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“In-vItro” TesTs on new BiodegradaBle MeTallic MaTerial Based on ZnMgY

Biodegradable materials represent a new class of biocompatible materials with applications in many medical cases where the 
support must be provided only for a certain period. in this article obtaining of znmgY alloy is presented along with some basic 
characteristic investigations like chemical composition (energy dispersive spectroscopy – eds), microstructure (optical micros-
copy – om and scanning and electron microscopy – sem), immersion behavior in 10xdPBs (dulbecco Phosphate Buffer saline) 
solution (mass loss and surface degradation), electro-corrosion behavior (potentiostat with a three electrodes cell) and micro-hardness 
of the experimental alloy compared to cast zn and znmg materials. The results present an improvement of micro-hardness of zn 
by alloying with mg and Y and a modification of corrosion resistance. 
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1. introduction

Besides well-known magnesium based biodegradable alloys 
and iron-based materials a novel system gains much attention 
for medical applications with degradation period between those 
of mg and Fe, which are based on zinc. The main concern on 
zinc application is based on his poor mechanical properties [1]. 
Passing the years, technology and science have evolved. The 
desire of researchers was to find the most modern and advanced 
materials to meet the demand and needs of a 21st-century life-
style. The scope is to use them in industrial or medical fields. For 
the medical field, researchers are trying to develop materials for 
implants with the best performance possible starting from good 
mechanical properties, good wear resistance, to biodegradability 
and biocompatibility [2].

The concept of biodegradability has been studied exten-
sively. a good biodegradable material must gradually corrode 
“in vivo” (have a corrosion resistance), the host need to eliminate 
products from corrosion and decompose completely after fulfill-
ing its purpose. a great advantage of the biodegradable implant 
is that it does not require the second surgery after the end of 
implantation, saving pain, time and money [3].

The method for obtaining and processing biomaterials has 
a great influence on their quality. methods of obtaining have 
been developed starting from the classic ones [4-6] such as cast-
ing, rolling, extrusion, drawing to advanced ones such as severe 
plastic deformation, additive manufacturing [7,8]. materials such 
as mg and Fe and their alloys have been studied extensively and 
are already used in various medical applications [9]. zinc was 
the last to be studied to balance the disadvantages of iron and 
magnesium [10,11].

zinc is an element with an important role in the human 
body. The body of a human adult contains 2-3 grams of zinc 
having different biological functions with an important role 
from enzymatic catalysis to neuronal systems [12]. Pure zinc 
has an ideal corrosion behavior but weak mechanical properties. 
studies on zn alloy as a biodegradable material were reported 
since 2007, when Wang et.al analyzed mechanical properties 
and degradation behavior in sBF solution. another researcher 
was Bowen et.al, who studied pure zinc wire by implanting it 
into the blood vessel, and his study reveals that zinc had good 
corrosion behavior for biodegradable stents [13]. 

By alloying it with different metals it is tried to improve 
the properties, obtaining results close to those of Fe-based or 
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mg-based alloys [14-16]. systems like zn-mg, zn-Cu, zn-Fe, 
zn-ag, zn-mn, zn-Ca, zn-sr, zn-li were studied for bone 
implants, from “in vitro” to “in vivo” perspective [17]. For bet-
ter results the third element was considered, and systems such 
as znmgzr were already studied [18]. Referring to the zn-mg 
binary system, by adding the Y element we intend to improve 
the corrosion behavior and mechanical properties. no studies 
have been found on this ternary system. 

experimental tests were performed on a new znmgY cast 
alloy in order to determine the influence of addition elements 
(mg and Y) on pure zn mechanical and corrosion resistance 
characteristics. 

2. Materials and methods 

2.1. elaboration process 

Three samples (zn, zn3mg and zn3mg0.7Y) were obtained 
by casting in an induction furnace with argon atmosphere, in 
Fig. 1 details of the casting and pouring process were presented. 
materials used were pure zn, mg pure and mgY as master alloy 
in a proportion of 70%mg and 30%Y wt% [19]. after calculating 
the loading batches, the following quantities were used: for zn 
probe –100 grams of zn with high purity, for the zn3mg alloy 
–97 grams zn and 3 grams mg was used, and for the experimental 
alloy zn3mg0.7Y –97 grams zn were used, 2.35 grams of master 
alloy and 1.35 grams of pure mg. 

