr and ECorr, respectively) are greater than the level of significance ( = 0.05). Thus, the null hypothesis of equal 

means 𝐻𝑜: 𝜇1 = 𝜇2  is not rejected. This can be explained by the similar chemical combining activity of both 

electrolytes. The selected cations' impact on corrosion has also been reported in other studies [43, 44], where Na+ and 

K+ cations were reported to have relatively small effects on corrosion. Therefore, it is reasonable to conclude that 

metals behave the same in NaCl and KCl solutions of similar milliequivalents.  

 



 

Table 3 OCP values of selected alloys in 3.5 wt.% NaCl and 4.46 wt.% KCl at room temperature 

Alloy Cation OCP (mV vs Ag/AgCl) 

AA 2024 K+ -576  
 

Na+ -555  

AA 6061 K+ -710 

 Na+ -705 

AA 7075 K+ -781 
 

Na+ -768 

Dissolvable Al K+ -1,209 
 

Na+ -1,220 

  

Fig. 1 EC results for commercial AAs in 3.5 wt.% NaCl vs. 4.46 wt.% KCl solutions at room temperature. a) Box 

plot illustrating differences in means and ranges of OCP values (mV. vs Sat’d Ag/AgCl), b) the influence of Na+ and 

K+ cations on the corrosion potential and corrosion current density 

4.2 Prediction of intermetallic phases formed during solidification 

Fig. 2 shows the compositions of main phases with respect to the 27 designed DAs in Table 2predicted by Thermo-

Calc. It can be seen that the major intermetallic phases found in the 7xxx series of AAs, i.e.  (MgZn2), S (Al2CuMg), 

and  (Al2Cu) are present in varying amounts depending on the alloy composition [45, 46]. In addition, Z phase (i.e., 

Mg2Zn11 or Al5Cu6Mg2 [45]), Mg2Sn, and BCC phase (i.e., dispersed Ag) are also present. It is reported that 

mechanical properties including strength, toughness, SCC resistance are largely influenced by  S, and  phases [ref], 

while Mg2Sn and BCC Ag have a nobler corrosion potential compared to pure Al [14]. In this work, more interest and 

attention are paid on the   and Z phases because they will not only lead to high corrosion activity of AAs but also 

contribute to mechanical properties enhancement[47]. 

The amount of  phase is high in DAs 4-6,11, and 21-24; Z phase content is high in alloys 13, 18, 25, and 27; Mg2Sn 

content is high in alloys 7-9 and 22-24. Although  phase enhances the mechanical properties of Al alloys, it alters Al 

depassivation by changing the chemistry of GIS mixtures at grain boundaries and their contact area with Al grains;  

phase is high in DAs 20-24, which should be excluded for the initial investigation. Thus, the initial alloys which are 

expected to yield favorable results in terms of dissolvability and mechanical properties are DAs 13, 25, and 27, where 

the  and  phase contents are moderate and Z phase is high. In terms of favorable corrosion behavior, DA 18 has a 

high amount of Z phase and a moderate amount of  phase with low  intermetallics. It is suspected that a critical 

conclusion will be drawn on the influence of  phase on corrosion and mechanical properties of AAs by comparing 

DA 18 with DAs 25 and 27. Unfortunately, our current attempt failed to simulate the solidification process for DAs 

16, 17, 19, and 26; further investigation is part of the ongoing research.   
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It is expected that the selected alloys (DAs 13, 18, 25, and 27) will exhibit high yield strength and hardness due to the 

presence of the coarse  and Z phases. The presence of coarse intermetallic phases in as-cast alloys potentially causes 

embrittlement, thus the ductility is expected to be at its lowest. Embrittlement in AA 7075 due to coarse intermetallic 

phases have been reported in another study [47], which can be treated by homogenization. Liquid embrittlement 

caused by the presence of low melting point intermetallics could also affect the mechanical properties of the alloys. 

DAs 13, 25, and 27 only contain 1.5 wt.% of low melting point metals, therefore, the corresponding effects are 

suspected to be minimal. Future experimental investigation will be conducted to confirm the prediction of intermetallic 

phases in Fig. 2, and the corresponding corrosion and mechanical properties. 

  

Fig. 2 Mole fractions of phases in each alloy predicted using TCAL7 database (Thermo-Calc 2021b) 

 

5. Conclusion 

In order to develop novel Al-based alloys with high material strength and fast corrosion rates, a preliminary 

investigation was carried out on reviewing the effects of various alloying elements, investigating the effect of the 

associate cations (K+ vs. Na+) on the corrosion of AAs, and the prediction of intermetallic phases formed during 

solidification. AA 7075 was selected as a base alloy owing to its excellent mechanical properties. In summary, the 

following conclusions are drawn: 

• Effects of various alloying elements: i) Ga, In, and Sn influence the hydrolysis reaction of Al. This is due to the 

low melting point intermetallic phases formed that act as a pathway for Al atoms to diffuse into the aqueous 

environment; ii) The addition of Mg, Cu, and Zn into Al-Ga-In-Sn alloys not only changes the GIS chemistry at 

the grain boundaries but also reduces the contact area between Al grains and GIS eutectic/mixtures, which could 

be used as a controlling feature for the dissolution process. Besides, their intermetallic phases have a significant 

influence on the mechanical properties of AAs; iii) The addition of Ag in small quantities enhances the mechanical 

properties through the reduction of PFZs. Further, the noble corrosion potential of Ag will contribute to creating 

localized galvanic corrosion cells that fasten the dissolution process; iv) Further enhancement in DAs’ mechanical 

properties could be achieved by the addition of Cr and Zr grain refiners.  

• The insignificance of cation type (Na+ vs K+) was experimentally proven. It is, therefore, possible to expand the 

corrosion database by adopting published values in NaCl solution from literature. 

• Prediction of intermetallic phases formed during solidification: i) simulation results reveal the formation of 

 (MgZn2), S (Al2CuMg), and  (Al2Cu) phases which are commonly found in the AA 7xxx series on which the 

high mechanical performance can be attributed. Z, BCC Ag, and Mg2Sn phases will also be formed, which are 

more electrochemically active than AA 7075.  Considering the effects of these phases in terms of dissolvability 

and mechanical properties, DAs 13, 18, 25, and 27 are anticipated to be the best candidates for manufacturing 

DFPs in hydraulic fracturing. 

It is believed that the experimental and simulation methods employed in the work will facilitate the development of 

the most promising DA composition with a unique combination of high strength and desirable corrosion rate in 

downhole environments. Further research is needed to assess the conclusions drawn from this study by experimental 

validation. The selected alloys will be cast, and microstructure, electrochemical, and mechanical testing will be 

performed accordingly.  
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