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Abstract 

This study investigates the effects of grain size on the mechanical properties of Zn-Sn alloy 

coatings. Nanocrystalline (average grain size = 78 ± 18 nm) and ultrafine-grained (average 

grain size = 423 ± 96 nm) Zn-Sn coatings were electrodeposited on steel substrates from 

gluconate electrolytes containing organic additives. The microstructure, surface roughness 

and mechanical properties of electrodeposited coatings were investigated using field emission 

scanning electron microscopy (FE-SEM), three dimensional (3D) surface profilometry, nano-

hardness, nano-scratch and nano-wear tests. The average surface amplitude parameters such 

as mean surface roughness (Sa) and root mean square roughness (Sq) decreased by at least 

80% while, hardness increased from 209 ± 66 MPa to 523 ± 140 MPa, due to grain 

refinement from ultrafine-grained to nanocrystalline structure. Nano-scratch results indicated 

that a deeper grove was formed on the surface of ultrafine-grained coatings than 
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nanocrystalline coatings during the sliding process. For both coatings coefficient of friction 

increased gradually over the entire sliding duration and reached to maximum of 0.24 ± 0.04 

and 0.12 ± 0.02 in ultrafine-grained and nanocrystalline coatings respectively. Wear volume 

of the coatings decreased by 64.5% due to grain refinement from ultrafine-grained to 

nanocrystalline structure.  

 

Keywords: 

Electrodeposition, Nanocrystalline, Ultrafine-grained, Nano-hardness, Nano-scratch, Nano-

wear 

 

1. Introduction 

The steel industry comes after oil and gas as the second largest industry in the world. World 

growing population has led to the increase of steel use per capita from 150 kg in 2001 to 208 

kg in 2015, and it is predicted that the demands for use would increase by 1.5 times higher 

than present levels by 2050 [1]. However, the sustainability of steel products is at risk due to 

corrosion and wear. Coatings are one of the acceptable methods for protection of steel 

structures. Thus, fabrication of coatings with improved properties will always be beneficial to 

the steel industry. 

It is well-known that the properties of materials vary as a function of grain size [2, 3]. Since 

Gliether’s first introduction of nanocrystalline material in 1984 [4], numerous studies have 

been conducted to investigate the effects of grain refinement down to nano-scale on the 

properties of materials. In many cases, nanocrystalline materials show advanced mechanical 

[5-7] and chemical [8] properties in comparison to polycrystalline counterparts, which make 

them a point of interest for many studies and applications.  
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Zinc-tin alloy coatings provide sacrificial properties of zinc and barrier properties of tin 

against corrosion to steel substrate. Also, these coatings are used for protection of steel parts 

that undergo deformation due to their good frictional properties and excellent ductility [9]. 

Improvement of corrosion and mechanical properties of zinc [10-12] and some of zinc alloys 

such as zinc-nickel [13-15] due to grain refinement to nano-scale has been previously 

reported. However, to the best knowledge of the authors, the effects of grain refinement on 

the mechanical properties of zinc-tin coatings has not been previously reported. Therefore, 

the main aim of this study is to evaluate the effects of grain refinement from ultrafine-grained 

to nanocrystalline microstructure on the mechanical properties of Zn-Sn coatings.  

Generally, various techniques are used for the synthesis of nanocrystalline materials from 

vapour, solid and liquid routes [16]. Electrodeposition is an economical technique from a 

liquid route which has been used to produce nanocrystalline metals and alloys [17]. In this 

technique increase in nucleation rate and decrease in grain growth (requirements of 

nanocrystallization) are controlled by applying a pulse current and use of organic additives 

[18-20].  