To obtain a better homogeneity of the alloys, the batches 
were three times re-melted. We obtained ~100 grams’ ingots that 
were subsequently mechanically processed, cut, polished with 
granulation starting from 500 up to 2000 grid and ultrasound 
cleaned to be analyzed. experimental ingots present the chemi-
cal composition from TaBle 1 (mass and atomic percentages) 
with values near the proposed ones. 

TaBle 1

Chemical composition of the ingots (average values  
from five determinations)

Materials/
elements

Zn Mg Y
wt% at% wt% at% wt% at%

Zn pure 99.99 99.99 — — — —
Zn3Mg 97.04 91.60 2.96 7.26 — —

Zn3Mg0.7Y 96.35 86.25 2.94 6.80 0.71 0.60
eds error 1.2 0.3 0.1

st. dev. (made from znmgY alloy chemical composition determinations): 
zn÷1.9, mg÷0.1, Y÷0.1 

To verify the efficiency of the remelting and confirmation 
of the homogenization the samples were tested with fluorescent 
penetrating liquids. This type of test revealed discontinuities, 
porosities, cracks or inclusions in the material. method used 
was hydrophilic post-emulsify. Penetrant liquid used was an 
ultra-high sensitivity level four and hydrophilic emulsifier in 
concentration of 6-7%. For a good contrast we used a dry devel-
oper to amplify the indications. main steps of the process were: 
dwell time of penetration – 30 minutes, emulsification time 
– 3 minutes, developer time – 15 minutes. The inspection was 
done under the ultraviolet light with intensity of 3500 µW/cm2 
measured at 38 cm distance. The surface state of the cast 
materials is shown in Fig. 2 before and after the re-melting  
process. 

after re-melting, Fig. 2(b), a big part of the pores, inclusions 
or micro-cracks were removed, improving the surface quality of 
the material, an extremely important condition for implantable 
materials success. 

The entire elaboration process as well as the tests men-
tioned above were carried out with protective equipment, in 
safe conditions and under the supervision of the laboratory 
manager [20-21].

Fig. 1. manufacturing process: (a) materials used, (b) induction furnace, (c) ingot, (d) lathe machine, (e) final product
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2.2. Microhardness investigation

universal micro-Tribometer equipment was used for testing 
zn pure, zn3mg and zn3m0.7Y samples (50×10×5 mm) with dif-
ferent Friction/load sensors varying in range and sensitivity. Tests 
were made with Rockwell diamond tip with 120° opening angle. 
standard dimensions of the Rockwell tip indenter are: –radius 
of 200 ±5 µm; angle – 120° ±0.30 and standard deviation from 
the median line of ±2 µm. The software used was uTm Viewer, 
a program that translates data files produced with the uTm test-
ing software into graphical display for analysis. data files are in 
binary form. “Textify” will create an asCii text version of the 
file for importing to spreadsheet programs. using the originPro 
software the excel file can be imported and a graph was plotted.

2.3. corrosion resistance tests 

electro-corrosion resistance was analyzed with Voltalab-21 
potentiostat that helps us investigate the linear and cyclic po-
tentiometry in 10xdPBs (free Ca and mg dulbecco’s solution) 
with chemical composition: kCl: 0.2; kh2Po4:0.2; naCl: 8.0; 
nahPo4 (anhydrous):1.15). laboratory equipment containing 
three electrode cells and an auxiliary platinum electrode and 
calomel saturated were used. The tests were made at 23°C 
(room temperature) and the results were plotted as current 
density  [ma/cm2] function of potential [V]. using VegaTescan 
lmh ii sem, we investigate the surface and microstructure of 
the samples after electro-corrosion testing and chemical com-
position with Bruker – eds detector.

3. results and discussion

3.1. chemical analysis of the experimental alloy

after casting the material chemical composition analysis 
was performed on zn3mg0.7Y alloy. experimental results, 

Fig. 3, present a homogeneous distribution of the main elements, 
respectively zn, mg and Y with characteristic x-ray energy 
values presented in Fig. 2(a). The microstructure of znmgY al-
loy, Fig. 2(b), is a typically dendritic structure. The cast alloy is 
formed by a matrix and eutectic combination of zn+mg2zn11. 
Besides the solid solution based on zn and mgzn compounds, 
other compounds were observed having different morphologies 
like Yzn12 and mg12znY [22]. 

