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Abstract

In recent years, Mg-based alloys have been considered as a biodegradable biomaterial for implant
applications. However, the high corrosion rate and hydrogen gas evolution in an aqueous environment are
the most important challenges for these alloys. This study has focused on optimizing the biocorrosion
properties of bioalloys in Mg-Zn-Ca system, using a integrated approach of thermodynamic simulations,
and response surface methodology (RSM). It is believed that, in the Mg-Zn-Ca alloy system, the Mg,Ca
secondary phase usually enhances corrosion rate with microgalvanic coupling mechanisms. The ternary
phases CaMg,Zn, have less detrimental effects on corrosion resistance. To minimize the formation of
deleterious phases, thermodynamic calculations were performed using CompuTherm's PANDAT software,
and the predicted phase evolution was subsequently validated against experimental measurements.
Corrosion behaviour was assessed through potentiodynamic polarization tests and long-term immersion
experiments. Based on the thermodynamic predictions, a statistical model was developed to guide the
design of alloys with minimized detrimental secondary phases. The results showed that the ZX31 (Mg-

2.6Zn-1Ca) exhibited the highest corrosion potential (-1.6336 Vagaeci) and the lowest corrosion current
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density (216 uA/cm?), showing higher biocorrosion resistance compared to ZX24 (Mg-2.3Zn-4.0Ca) and
ZX15 (Mg-1.3Zn-4.8Ca).
Keywords: Magnesium bioalloy; Orthopedic implants; Biocorrosion; Corrosion optimization; Response

surface methodology (RSM).

Introduction

In recent decades, extensive research has been conducted on temporary orthopedic implants. Recent
advances in materials science and engineering have played a significant role in improving the performance
and biocompatibility of these devices. Current orthopedic implants are not only required to provide
mechanical support, but also inevitably have properties such as bone regeneration, tissue engineering, drug
delivery, and biodegradability [1-3]. The unique compatibility of metals such as magnesium (Mg), zinc
(Zn), and calcium (Ca) with human metabolism, their favorable mechanical properties, and their safe
degradation in the body highlight their interest as materials for bone implants [4,5]. A temporary Mg
implant should have properties such as appropriate biocompatibility, a degradation rate proportional to the
tissue repair rate, and sufficient mechanical strength and integrity based on its functional needs [6—11].
However, one of the main issues of Mg-based biodegradable implants is uncontrollable corrosion in
biological environment. This issue may result in premature failure or insufficient strength of the new
regenerated bone [12]. Mg alloys are susceptible to significant degradation in humid environments.
Impurities such as iron (Fe) and nickel (Ni) can promote the corrosion [13]. lon concentration, pH value,
and the presence of protein, also increase the corrosion rate. The corrosion reaction of Mg produces
hydrogen gas, especially in chloride-rich environments. This phenomena leads to the formation of bubbles
which can be trapped in tissue. The H, bubble accumulation causes tissue necrosis and arterial occlusion if
the bubbles enter the bloodstream. The corrosion rate reduction of Mg implants leads to reduce hydrogen

gas release which can be achieved by alloying, coating, and composite making [14-16].
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The ternary alloy system Mg-Zn-Ca has a primary 0-Mg matrix phase with limited solubility of Zn and Ca.
Adding Zn up to 5 wt% reduces corrosion rate and hydrogen gas evolution around the implant [17].
However, excessive Zn can lead to neurotoxicity by forming the ZnCl, phase that impair bone growth
[18,19]. The solubility limit of Ca in solid Mg is about 1.34 wt%, and excess Ca leads to the formation of
Mg,Ca precipitates at the grain boundaries that reduce corrosion resistance; thus, the Ca level must be
carefully controlled [17]. However, quaternary alloys show less corrosion pitting due to improved eutectic
secondary phases [20]. A research has shown that Mg-1Ca implants support osteogenesis without causing
toxicity [21]. The Zn/Ca ratio is an important parameter that affects the formation of various intermetallic
phases, including Mg>Ca and Ca,MgsZns [18]. Researches have identified several key phases of the
CaMg,Zn, family, such as B-Ca:MgsZns, ®-Ca,MgsZni3, and CaxMgsZns which have similar properties
[22—-24]. Low Ca combined with optimized Zn enhance mechanical properties and corrosion resistance [25].
Zhang and Yang [26] showed that Ca amounts less than 0.5 wt% reduced the grain size, also lower Zn/Ca
ratios resulted in discontinuous eutectic phases that negatively affected the mechanical properties.
Conversely, higher ratios promote continuous eutectic. Du et al. [27] noted that the presence of CaxMgeZn3

phase enhances the corrosion resistance of Mg-3Ca alloys.