In this study nanocrystalline (NC) and ultrafine-grained (UFG) Zn-Sn coatings were 

synthesized from environmentally friendly gluconate electrolyte using pulse electrodeposition 

in the presence of hexadecyltrimethylammonium bromide (CTAB) and polyethylene glycol 

(PEG) with average molecular mass of 2050 g/ mol and 400 g/ mol, respectively. The surface 

morphology, grain size and composition of the coatings has been evaluated prior to the 

evaluation of mechanical properties of the coatings.  
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2. Experimental 

2.1. Sample preparation 

Nanocrystalline (NC) and ultrafine-grained (UFG) Zn-Sn coatings were prepared by pulse 

electrodeposition in a 150 ml three-electrode cell under stationary conditions using a CHI 

electrochemical workstation. A platinum mesh (20 mm × 20 mm) and a Ag/AgCl (1M KCl) 

electrode were used as the counter electrode and the reference electrode, respectively. Mild 

steel discs with a surface area of 1.13 cm
2
 were used as the working electrodes. The Ag/AgCl 

reference electrode was placed closed to the working electrode to minimize the influence of 

uncompensated resistance. Before deposition, the discs were polished to mirror finish, then 

sonicated in ethanol for 5 minutes followed by rinsing with distilled water. The polished discs 

were pickled in 10% HCl for 10 s, then rinsed with distilled water and dried using N2 flux. 

The disc was then placed in the plating electrolyte immediately after cleaning to avoid 

contamination. Table 1 shows the chemical composition of the solutions and the plating 

conditions used to produce the Zn-Sn coatings. The average thickness of the coatings was 

11.6 ±1.3µm. 

 

 Table 1. List of the plating solutions and plating conditions. 

 

 
2.2 Characterization 

A ZEISS Supra 40 VP field emission scanning electron microscope (FESEM) fitted with an 

energy dispersive X-ray spectrometer (EDS, Oxford Instrument, INCA Energy 250) were 

used for the characterisation of the deposits’ surface morphology and elemental composition. 

Atomic force microscope (AFM) Multimode 8 (Bruker) at intermittent contact mode was 

used to image the surface of nanocrystalline coating. Average grain size of the deposit was 

measured from AFM and SEM cross section images. In both methods ImageJ software was 
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used to measure the grain sizes. Grains were identified as discrete areas which were separated 

from the adjacent neighbor by boundaries. In most cases grains did not have a symmetrical 

geometry therefore the biggest length of the grain geometry was measured as the 

representative of the grain size. At least three SEM images of each samples were used for 

grain measurements. 

 X-ray diffraction analysis was performed using a Bruker D8 Advance X-ray diffractometer 

with Cu Kα radiation (𝝺=0.15418 nm), working at 40 mA and 40 kV at a rate of 0.2˚ min
-1

 

over the diffraction angle (2θ) range of 10-90º. 

Surface profile measurements were performed using a Contour GT-K, Bruker Nano, 3D 

profilometer (USA) coupled with SurfVision software. The average surface amplitude 

parameters of the NC and the UFC were measured by scanning 2 fresh samples of each 

coatings at 10 different locations.   

The nano-mechanical properties of the fabricated coatings, e.g., hardness, scratch and wear, 

were investigated using a Hysitron TI-950 TriboIndenter with a Berkovich diamond tip on 

the surface of as-deposited coatings. 

To measure nano-hardness and modulus of elasticity, load was applied in a series of 

trapezoidal loading cycles with a total cycle of 20 on different positions (array of 5 × 4). The 

maximum load for each cycle was incrementally increased with each loading cycle with the 

first cycle having a maximum load of 50 µN and last cycle having a maximum load of 1000 

µN. Each load was applied linearly up to maximum load in 10 s with a dwell time of 10 s 

followed by unloading in 10 s. For each coating, twenty indentations were performed in the 

form of 5 × 4 array at 3 different locations on 2 fresh samples. The indentations were 

separated by 20 μm to avoid the effect of any residual stresses. Thermal drift was set to be 

less than 0.05 nm/s. The nano-hardness and elastic modulus of the coatings were evaluated 

using Oliver and Pharr method [21]. 
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The nano-scratch test was performed at the load controlled mode and at a constant load of 

100 µN. The test was repeated for three times for each of the NC and UFG coatings. Fig. 1 

shows the load function applied in this study.  

 

Fig. 1 Normal applied force versus time. 