The compounds based on znY and mgznY present an 
important role in hardness modification of pure zn [23]. The 
spread of these compounds will also affect the material me-
chanical characteristics and can influence the corrosion rate by 
forming galvanic micro-cells. in Fig. 3(e), an agglomeration of 
Y can be observed, which is characteristic to Yzn12 compound 
and which have 10% wt Y percentage and the rest is 90%wt zn 
more than all other compounds formed on znmgY alloy or in 
zn based solid solution. 

3.2. Microhardness tests

all the sample were tested through micro-hardness Rock-
well test, and average values from five determinations presented 
in TaBle 2. zinc is a soft material with hCP-hexagonal close-
packed crystal structure and low melting point. Following the 
results obtained and highlighted in TaBle 2, we concluded 
that the lowest hardness is for zn pure, an expected result based 
on specialty literature [23]. The difference in microhardness 
between pure zn and znmg or znmgY alloys is significant (an 
increase of hardness of 6.6 bigger for znmgY) considering really 
small percentages used for addition (~3%wt mg and 0.7%wt Y). 
This confirms that the addition of yttrium as the third element 
also increases the value of hardness. Fig. 4 represents load-depth 
variation graphs of the sample behavior. 

The main characteristics given by Rockwell micro-hardness 
indentation test, TaBle 2, present an important improvement in 
hardness with the addition of mg to pure zn and a supplementary 
increase with alloying with Y. Both Young modulus and contact 

Fig. 2. Cast material surface after ndT test using penetrant liquids (a) before and (b) after five times re-melting
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stiffness greatly increase with the addition of mg and slowly 
decrease with the addition of Y in comparison to znmg sample. 

mechanical properties are considered one of the main 
problems of using zn as biodegradable material and with the 
addition of mg, part of the properties are obviously improved. 
Furthermore, with the addition of Y a higher hardness was ob-
tained, and a less contact stiffness compared to znmg. 

3.3. immersion and electro-corrosion tests 

zinc presents a good corrosion resistance because of the 
passive layers formed by corrosion products on top of the surface 

Fig. 3. Chemical analysis of the experimental alloy znmgY (a) energy spectrum, (b) znmgY element distribution, (c) zn distribution, (d) mg 
distribution, (e) Y distribution 
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 Fig. 4. microhardness results of pure zn, znmg and zn3mg0.7Y

TaBle 2

mechanical characteristics of as-cast samples made through Rockwell indentation (average values from five determinations)

sample indentation Modulus 
Young [gPa]

Hardness 
[gPa]

Maximum 
load [n]

Maximum 
displacement [µm]

Contact stiffness 
[n/µm]

contact 
depth [µm]

contact area 
[µm2]

Zn pure 2.90 0.17 8.95 52.53 0.82 44.68 53890.63
ZnMg 17.34 0.98 9.02 10.82 2.01 7.44 9175.23

Zn3Mg0.7Y 15.07 1.10 9.03 10.74 1.65 6.62 8180.18
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during contact with the electrolyte solution. zinc-magnesium 
system alloys were used in the previous years as corrosion-
resistant coatings for Fe-C alloys [24]. The immersion and 
electrolyte solution used in this experiment are the same mg and 
Ca-free solution (10xdPBs) so the mg percentages appeared is 
due to the alloy contribution. alloying with mg seems to im-
prove the corrosion resistance of zn. element mg presence in 
compounds (intermetallic phases) change the chemical compo-
sition of degradation film growth in the first days of corrosion. 
The thin films made of mgo, present a higher protective effect 
compared to zno based on their smaller electrical conductiv-
ity [25]. simonkoleite: zn5(oh)8Cl2-h2o is a usual corrosion 
compound on zn-mg surface and gives better protection than 
zno-based compounds appearing on pure zn [26]. 

The samples were immersed in 10xdPBs solution at 
a temperature of 37 ±1°C and kept for 24, 48 and 72 hours. 
They were weighed before, after immersion and after ultrasonic 
cleaning to highlight the weight variation, mass differences are 
given in TaBle 3. Weight gain of 1-2.2 mg was observed due 
to the reaction between the 10xdPBs solution and the material.