Despite the extensive research conducted on Mg alloys, particularly the ZX series, there is still a significant
lack of comprehensive studies on the interactions among alloying elements. Most studies have focused on
one or more specific alloys, building their conclusions by combining new findings with existing knowledge.
Current methods commonly rely on the principle of Gibbs free energy minimization to determine the
formation of stable and metastable phases [28]. As the range of new biomaterials continues to expand, the
rapid and cost-effective selection of optimal materials becomes increasingly critical. Advanced
computational tools capable of multi-criteria design offer a significant advantage in this regard, enabling
broad material screening at minimal cost. Among these, software-based approaches stand out for their
ability to evaluate a wide range of Mg alloy systems efficiently. The CompuTherm's PANDAT software

database is particularly well-suited for this purpose, as it combines four essential characteristics: accuracy,
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physical realism, reliability, and safe extrapolation capability [29]. A number of studies have employed
these tools, including the work of Ghorbani et al. [30] to predict thermodynamic and mechanical properties;
as well as the study performed by Morgenthal et al. [31] to estimate the appropriate sintering temperature,
and some other studies to evaluate forming phases and phase diagrams [32-37]. Propose a systematic
framework for optimization problems of wide range of alloys is more understandable than ever before. The
primary objective of this study is to address this gap in the literature by employing thermodynamic and
statistical models to systematically investigate novel magnesium bio-alloys in a rapid and cost-effective

mannecr.

The novelty of this work resides in the development of a systematic, integrated computational-experimental
framework for optimizing biocorrosion resistance in the Mg-Zn-Ca ternary alloy system. This approach
couples thermodynamic phase prediction via CompuTherm’s PANDAT software with response surface
methodology (RSM) as a statistical optimization tool followed by experimental validation, enabling rapid,

cost-effective screening and multi-criteria design of alloy compositions.

Simulation Methodology

This study presents a framework for database-driven alloy design, coupled with corrosion behaviour
prediction and optimization using RSM. For this purpose, firstly the CompuTherm's PANDAT software,
the new PanEvolution module (an extension of the previous PanPrecipitation) was employed to predict the
phase fractions fromed during processing of ZX-series Mg-alloys. The data obtained from the validated
thermodynamic validated model were subsequently used to design and optimize the corrosion behaviour of

the alloys through RSM-based statistical modelling. Finally, the RSM predictions were experimentally

validated through corrosion testing.
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a) Secondary Phases Formation Prediction

Among Mg alloying elements, Zn and Ca exhibit high biocompatibility. Due to the significant influence of
Mg,Ca and CasMg,Zn, precipitates on the corrosion behavior of the alloy, the alloy range Mg-(1-7)Zn-(1-
5)Ca was selected for corrosion behavior optimization.

To predict the formation of phases, the weight percentages of alloying elements Zn and Ca were considered
as input data and the weight percentages of a-Mg, Mg>Ca and Ca,Mg,Zn, phases were treated as outputs.
CompuTherm's PANDAT software uses solid-state diffusion models to predict phase formation under non-
equilibrium conditions (Scheil model). In the non-equilibrium model, rapid solidification is assumed
without sufficient atomic motion in the solid state. Using diagrams similar to Figure 1, the volume fractions
of all predicted phases were extracted at room temperature for the entire investigated compositional range,
and subsequently employed as a quantitative basis for alloy simulation and optimization. The predictable
solid phases for this alloy range in CompuTherm database include Mg-a, Mg,Ca, Ca;MgsZns, Ca,MgsZn3,
and Ca;MgssZnas. Given that the phases CaxMg,Zn, have almost similar effects on the corrosion behaviour
of the alloy because of their similarity in the composition and crystallographic parameters [24], so all these
phases are assumed to be one in the simulation. The computational flow chart based on the aforementioned
thermodynamic software is given in Figure 2 Through which the phases and their amounts during

solidification are predicted.
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Figure 1. Representative thermodynamic simulation output generated by CompuTherm's PANDAT software

illustrating the predicted phase evolution in an alloy

b) Validation of Secondary Phase Predictions in Mg-Zn-Ca alloy system
In this work, CompuTherm’s PANDAT software was used to predict the volume fraction of the final phases
based on the alloy compositions. The phases were first determined by X-ray diffraction (XRD) analysis and
then the predicted phase volume fractions was compared with the high resolution Scanning Electron
Microscope (SEM) images of actual samples for validation. The phase volume fractions from the SEM
micrographs, were captured at various magnifications ranging from X200 to X10,000, and the average of

them compared to the values that predicted by software. In total, 72 micrographs of the samples were
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analyzed using this method to determine the average secondary phase fractions. To accurately validate the
predictions of secondary phase formation (Mg>Ca and CaMg,Zn,), the experimental results reported by

other researchers were also employed.

¢) Prediction of Minimum Corrosion Rate Based on Secondary Phases

Previous studies on the selected Mg-alloys showed a significant correlation between the type of precipitates
and the corrosion rate. Based on the data generated through validated microstructure prediction of ZX series
of Mg-alloys by software, Design-Expert (version 13.0.5.0 2021) software was used along with RSM to
determine the optimal alloy composition with highest corrosion resistance. The weight percentages of the
alloying elements served as independent parameters (factors) and the weight percentages of the phases Mg-
o, Mg2Ca, and CayMg,Zn, (obtained from CompuTherm’s PANDAT) were treated as dependent parameters
(responses). Experimental data from other researches were incorporated to define optimization criteria
aiming at reducing corrosion rates. The following criteria were defined based on the objectives outlined in
the introduction:

(1) Minimizing the total of secondary phases, which is equivalent to maximize the solid solution

phase a-Mg.