 

The tribological properties of the fabricated coatings were assessed by conducting nano-wear 

tests by Hysitron Triboindenter instrument with methods described in previous studies [22-

24]. The diamond indenter tip scanned a specific area of 5 × 5 (µm
2
) under a constant force of 

100 µN to perform wear on the surface of the coating. The scanning wear test was performed 

by scrapping the selected area by 10 sliding passes. A post wear-scan was then conducted on 

the same scanned area at a reduced force of 2 µN. The resultant worn volume was then 

calculated from the obtained image by the height difference from the unworn and worn 

surfaces using Hysitron Triboview software. The total wear volume in the coatings was 

calculated through the following relations. 

|Height outside wear region [nm]| - |Height inside wear region [nm]| = Wear height [nm] 

(Square of wear scan size [μm
2
]) × (wear height [μm]) = Wear volume [μm

3
] 

 

3. Results  

Surface morphology, microstructure and grain size of the NC and UFG coatings are 

characterized and evaluated to provide a comprehensive insight of the coatings before 

evaluating mechanical properties in later stages of this study.  
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3. 1. Surface morphology, microstructure and grain size 

Fig. 2 shows the surface morphology, cross section and EDS spectra of the NC and the UFG 

Zn-Sn coatings. Nanocrystalline materials have grains smaller than 100 nm in which a great 

number of atoms belong to the grain boundaries or interfacial boundaries. Surface 

morphology of the NC coating (Fig. 2a) exhibits a uniform structure of nano grains packed 

together tightly with some protruding areas. The average grain size of the NC coatings as 

measured from the surface AFM imaging (Fig. 3a) and cross-sectional SEM images was 78 ± 

18 nm. Surface morphology of the UFG coatings composed of closely packed grains. 

Average grain size of the UFG coatings as measured from the surface AFM imaging (Fig. 3b) 

and cross-sectional SEM images of the coatings was 423 ± 96 nm. The average zinc and tin 

contents of the alloys are presented in the inset of Fig. 2.c and f. Data shows that the two 

coatings have very close chemical compositions. EDS spectra of the coatings exhibit major 

peaks of tin, zinc and minor peaks of oxygen and iron. Iron peaks comes from the steel 

substrate. 

 

Fig. 2 Characteristics of the NC (a, b and c) and the UFG (d, e and f) Zn-Sn coatings. (a and 

d) SEM images of the surface morphology, (b and e) SEM images of the cross-section and (c 

and f) corresponding EDS spectra. 

 

Fig. 3 AFM image of the surface of the (a) NC and (b) UFG coatings. 

 

Elemental maps of the surfaces of the NC and the UFG coatings (Fig. 4) are performed on the 

surface of as-deposited coatings to find the coloration between nano-hardness (section 3.3.1) 

and chemical composition of the coatings. It is observed that Zn and Sn have both dispersed 

across the surface in a nonhomogeneous pattern. There are some regions in Fig 4 (c and f) 
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that are rich in tin and slightly depleted from zinc. Rich tin areas possibly formed during the 

deposition process due to small gradient of the potential on the surface of electrode caused by 

the absorption and desorption of additives. It has to be noted that zinc and tin exhibit very 

small mutual solubility based on their phase diagram [25], therefore Zn-Sn is considered as a 

mechanical type of alloy in which zinc and tin do not form a solid-solution or an intermetallic 

compound and only form a mechanical mixture of hexagonal zinc and tetragonal β-Sn phases. 

X-ray diffraction patterns of NC and UFG coatings is presented in Fig. 5 and reveals a 

mixture of hexagonal zinc and tetragonal βSn phases. 

 

Fig. 4 Surface SEM images of (a) the NC coating and (d) the UFG coating and corresponding 

elemental X-ray analyses of zinc in (b) NC and (e) UFG. (c) and (f) tin elemental X-ray 

analyses in the NC and the UFG coatings, respectively.  

 

Fig. 5 XRD patterns of the NC and UFG coatings.  

The average crystallite size of the deposits were calculated according to Scherer’s equation 

[26].  

               (1) 

Where D is the average crystallite size, λ is the X-ray wavelength, B is the full width at half 

maximum (FWHM) of a diffraction peak and θ is the diffraction angle [26]. 