TaBle 3

mass variations of the sample after immersion (24, 48 and 72 hours) 
in 10xdPBs and ultrasound cleaning 

sample
initial 
weight 

[g]

weight after 
immersion [g]

(mg)

weight after 
ultrasound 

cleaning [g](mg)

Zn
24h 4.1888 4.1906 (+1.8) 4.1902 (+1.4)
48h 3.9416 3.9438 (+2.2) 3.9431 (+1.5)
72h 4.1369 4.1391 (+2.2) 4.1387 (+1.8)

ZnMg
24h 2.6388 2.6410 (+2.2) 2.6401 (+1.3)
48h 3.4378 3.4394 (+1.6) 3.4386 (+0.8)
72h 2.4310 2.4328 (+1.8) 2.4326 (+1.6)

Zn3Mg0.7Y
24h 2.4484 2.4501 (+1.7) 2.4496(+1.2)
48h 2.9427 2.9437 (+1.0) 2.9434 (+0.7)
72h 1.7236 1.7258 (2.20) 1.7253 (+1.7)

in our study, znmgY alloy, the growth and formation of 
intermetallic phases (mg2zn11, Yzn12, or mg12znY) will increase 
the galvanic corrosion effect between generally zn matrix (with 
reduced percentages of mg and Y dissolved in zn matrix) and 
mentioned compounds in the eutectic region. Because magne-
sium presents a higher activity than zinc [27,28], will be extracted 
from the alloy and the release of mg2+ and oh– ions (eq. 6). 
Then, mg containing products, such as mg(oh)2, mg-Co3 and 

mg-Po4, pass from alloy surface to the electrolyte solution, 
especially after ultrasound cleaning of the samples. mainly 
product growth on the surface after immersion or electro-cor-
rosion experiments can be the mixtures of zn(oh)2, mg(oh)2, 
zn/mg-Co3 and zn/mg/Po4, which can be verified by TaBle 4. 

all samples present a high percentage of oxidation 
 (26-30%wt), and the presence of phosphorus on the surface 
confirms the formation of phosphate compounds and their adhe-
sion to the metallic surface. Few stains of salts (k present) or 
Cl-based compounds were also identified on the surface. Both 
mg and Y elements present smaller percentages than the initial 
composition, TaBle 1, the chemical composition being influ-
enced by the corrosion process and the compound formation 
after the interaction between the alloy and electrolyte solution. 

3.4. electrochemical polarization test

This method establishes the form of corrosion and anodic 
or cathodic protection [27]. The electrolyte solution was continu-
ously stirred to avoid bubble formation on the metallic surface. 
nevertheless, comparing to magnesium alloys there is a much 
smaller hydrogen quantity release during corrosion of the mate-
rial, an advantage towards mg-base alloys. The linear and cyclic 
curves presented in Fig. 5(a) and (b) present a similar behavior of 
zn, znmg and znmgY cast alloys with a generalized corrosion 
allure of the cyclic curves. 

surface state of the samples after electro-corrosion experi-
ments and ultrasound cleaning for 60 minutes in alcohol made 
by sem, Fig. 6(a)-(c), confirm the generalized behavior of the 
electro-corrosion. The surface of pure zn looks like chemical 
etching, highlighting the grains microstructure. in all samples 
case a small number of compounds remain attached to the surface 
probably oxides, hydroxides or phosphates. Pitting type agglom-
erations of holes can be observed on zn and znmgY alloys that 
will accelerate the degradation of the material. 

The influence of Y on the corrosion resistance of zn3mg-Y 
-based alloys is a complex process, by one side, the percentage 
of Y participates in the formation of Yzn12 intermetallic phase 
elements, with a more noble potential than pure zinc [28] and 
showing a more aggressive galvanic corrosion between mg2zn11 
and Yzn12 with the zn matrix, Fig. 6(c). at micrometric scale, 
this difference can increase the localized corrosion of the ternary 
alloys compared to pure zn or binary znmg alloys. as a second 
thinking the presence of Y has a homogenization role of the 

TaBel 4
Chemical composition of the test samples after 3 days’ immersion in 10xdPBs solution and ultrasound cleaning 