(2) Minimizing the Mg,Ca phase, which contributes to micro galvanic corrosion.

(3) Maximizing the CaMgy;Zn, phases, which exhibit relatively lower corrosion rates compared to

Mg,Ca deposits.

Criteria (2) and (3) were implemented in the software to minimize the ratio of Mg,Ca/CaMg,Zn,.

d) Corrosion behavior optimization using statistical model
In order to simulate the corrosion resistance of Mg-alloys under study using Design-Expert, the corrosion
rate was quantified based on criteria defined through a desirability function. The minimum corrosion rate
corresponds to the maximum desirability value at that point.
This function assigns numerical values between 0 to 1 for each composition that the highest value

corresponds to the best choice. To validate the statistical model, the predicted alloy composition with
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minimum corrosion rates based on the volume fraction of secondary phases, a polarization test was adopted.
The actual corrosion rate results were compared with the predictions of the desirability function at the points
of maximum desirability (minimum corrosion), minimum desirability (maximum corrosion), and middle
desirability (average corrosion) to complete the validation process. A summary of the optimization process
using Design Expert software is given as follows:
1. Factors:
o Zn: Continuous numeric (1-7 wt%, coded as -1 to +1).
o Ca: Continuous numeric (1-5 wt%, coded as -1 to +1).
2. Responses:
o RI1: Mg(a) volume % (79.12-96.58%).
o R2: Mg,Ca volume % (0-9.45%).
o R3: CayMg,Zn, volume % (2.31-17.43%).
o R4: Ratio (Mg,Ca/CaxMg,Zn,, 0-3.873).
3. Optimization: Multi-criteria decision making with desirability functions.
4. Deoptimization: Reversed criteria to simulate extreme corrosion conditions.
e Best-Case Solutions: Zn =2.391 wt%, Ca = 1.000 wt%, Mg(a) = bal.
o Medium-Case Solutions: Zn =1.761 wt%, Ca = 4.590 wt%, Mg(a)) = bal.
o Worst-Case Solutions: Zn = 1.000 wt%, Ca = 5.000 wt%, Mg(a) = bal.
The integrated framework combining thermodynamic modeling, (design of experiment) DOE, RSM, and

experimental validation for Mg—Zn—Ca alloy design is shown in Figure 2.
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1. Computer Modeling

Minimizing Gibbs Energy
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R2 = %wt Mg:Ca
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Inputs: Outputs:
%wt Mg . . %wt a-Mg
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. R3 = %wt Ca:MgsZn;
F2 = %wt C .
owt ta (Design Expert 13) R4 = R2/R3 ratio
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R1 Maximizing

corrosion rate

(Experimental Validation)

R3 = %wt Ca2MgsZns R4 Minimizing
R4 = R2/R3 ratio
0
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Factors & Responses: Response Surface Method-
F1=%wtZn ology Solutions (Optimized
F2 = %wt Ca Desirability Function Alloy Composition):
R1 = %wt a-Mg Mg-xZn-yCa
| R4 = R2/R3 ratio (Design Expert 13)
________________________________________________ 5. Experimental Model Validation
idation Tt = . 2 b
E Validation Targets. 1. XRD, Image Analysis, Mi- Outcome
i| 1. Predicted secondary crostructure analysis 1. Validation of phase
phase fractions 2. Potentiodynamic polari- prediction
2. Predicted minimum zation, pH Variations 2. Validation of corro-

sion prediction

alloy design.

Figure 2. An integrated framework combining thermodynamic modeling, DOE, RSM, and experimental validation for Mg—Zn—Ca
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Materials and Methods

Sample preparation

According to simulated results, three alloys representing the lowest, highest and middle desirability were
selected for model validation. The alloys were melted in an induction furnace under a protective argon
atmosphere to prevent oxidation of the reactive alloying elements. They were subsequently cast into a
nickel-free, molybdenum-alloyed steel mold (M040), followed by cooling in the mold to room temperature.
These selected alloys analyzed using X-ray fluorescence (XRF) to confirm their chemical compositions,

which are detailed in Table 1.

Corrosion Environments

Two different corrosion environments were used for corrosion behavior evaluations of the selected alloys.
The phosphate-buffered saline (PBS) solution was prepared as the electrolyte for bioelectrochemical test
by dissolving PBS salt tablets from Biostar Pharmed in deionized distilled water. For pH change testing, a
concentrated 3% (w/w) sodium chloride solution provided from Qatran Chemical Company, with a purity
more than 99%, in deionized distilled water was used. The ionic composition of the solutions used in this

study is presented in Table 2.

Macroscopic Examination

The aim of macro-level imaging was to understand large-scale corrosion mechanisms, including pitting
corrosion, or the formation of corrosion products on the metal surface. Samples exposed to pH variation
test were captured at different times. The images were taken using a Samsung Electronics digital camera

equipped with a macro sensor, with a 5 megapixels resolution and an aperture of F2.4.