The average crystallite size of NC and UFG coatings are 24.52 ± 8.38 and 102.73 ± 23.16 

 respectively. 

 

3. 2. Three-dimensional Optical Profilometry  

Evaluation of the surface profile of a deposit is important due to its effects on the wear 

properties and friction coefficient of the deposit. Normally, rough surfaces have higher 
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coefficient of friction and wear quickly. Therefore, surface roughness measurement can help 

with the prediction of mechanical properties of the coatings.  

3D profilometry images of the NC and the UFG Zn-Sn coatings are presented in Fig. 6a and 

b, respectively. The average surface amplitude parameters of the NC and the UFC are 

presented in Table 2.  

 

Fig. 6 3D profilometry images of (a) NC and (b) UFG Zn-Sn deposits. Vertical bar shows the 

amplitude range per image (20 K X magnification, 0.32 × 0.24 mm imaged area).  

 

Table 2. Surface amplitude parameters of the NC and the UFG Zn-Sn deposits.  

 

3. 3. Mechanical properties of nanocrystalline and ultrafine-grained Zn-Sn coatings 

3. 3. 1. Nano-hardness and elastic modulus  

Nanoindentation was conducted to evaluate the hardness and elastic modulus of the NC and 

the UFG Zn-Sn coatings. Fig. 7 shows typical nanoindentation load-displacement curves of 

the coatings. Red circles in Fig. 7 represent the pop in events which are explained later in the 

manuscript (section 4). 

 

Fig. 7 Typical load-displacement curves for nanoindentation of (a) NC and (b) UFG Zn-Sn 

coatings. 

 

The average nano-hardness and elastic modulus of the coatings are presented in Table 3.  

 

Table 3. Nano-hardness and elastic modulus of the NC and the UFG Zn-Sn coatings. 
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Three dimensional (3D) hardness maps which describe hardness of the coatings as a function 

of indentation positions on a sample are presented in Fig. 8.  

The maps show that hardness has not been uniformly distributed across the surface. This is 

mainly linked to nonhomogeneous distribution of zinc and tin across the surface (see Fig. 4). 

Zinc has higher modulus of elasticity (104.5 GPa [27]) than tin (44.3 GPa [27]), therefore, it 

is expected that rich zinc areas show higher hardness than tin rich areas. Thus, red zones in 

Fig. 8 which reflect high hardness are attributed to zinc rich areas and purple and blue zones 

are attributed to tin rich areas.     

 

Fig. 8 3D hardness maps of (a) NC and (b) UFG Zn-Sn coatings. 

 

3. 3 .2 Nano-scratch 

The main purpose of performing a nano-scratch test is to determine the coefficient of friction 

of the coatings. Fig. 9 a and b are nano-scratch plots of the coatings and show normal 

displacement and coefficient of friction as a function of time, respectively. 

 

 Fig. 9 (a) Normal displacement and (b) coefficient of friction as a function of time for the 

NC and the UFG Zn-Sn coatings.  

 

For evaluation of the results, it has been considered that the relevant part of the friction test is 

from 10 s to 42 s, as before 10 s the load was ramping from 0 to 100 µN, and after 42 s the 

load was decreasing to zero. Curve of the normal displacement versus time (Fig. 9 a) showed 

that for the equal amount of load (100 µN) which was applied during the friction test on both 

NC and UFG coatings, a deeper groove was formed on the surface of the UFG. In general, 

the average depth of scratch of the UFG coating was 64% higher than that of NC coating. The 
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coefficient of friction of the NC coatings increased from 0.03 at 10 s to 0.12 at 42 s, while the 

coefficient of friction of the UFG coatings increased from 0.10 at 10 s to 0.24 in 42 s (Fig. 9 

b). Although for both coatings, the coefficient of friction increased with time, the coefficient 

of friction of the UFG coating increased with higher rate than of the NC coating.  