Material
Zn Mg Y o P cl K

wt% at% wt% at% wt% at% wt% at% wt% at% wt% at% wt% at%
Zn pure 96.95 92.2 — — — — 28.76 57.17 12.88 13.23 2.93 2.63 — —
Zn3Mg 55.42 26.97 1.09 1.38 — — 29.91 57.45 15.66 15.54 — — 1.74 1.37

Zn3Mg0.7Y 51.28 23.96 0.67 0.85 0.25 0.09 30.65 58.51 15.70 15.48 — — 1.44 1.12
eds error 1.1 0.2 0.1 0.9 0.7 0.2 0.1

standard deviation: zn:±1.5, mg: ±0.15, Y: ±0.1, o: ±2, P: ±0.5, Cl: ±0.15 and k: ±0.2
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microstructure and can increase corrosion resistance based on 
the growth of an uninterrupted layer on the surface, resulting in 
a better corrosion resistance of the surface film formed during 
immersion. Both the anodic and cathodic processes are almost 
equal meaning that the chemical reactions are intense on both 
reduction and oxidation parts during the electro-corrosion. 

Two cathodic reactions occurred during electro-corrosion 
tests [29-31]:

 2h2o +2e− → h2 + 2oh− (1)

 2h2o + o2 + 4e− → 4oh− (2)

and more anodic reactions: 

 2zn → 2zn2+ + 4e– (3)

 zn2+ + Co3
2– → znco3 (4)

 zn2+ +Po4
3– → zn-Po4 (5)

 Mg → Mg2++2e– (6)

From TaBle 5 results we observed that the micro-galvanic 
cells accelerate localized corrosion, increasing the corrosion 
rate of the tertiary alloy even the amount of Y is small. in case 
of immersion, the homogeneous microstructure is likely to play 
the dominant roles in the corrosion behavior of the alloys, as 
supported by the enhanced passivation performance and the 
increased corrosion resistance of the samples in first days of 
immersion in 10xdPBs.

mg and Y elements presents an important role in the cor-
rosion process of znmgY alloys and are influenced by mg and 
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Fig. 5. linear and cyclic potentiometry: (a) Tafel diagram, (b) cyclic potentiometry

(a) (b) (c)

Fig. 6. structure after three days of immersion and ultrasound cleaning: (a) zn, (b) zn3mg and (c) znmg0.7Y

TaBle 5

electro-corrosion resistance parameters of the samples in 10xdPBs electrolyte 

sample E0
mV

ba
mV

bc
mV

rp
ohm.cm²

Jcorr
µa/cm²

vcorr
mm/Year

Zn –1491.4 122.2 –141.1 168.97 159.81 1.79
Zn Mg –1469.8 106.0 –132.0 167.01 138.33 1.55

Zn3Mg0.7Y –1020.4 145.4 –95.8 108.61 175.07 1.97
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Y-rich intermetallic phases that acts in the microstructure as the 
anodic sites and therefore dissolve preferentially to form mg2+ 
or Y2+ cations, which move further the cathodic sites. as a result, 
especially mg hydroxide- and mg carbonate-based compounds 
are formed at cathodic sites, which react with oh− anions. These 
compounds tampon the corrosive environment, thereby slowing 
the o2 reduction and the formation of zno. 

4. conclusions

a new znmgY material was obtained through induction 
casting. The material presents an increase of mechanical proper-
ties, an increase in microhardness more than five times compar-
ing to pure zn (1.10 for znmgY compared to 0.17 for zn). Young 
modulus (15.07 for znmgY compared to 2.9 for zn) and materi-
als stiffness (1.65 for znmgY compared to 0.82 for zn) were also 
enhanced by the addition of mg and Y in pure zn matrix. during 
the immersion of the samples (pure zn, znmg alloy and znmgY) 
a phosphate layer (from the interaction with 10xdPBs solution) 
is formed on the surface with a protective role at least in the first 
three days of immersion. at electro-corrosion, the intermetallic 
compounds formed in znmgY alloy have an important role in 
corrosion resistance through galvanic micro-cells that appear 
during the test and increase the degradation rate of the sample 
however comparable with the corrosion rate of pure zn (1.97 
for znmgY compared to 1.79 for zn). 
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