10
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Optical Microscopy

The samples were examined using optical microscopy to assess the microstructure and morphology as well
as to validate the volume fraction predictions of phases. The samples were cut to appropriate dimensions
and polished manually and mechanically using waterproof SiC abrasive papers with different papers of grit
sizes 180 to 5000. For final polishing, a glycerin-ethanol suspension mixed with 0.05 micron diamond
abrasive powder was used. The samples were then etched using glycolic acid (Table 3) for 3 to 5 seconds
to reveal secondary precipitates. For microstructure analysis, various images at different magnifications
were taken using an optical microscope (Huvitz, model HRM-300, South Korea) equipped with a digital
camera. Quantitative image analysis of the acquired micrographs to determine the volume fraction of

secondary phases was performed using Clemex Vision software (version 3.5, Canada).

XRD Analysis

Phase identification in the samples was made using XRD for two purposes: validation of the phase
prediction by the thermodynamic simulation software and confirmation of the presence of secondary phases
affecting the corrosion behavior in the microstructure. The XRD analysis was performed using a D8
ADVANCE diffractometer from Bruker, Germany. Measurements were carried out with a copper anode
(Cu-Ka, L= 1.5406 A) in diffraction angle range 20 (5-85°) at 25°C. The resulting diffraction patterns were
analyzed using HighScore Plus software (version 3.0e 2012), employing the COD database (2013-2024)

along with related literature for phase identification.

Bioelectrochemical Test

Bioelectrochemical experiments were conducted using the potentiodynamic polarization method with a
PalmSens3 potentiostat/galvanostat. Three selected samples were tested using an Ag/AgCl reference
electrode and a counter electrode in PBS electrolyte solution. The surfaces of all samples were prepared by
SiC abrasive papers with mesh sizes ranging from 200 to 5000 and then mirror polishing using diamond

particles (0.05 um) suspended in ethanol-glycerin mixture. After polishing, the samples were degreased and

11
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cleaned with ethanol, acetone, and dry air spray (dust cleaner). A linear sweep technique with a voltage
range of -1 to -3 V and a scanning rate of 5 mV/s was used to record the current polarization curves as a
function of voltage. The area of the sample in contact with the electrolyte was measured with a caliper with
an accuracy of (£0.01 mm) and the current density (i) was calculated by dividing the measured current by

the contact area, in pA/cm?.

pH Variation Test

The pH variation test is an indirect method for investigating the corrosion rate and mechanism in the long
term. The samples were prepared in the same manner as the bioelectrochemical test, and a 3% NaCl solution
was used as corrosion medium for 8 days. The pH changes over time were measured using a NetPil pen

pH-meter with an accuracy of 0.01.

Results and discussion

Validation of Phase Volume Fraction Predictions

The volume fraction prediction of the formed phases during casting solidification of alloys was performed
using CompuTherm software. To effectively use these results, it is necessary to identify the phases and

compare the actual and predicted volume fractions of the formed phases.

The phase diagram of ternary Mg-Zn-Ca alloy system (Figure 3) shows that, upon cooling of Mg-rich alloys,
secondary phases such as Mg,Ca and Ca;Mg¢Zn; may form, ultimately leading to a ternary eutectic

transformation (Equation 1). Figure 3 was adapted and modified from Ref. [38]. When the Ca content
relative to Zn is low (wt% Ca/Zn < 1—11), the Mg,Ca phase is not formed and all the Ca precipitates in the

form of CaxMgeZn; phase. In this case, the intermediate MgZn phase crystallizes first and completely

solidifies during the ternary eutectic transformation, as shown below [38]:
L —» oa-Mg + Ca;MgeZn; + Mg,Ca (1N

12
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L — o-Mg+ Mgi2Zniz + CazMg(,Zm (2)

At the chemical composition point of approximately wt% Ca/Zn == 1/4, solidification of the alloy occurs

homogeneously and the entire melt completely solidifies in a layered eutectic transformation as given in

Equation 3:

L — a-Mg + Ca;MgeZns 3)

Based on the ternary equilibrium diagram, it is predicted that during equilibrium solidification, the final

phase structure of the ZX31 alloy will contain Ca,MgeZns precipitates, and the two others will also contain

Mnga.

4_
wt% Mg

Figure 3. Ternary phase diagram of Mg-Zn-Ca alloy system

13
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a) Qualitative Validation Based on XRD Results

Qualitative validation of the volume fraction of the predicted phases was performed using XRD analysis.
The XRD analysis allows for the qualitative identification of phases. The results of the phase analysis are
shown in Figure 4. The results show that the expected phases are formed in all three samples. In the case
of sample ZX31, the presence of Mg,Ca phase is due to quasi-equilibrium solidification conditions,
however, in XRD analysis, the low intensity of the Mg>Ca peaks indicates the presence of a small amount
of this phase, which is meaningful given the dilute Ca content of the ZX31 composition and the limited
thermodynamic driving force for its formation under non-equilibrium conditions.

It is important to note that the general agreement between the XRD-identified phases and the
CompuTherm’s PANDAT predictions validates the reliability of the thermodynamic database (PanMg)
employed in this study for the Mg-Zn-Ca ternary system. The minor discrepancy observed in sample ZX31
does not undermine the overall predictive capability of the model; rather, it highlights the sensitivity of
phase evolution to solidification kinetics, alongside thermodynamic parameters.