  

3. 3. 2 Wear properties 

Surface hardness, microstructure and coefficient of friction are some of the parameters which 

have effects on the wear properties of materials. Wear is a damage that can be produced by 

relative motion of a surface and a contacting substrate. Abrasion wear occurs when a hard 

member moves on a softer surface by digging or grooving [28] .Fig. 10 shows SEM images 

of the worn area of the NC and the UFG Zn-Sn coatings. In both cases the wear is abrasive as 

the diamond indenter tip is much harder than the NC and the UFG coatings. The wear volume 

decreased by 64.5% due to grain refinement from the UFG to the NC coatings. 

 

Fig. 10 SEM images of (a) NC and (b) UFG Zn-Sn coatings. (C) wear volume of the coatings 

after 10 sliding passes under 100 µN load applied on a 5 µm × 5 µm scan area.  

 

4. Discussion 

The arithmetic average height parameter (Sa) denotes the average absolute value of the height 

(roughness irregularities) within a sampling area. Sq, denotes the root mean square value of 

the surface departures, within the sampling area. Surface profilometry results showed that Sa 

and Sq of the NC coatings are at least 80% smaller than the UFG coatings, which shows that 

surface amplitude paraments are linked to grain size and surface morphology of the deposits. 

Surface morphology of the NC coating is consisted of fine grains packed together smoothly, 

however, surface morphology of the UFG is accumulation of larger grains. The skewness 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

12 
 

(Ssk) indicates the degree of symmetry of the surface deviation about the mean reference 

plane. A negative skewness indicates that the surface has more pores than peaks, and positive 

sign shows vice versa. The value of the skewness of both NC and UFG deposits was negative 

(-0.15 ± 0.03 in NC and -0.44 ± 0.09 in UFG). Absolute values of the skewness of the NC is 

smaller than the UFG Zn-Sn deposits which indicates that less pores exist in the NC than the 

UFG structure. This is due to the different molar mass of PEG used to synthesis the NC and 

the UFG Zn-Sn deposits (PEG 2050 and PEG 400 were used for the synthesis of the NC and 

the UFG deposits, respectively) and their effects on hydrogen evolution. During the 

electrodeposition of Zn-Sn from aqueous solutions, hydrogen evolution occurs 

simultaneously with metal deposition and leads to pore production. Surfactants are mainly 

added to the electroplating solutions to form an absorbed layer on the surface of substrate to 

aid the detachment of the hydrogen bubbles from the surface. The absorption of PEG occurs 

through its oxygen atoms, and strength of the absorbed layer on the surface of electrode 

depends on number of oxygen atoms [29]. PEG 2050 has higher number of oxygen atoms 

than PEG 400, therefore, it can form a stronger absorbed layer. As a result, recombination of 

H atoms and release of H2 occurs more effectively in the presence of PEG 2050 (NC coating) 

than PEG 400 (UFG coating) and led to the decrease of the absorption of Hads to the surface 

of electrode. Consequently, less pores were produced during the deposition of the NC than 

the UFG coatings, and thus the absolute value of skewness of NC is smaller than UFG 

coatings.  

Typically, in nanoindentation, with the increase of load the increase in displacement 

(penetration depth) are observed. However, in our study the increase in displacement with the 

increase of load was not observed for the NC or the UFG coatings occasionally (Fig. 7), 

which was mainly due to non-homogeneous distribution of zinc and tin across the coatings 

(Fig. 4). Elemental mapping of the coatings showed that there were areas rich in either tin or 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

13 
 

zinc. This difference in the distribution of tin and zinc across the coating led to variation in 

indentation behavior and irregular distribution of hardness (Fig. 8) as described in 3.3.1 

section. 

On the other hand, it has been reported [30] that under constant load, the load-displacement 

curve for two different grains of tin with various orientation showed significantly larger 

displacement for the (100) plane than the (110) plane due to higher elastic modulus of (100) 

plane (58 GPa) than (110) plane (50 GPa). Therefore, the occasional anomalous decrease in 

displacement despite the increased load suggests that; during the indentation, from one point 

to another, either indenter has moved from a rich tin area to the position depleted from tin and 

rich in zinc, (which is inherently harder than tin) or if the subsequent area is still rich in tin, 

then most of tin grains are orientated along (110) planes that have higher modulus of 

elasticity and leads to the reduction of displacement.  

Some of the load-displacement curves show traces of pop-in events (red circles in Fig. 7 

show examples of these pop-in events). Pop-in events are considered as the initiation of 

plastic behavior on a loading process during indentation [31]. The pop-in phenomena are 

interpreted as the nucleation of dislocations and occur if the maximum shear strength 

produced under the indenter is of the same magnitude as the theoretical shear strength. Then 

this localized high shear strength leads to nucleation of dislocations and produces a 

displacement discontinuity in the load-displacement curve [32].  

Hardness of material is a function of the grain size according to Hall-Petch equation [33] 

(Equation 2). Hardness increases with decreasing grain size down to 15 nm, after which the 

reverse of the Hall-Petch effects emerge.  

                
  

              (2)  

Where H is the hardness, Hi is the lattice friction stress, KH-P is the Hall-Petch constant and d 

is the grain size. Increase in hardness values with the decrease of grain size has been reported 
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in literature [34-38] and it has mainly been explained based on the relation of grain size and 

grain boundaries. Generally, decrease in grain size leads to the increase in grain boundaries. 

It has been reported [39] that volume fraction of grain boundaries could be around 50% for 

grain smaller than 5 nm and decreases to 10% and 1% with the increase in grain size to 50 

nm and 1µm, respectively. The grain boundaries act as a barrier to the movements of 

dislocations and thereby inhibit plastic deformation and leads to the increase of hardness.  

In this study the decrease in grain size from 423 ± 96 nm to 78 ± 18 nm led to an increase of 

hardness in accordance to Hall-Petch equation and a nearly constant elastic modulus. Slight 

decrease of elastic modulus is only reported at grain size less than 20 nm, above this 

threshold of the grain size no significant change in elastic modulus has been reported[40].  

Results of nano-scratch test (Fig. 9) was in accordance with the nano-hardness result. The 

lower hardness of the UFG coatings (209 ± 66 MPa) compared to the NC coatings (523 ± 140 

MPa) results in a lower resistance to deformation and allows a deeper groove to be produced 

for the same values of force on the surface of the UFG coatings during the sliding process. 

The increase in friction coefficient of the coatings with time is the effect of piling up of wear 

debris formed at the time of sliding in front of the scratching tip. The lower gradient (slope) 

of the friction curve of the NC than the UFG showed that less coating was detached from the 

sample during the scratching process and indicated that the NC coatings have a higher 

cohesion bonding than the UFG coatings. 

Wear analysis (Fig. 10) showed a decrease in wear volume from 13.4 ± 3.7 µm
3
 in the UFG 

to 4.7 ± 1.6 µm
3
 in the NC which is in agreement with Archard’s law. Based on Archard's 

Law of Wear (Equation 3) [41], at a constant applied load, an increase in hardness leads to a 

decrease in wear volume. 

   
 

 
                                          (3) 
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Where W is volume worn per unit sliding distance; L is the applied load; H is the hardness of 

the softer of the materials in contact (Zn-Sn coating in this study), and K is a dimensionless 

constant. As it was observed in section 3.3.1, the NC coatings showed a higher hardness (523 

± 140 MPa) than the UFG (209 ± 66 MPa) coatings. Therefore, at the constant applied load 

of this study (100 µN) the decrease in wear volume of the NC than the UFG coatings is 

expected based on Archard's Law. These results are also consistent with the lower coefficient 

of friction of the NC coatings than the UFG coatings [42].  

SEM images of the NC and the UFG coatings after wear analysis (Fig. 10) shows that 

materials are piled up during the sliding process for the NC coatings. However, UFG coatings 

did not show any effects of pile up. During the wear test, sliding contact induces significant 

compression and shear at asperities, leading to large plastic deformations even at low applied 

loads. As the diamond indenter moves on the surface, the removal of softer materials occurs 

and leaves grooves or scratches behind. The wear debris travels along the sliding track and 

piles up at the end of each track. The initial stage of wear is different from the wear after a 

few passes due to the variation in surface roughness. At the beginning the ploughed coating 

moves to the valleys of the surface and after a few passes the surface becomes smoother [24] 

. It was observed that the absolute value of the skewness of the NC was smaller than that of 