It is important to emphasize that, in the present study, XRD analysis was employed exclusively for the
qualitative identification of the phases present in the microstructure. Quantitative determination of
secondary phase volume fractions was instead obtained independently through systematic image analysis

of micrographs, as described in the following section.

14
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Figure 4. XRD paterns of samples with varying compositions. The diffraction peaks are indexed according to standard reference
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Ca:MgsZns and Mg2Ca phases.
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b) Quantitative Validation Based on Microscopic Images

To complement the qualitative XRD validation, a quantitative assessment of the predicted phase volume
fractions was conducted through systematic microstructural image analysis. Since the densities of the
phases formed are relatively similar, the weight fractions of the phases (as predicted by the software) were
considered equivalent to their volume fraction, thereby enabling a direct and meaningful comparison
between computational predictions and experimental measurements.

Based on the respective crystal structure parameters, the theoretical densities of the a-Mg matrix (P63/mmec,
hP2 [39]), the Ca;MgsZn;3 phase (P31c [40], hP22 [39]), and the Mg,Ca phase (P63/mmc, hP12 [41]) were
calculated to be approximately 1.74—1.77 [42—44], 1.72, and 1.72 [41] g/cm?, respectively. The close
proximity of these theoretical densities confirms these phases of the Mg-Zn-Ca system possess similar mass
densities, thereby supporting the accuracy of equating weight and volume fractions for the purposes of the
present image-analysis-based validation. This approach also adopted in previous studies such as reported

by Schiublin et al. [45]. The steps of analyzing the selected images are detailed in Figure 5.
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Figure 5. Steps for analyzing metallographic images from the samples, (a) ZX31, (b) ZX24, and (c) ZX15, including original

images, enhanced image, edge definition, and binary image.

It is noted that image analysis has been also used by other researchers to evaluate the weight fraction of
phases appeared in the alloy microstructure. Dolezal et al. [46] investigated the microstructure and
mechanical properties of Mg-3Zn-2Ca bioalloy under different manufacturing conditions, demonstrating
that image analysis provides reliable estimates of secondary phase fractions

characterization techniques. Ibrahim [47] used this method to study the properties of Mg-xZn-0.5Ca alloys
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(x = 1.2, 1.4, and 1.6 wt%), establishing a correlation between phase distribution and mechanical
performance relevant to bone fixation device applications. Cha et al. [48] provided high-resolution SEM
images of Mg-xZn-5Ca alloys (x = 0.5, 1.1, and 3 wt%), which were incorporated into the present analysis
to expand the validation dataset in a broader composition range. The convergence of results from these
independent studies strengthens the reliability of image analysis as a quantification method in the present
work. The comparison between the predicted values by the software and the experimental results is

presented in Figure 6.
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Figure 6. Comparison between the total values of secondary phases predicted by CompuTherm software vs. values obtained from

the images analysis of actual samples from the present study and other studies [46—48].

A particular challenge encountered in the analysis of dilute alloy compositions is the difficulty in accurately
measuring secondary phases due to their low volume fraction and the microstructural inhomogeneities
inherent to as-cast samples. Additionally, artefacts introduced during sample preparation, such as

mechanical deformation of soft Mg matrix or phase pull-out during polishing, can obscure phase boundaries
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and reduce measurement accuracy. To overcome these limitations, high-resolution SEM images sourced
from previous studies ([20,46,49-54]) were employed, in which phase identification had been confirmed
through energy dispersive X-ray spectroscopy (EDS) point analysis prior to image analysing. The

comparison of the predicted values versus the experimentally measured results in the images is illustrated

in Figure 7.
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Figure 7. Comparison between the secondary phase values (a) CaxMgyZn: and (b) Mg:Ca predicted by CompuTherm software vs.

values obtained from image analysis of samples reported in previous studies [20,46,49—-54].

The degree of agreement between the CompuTherm’s PANDAT predictions and the experimentally
measured phase fractions was statistically evaluated using the Pearson's correlation coefficient (r), which
quantifies the linear relationship between the two datasets. The p-value was also examined to determine
the meaningfulness of the outcomes, such that p-values less than 0.05 were considered as a significant
correlation. The results are shown in Table 4, which indicate a statistically significant correlation between
the predicted and actual values. The strong correlation coefficient confirms that the CompuTherm’s
PANDAT thermodynamic model accurately captures the phase formation behaviour in the Mg-Zn-Ca alloy
system and can therefore be reliably employed as a predictive design tool for optimising alloy compositions

without the need for exhaustive trial-and-error experimentation.Collectively, the qualitative XRD
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validation and quantitative image analysis results establish a robust experimental foundation that supports
the predictive accuracy of the simulations. These findings demonstrate that CompuTherm’s PANDAT-
based phase prediction, when validated against experimental data, constitutes an effective and efficient
strategy for guiding the compositional design of biodegradable Mg-Zn-Ca alloys with tailored phase

constitutions and, consequently, optimised corrosion performance.

Microstructure analysis

The optical microscope images of the ZX31 alloy are presented in Figure 8. As shown in Figure 8, the
secondary precipitates in the ZX31 alloy have two dominant morphologies; dendritic and spherical.
Dendritic precipitates form island-like structures, predominantly along grain boundaries, while spherical
precipitates nucleate and grow preferentially within the grain interiors. This spatial distribution is
thermodynamically governed by the solidification sequence; grain boundary regions, being the last to
solidify, are enriched in solute elements (Zn and Ca) due to microsegregation, thereby providing a
chemically favourable environment for the nucleation of Ca;MgsZnj3intermetallic compounds in a dendritic
morphology. In contrast, the intragranular spherical precipitates are believed to form during solid-state
cooling following primary a-Mg solidification, where the reduced driving force for growth favours isotropic,
low-energy spherical morphology over anisotropic dendritic growth [40,55]. Dendritic and spherical
precipitates have a eutectic structure (a-Mg + Ca,Mg¢Zn3), as indicated by the dark arrows in Figure 8-d.
As shown in Figure 9, a larger volume of secondary precipitates is formed in the ZX24 alloy, which is due
to the increased Ca content in the alloy. These precipitates are characterized by a dendritic morphology
with greater thickness and continuity around the dendrites. In this alloy, intragranular spherical phases are
rarely observed and fine, spot-like precipitates are formed around the dendritic phases and near the tips of
the dendrites, as shown by the dark arrows in Figure 9-d. With further increase in Ca in sample ZX15, a
predominantly dendritic microstructure appears, in which precipitates with a pattern resembling a Chinese

script-like pattern (Figure 10) are formed in the spaces between the dendrites. Due to the position of the
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alloy in the Mg-Zn-Ca ternary phase diagram, a significant amount of Mg,Ca precipitates from the molten
phase and finally solidifies at the a-Mg + Ca,Mg¢Zn3 + Mg,Ca eutectic point.

Collectively, the progressive microstructural evolution from ZX31 to ZX15, characterised by the transition
from sparse spherical precipitates to a continuous dendritic network and ultimately to a Chinese script
eutectic structure, reflects the systematic shift in solidification pathway driven by increasing Ca content.

These observations are in excellent agreement with the thermodynamic phase predictions in the investigated

._./‘ ' \ //'J ".

Figure 8. Optical micrograph of as-cast ZX31 (the best)
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Figure 10. Optical micrograph of as-cast ZX15 (the worst)
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Corrosion Behavior Analysis

a) Potentiodynamic Polarization Tests
The results of the potentiodynamic polarization tests in PBS for different samples are shown in Figure 11.
The overall reaction of Mg in a aqueous environment that results in a hydroxide layer alongside hydrogen

gas evolution is given by Equation 4.

Mg () + 2H20 ) — Mg (OH)z () + Hz (g “4)

The Equation 5 and Equation 6 can represent the reactions between Mg and Mg(OH), layer with ions
dissolved in Cl-containing environments [13]. The aggressive CI ions present in PBS disrupt the continuity
of the hydroxide layer through two mentioned competing reactions, in which both the metallic Mg substrate

and the Mg(OH): layer react with Cl~ to form highly soluble MgCl,:

Mg )+ 2Cl (aq) — MgCl, + 2 %)

Mg (OH): ) + 2Cl'aq) — MgCl> + 20H (6)

The conversion of the Mg(OH): to soluble MgCl, is particularly detrimental, as it effectively removes the
protective hydroxide layer from the alloy surface, continuously exposing Mg to the corrosive electrolyte.
This mechanism explains the characteristically high and sustained corrosion rates observed for Mg alloys
in Cl-rich physiological media compared to simpler aqueous environments [56].

Polarization curves show the anodic and cathodic behaviors of the three alloys with different
microstructures. The corrosion potential (Ecor) is a thermodynamic indicator that indicating the intrinsic
tendency to corrosion (more negative values mean more tendency to corrosion), while the corrosion current
(Icorr) indicates the corrosion kinetics [20,57].

The polarization curves show that ZX31 alloy exhibits the most positive Ecor and the lowest leorr. As the Ca
content in the alloys increases, the Ecor values become more negative, indicating an increase in
electrochemical activity. The decrease in Zn also exacerbates this trend. According to the electrochemical

series (Table 5), the electrochemical potentials for the reduction of Zn?*, Mg?*, and Ca*" move towards more
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negative values (indicating greater activity) with increasing Ca content [58]. With increasing Ca content or
decreasing Zn content in ZX31, ZX24 and ZX15 alloys, the electrochemical potential decreases (more
negative values or increased corrosion tendency), which aligns with the theoretical fundamentals. The
parameter Icor increases with increasing Ca content and decreasing Zn content in the alloys, indicating an
increase in corrosion rate. It can be rationalised in terms of the micro-galvanic coupling between the
Ca,MgeZn; and Mg,Ca intermetallic phases and the surrounding a-Mg matrix. The values of /.o and other
corrosion parameters, including Ecor, anodic (Panodic), and cathodic (Beamodic) polarization slopes, were
extracted by Tafel Extrapolation add-in of OriginPro software (version 10.1.0.178 2024) and are tabulated
in Table 6. The relationship between lcorr (in mA/cm?) and the average corrosion rate (CR; in mm/year)

(Equation 7) can be used to compare the relative corrosion rates of the alloys [59-61].

CR1 = 22.854 Ic()rr (7)

3
ZX31
X A S - N S P PTIPPI 7X24
- = -ZX15

Log(current density)(nA/cm2)

[EnY

-3 -2.5 -2 -1.5 -1
Potential (V vs Ag/AgCl)

Figure 11. Anodic-cathode curve of the potentiodynamics polarization test in PBS electrolyte for the three alloys.

The corrosion rate values derived from Equation 7 confirm the trend established by the electrochemical

parameters and are in good agreement with the findings reported by Cha et al. [48] and Zander and Zumdick
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[62] for Mg-Zn-Ca alloys with comparable compositions, lending further confidence to the validity of the

present electrochemical measurements.

b) The pH Variations
The results of the pH variation test in the NaCl solution are shown in Figure 12. This test evaluates the long
term corrosion behavior of the material, unlike short term electrochemical tests. The initial pH of the
solution for all three samples was 7.24, which gradually increased with time. The increase in pH level in
the saline solution indicates that more hydroxide ions (OH") are produced as Equation 6 progresses.
Additionally, the compound Mg(OH),(s) is produced from the overall corrosion reaction of Mg in aqueous
media according to Equation 4. As demonstrated in Figure 12-a, significant pH fluctuations occur in the
early stages, indicating a dynamic and spatially heterogeneous corrosion process on the alloy surface, rather
than uniform dissolution. Mechanistically, this behaviour is consistent with the initiation and propagation
of pitting corrosion, as illustrated in Figure 13. The localised acidification within the developing pits, caused
by hydrolysis of dissolved Mg?" ions, temporarily counteracts the alkalinisation of the solution, resulting in
the oscillatory pH observed in the early stages. After 24 hours, the rate of pH shows a slower increase
(Figure 12-b), indicating a slowdown in the corrosion reaction due to the deposition of salts on the sample
surfaces, especially in ZX31 and ZX24. The formation of this surface barrier layer reduces the effective
surface available for electrochemical reactions, thereby weakening both the anodic dissolution of Mg and
the associated OH™ production. The relatively earlier stabilisation of pH observed in ZX31 compared to
ZX24 and ZX15 suggests that the corrosion product layer formed on the lower-Ca alloy is more compact
and adherent, providing more effective surface coverage. The varying corrosion rates over time highlight
the importance of long-term corrosion testing alongside with short-term tests for better understanding the

corrosion mechanisms.
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Figure 12. Graph of changes in pH values over time; (a) hours, (b) days of immersion
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ZX31 ZX24 ZX15

Figure 13. Macroscopic images of the corrosion surface of samples immersed in 3% NaCl solution
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Validation of Corrosion Rate Optimization

The alloy compositions with the highest and lowest corrosion resistance predicted by the statistical
optimisation software are summarised in Table 7. The corrosion rates derived from potentiodynamic
polarization measurements (Equation 7) were determined to be 4.94 mm/y for ZX31, 11.75 mm/y for ZX24,
and 15.33 mm/y for ZX15, demonstrating a systematic increase in corrosion rate with increasing Ca content
and decreasing Zn content across the alloy series. These experimentally measured values are in close
agreement with the rankings predicted by the statistical model (see Table 6), thereby validating the

predictive capability of the optimisation framework for the Mg-Zn-Ca alloy system.

Although the coarseness of the secondary phase precipitates in ZX31 alloy can be a factor in increasing the
corrosion rate, a noteworthy observation is this alloy exhibits the lowest corrosion rate compared to the
7X24 and ZX15. Intuitively, coarser precipitates would be expected to intensify micro-galvanic corrosion
by increasing the cathode-anode interfacial area; however, in the present case, the larger precipitate size in
7ZX31 does not lead to higher corrosion rate. This evidence suggests that the volume fraction of the
secondary phase and its type may be the dominant factors in the corrosion rate compared to other factors
such as size of precipitates. The present findings are consistent with those reported by Lu et al. [63].
Moreover, the isolated and discontinuous distribution of precipitates in ZX31, as established in the

microstructural analysis, prevents the penetration of corrosive electrolyte and more localized corrosion [64].
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After validating the statistical optimization method, the gradient in
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Figure 14 was plotted based on the desirability index. The desirability index is a dimensionless metric
ranging from 0 to 1 that quantifies the degree to which a given alloy composition simultaneously satisfies
all defined criteria [65]. The gradient map shows that the light areas have higher corrosion resistance, while
the dark areas have lower corrosion resistance. These findings are consistent with the research of Hagihara
et. al [66], who also identified the type of secondary phases as a key factor affecting the corrosion rate in
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these series of alloys. The desirability gradient map
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of

Figure 14 extends the utility of this framework beyond the three alloy experimentally investigated, enabling

the prediction of corrosion performance a continuous range of alloy compositions.
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Figure 14. Ternary phase diagram of Mg-Zn-Ca in the studied section and the gradient of corrosion resistance tendency. Note:

Completely dark (black) regions indicate compositions outside the scope of the present investigation and have not

been evaluated; their appearance holds no physical interpretation within the framework of this study.

Compared to conventional trial and error approaches, the present framework substantially reduces the
number of experimental iterations required to identify optimal alloy compositions in the development of
next-generation biodegradable orthopaedic implants. The strong agreement between the experimentally
measured corrosion rates, the thermodynamic phase predictions from CompuTherm’s PANDAT software,

and the statistically optimization demonstrates the optimization framework used in this study.
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Conclusion

An integrated optimization framework was used to thermodynamic and statistical simulation and design a
Mg-biodegradable alloy in Mg-Zn-Ca alloy system with optimum corrosion resistance. First the
microstructure evolution of alloys were predicted using CompuTherm's PANDAT software and then
validated predicted microstructure was employed to optimize the corrosion behavior using RSM. The
validation of thermodynamic simulated results confirmed the high accuracy of CompuTherm predictions
for precipitating phases in Mg-Zn-Ca alloy system. Both XRD and microstructural analyses showed a
strong compliance of the formed Ca,Mg>Zn3; and Mg,Ca phases with the predicted values. Statistical image
analysis revealed a significant correlation (R > 0.9368, p < 0.001) between the predicted and experimental
values of total secondary phases, confirming that the software is able to reliably prediction of forming
phases.

Microstructural analysis shows that increasing Ca content significantly affects the volume fraction and
morphology of secondary phases. The precipitates of ZX31 alloy show mixed dendritic and spherical
morphology, while higher Ca in ZX24 alloy promotes the formation of thicker and continuous dendritic
phases with minimal intragranular spherical precipitates. At the highest Ca content (ZX15), the matrix
morphology is predominantly dendritic, with chinese script-like precipitates. The results confirm that Ca
addition promotes the formation of Ca;Mg>Zn3 and Mg,Ca in ZX alloys.

The decreasing Zn/Ca ratio decreases Ecorr and increases Icor, indicating faster corrosion. Among the studied
alloys, ZX31 exhibits the highest corrosion resistance with the most positive Ecor, While ZX15 exhibits the
highest activity in electrochemical tests. The results of the pH variation test show that all ZX alloys
gradually increase the pH of the solution. These changes have fluctuations in the early stages due to
localized corrosion, but the overall trend of the long-term test is similar to short-term condition. Corrosion
rates of ZX31, ZX24, and ZX15 calculated based on the /.. were found 4.94, 11.75, and 15.33 mm/y,

respectively.
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The ranking of ZX31, ZX24 and ZX15 as the best to worst alloys is consistent with the predicted results
based on the volume fraction of the phases. Overall, this validated framework provides a reliable method

to optimize Mg-based biomaterials.
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Table 1.

Chemical composition of different alloy samples

Composition %

Desirability Nominal Alloy
Mg Zn Ca Na Mn Fe Ni
high ZX31 96.419 2.608 0.968 0.005 0.01 << <<
Medium 7X24 93.627 2.332 4.036 0.005 0.01 << <<
low ZX15 93.789 1.349 4.857 0.005 0.01 << <<
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Table 2. Nominal ionic concentration of corrosion environment

Ton Concentration (mM/L)
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Environment pH Value
Na* K* Cr HPO42/H2POs
NaCl 513.3 - 513.3 - 7.24
PBS 137 2.7 139.7 10 7.40
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Table 3. The etchant composition

Acetic Glycol composition (ml)

Ethylene Glycol

Acetic Acid

Water

HNO;3

60

20

20
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Table 4. Pearson coefficient, p-value, and significance of phase prediction by CompuTherm software

Meaningfulness
Item (vol%) Number of Samples (1) Pearson’s Correlation Coefficient (R)  p-Value
(alpha = 0.05)
Total secondary phases 12 0.9368 <0.001 Significant
CaxMgyZn, 8 0.8696 0.005 Significant
Mg:Ca 6 0.9961 <0.001 Significant
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Table 5. Position of some elements in the electrochemical potential series

Element Half-reaction E° (V vs SHE)
Ca Ca’ +2¢” = Ca(s) -2.868
Mg Mg?t +2e” = Mg(s) -2.372
Zn Zn* +2e” = Zn(s) -0.7618
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Table 6. Corrosion parameters obtained from polarization corrosion tests for selected alloys

Ecorr Leorr ﬁanodic ﬁcathodic CR;
Sample
(Vagagcr) (nA/cm?) (V/decade) (V/decade) (mm/year)
7ZX31 -1.6336 216 0.14 -0.18 4.94
7X24 -1.6375 514 0.22 -0.37 11.75
ZX15 -1.7753 670 0.17 -0.19 15.33
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Table 7 The outputs from statistical modeling of sofiware predictions: best, worst, and medium corrosion resistant

Nominal
Predicted Vol% of Phases and Ratio
Composition
Desirability Experiment
Sample Ratio
index lable
Zn Ca Mg (o) Mg:Ca CaxMgyZnx (Mg:Ca/
Cangyan)
Best 2391  1.000 94.875 0.133 4.994 0.000 0.950 ZX31
Medium 1.960 4.432  87.850 7.264 4.887 1.936 1.000 7X24
Worst 1.000 5.000  88.133 9.534 2.334 3.201 0.632 ZX15
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