UFG deposits (-0.15 ± 0.03 in the NC and -0.44 ± 0.09 in the UFG), which indicated the NC 

coatings have smaller number of pores and valleys than the UFG coatings. Therefore, the 

ploughed UFG coatings had more opportunities than the ploughed NC coatings to fill up the 

pores and valleys. The NC ploughed coatings are built-up at the end of wear track, while, 

grains are flattened and gaps between grains are filled with sheared material and debris 

(plastically deformed) at the UFG coatings.   
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4. Conclusion 

Physical and mechanical properties of nanocrystalline and ultrafine-grained Zn-Sn coatings 

were evaluated in this study. Influence of grain size on surface roughness, hardness and 

tribological behavior of the NC and the UFG coatings were studied. The NC coatings 

exhibited superior mechanical properties such as higher hardness, lower coefficient of friction 

and smaller wear volume than the UFG coatings. Both NC and UFG have either rich tin or 

rich zinc areas on their structure which leads to nonhomogeneous distribution of hardness on 

the surface. Modulus of elasticity were not affected by grain refinement and remained almost 

constant after grain refinement. 
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Table 1. List of the plating solutions and plating conditions. 

Solutions Constituents Plating Conditions 

Nanocrystalline 

coating (NC) 

0.45 M Na-Gluconate (C6H11Na O7) + 0.56 M 

Na2SO4+ 0.18 M HCl + 0.04 M SnCl2 + 0.4 M 

ZnSO4,7 H2O + 1 mM CTAB + 1 g/l 
 
PEG ( ̅ = 

2050)                                    

T = 21 ± 1 °C 

ton-time = 5 ms, toff-time = 7 ms 

Current density = 0.046 A/cm
2
 

Plating time = 1200 seconds 

pH = 4.3-4.7 

Ultrafine-

grained coating 

(UFG) 

0.45 M Na-Gluconate (C6H11Na O7) + 0.56 M 

Na2SO4+0.18 M HCl+ 0.04 M SnCl2 + 0.4 M 

ZnSO4,7 H2O + 1 mM CTAB + 4 g/l 
 
PEG 

( ̅ = 400)                                      

T = 21 ± 1 °C 

ton-time = 5 ms, toff-time = 7 ms 

Current density = 0.046 A/cm
2
 

Plating time = 1200 seconds 

pH = 4.3-4.7 
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Table 2. Surface amplitude parameters of the NC and the UFG Zn-Sn deposits.  

Deposit Sa (nm) Sq (nm) Ssk (au) 

Nanocrystalline 105 ± 19.4 137 ± 25.5 -0.15 ± 0.03 

Ultrafine-grained 561 ± 50.6 694 ± 62.0 -0.44 ± 0.09 
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Table 3. Nano-hardness and elastic modulus of the NC and the UFG Zn-Sn coatings. 

Deposit Nano-hardness (MPa) Elastic Modulus (GPa) 

Nanocrystalline 523 ± 140 59.1 ± 15 

Ultrafine-grained 209 ± 66 59.9 ± 11 
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List of Figures 

Fig. 1 Normal applied force versus time. 

Fig. 2 Characteristics of the NC (a, b and c) and the UFG (d, e and f) Zn-Sn coatings. (a and 

d) SEM images of the surface morphology, (b and e) SEM images of the cross-section and (c 

and f) corresponding EDS spectra. 

Fig. 3 AFM image of the surface of the NC coating. 

Fig. 4 Surface SEM images of (a) the NC coating and (d) the UFG coating and corresponding 

elemental X-ray analyses of zinc in (b) NC and (e) UFG. (c) and (f) tin elemental X-ray 

analyses in the NC and the UFG coatings, respectively.  

Fig. 5 XRD patterns of the NC and UFG coatings.  

Fig. 6 3D profilometry images of (a) NC and (b) UFG Zn-Sn alloy deposits. Vertical bar 

shows the amplitude range per image (20 K X magnification, 0.32 × 0.24 mm imaged area).  

Fig. 7 Typical load-displacement curves for nanoindentation of (a) NC and (b) UFG Zn-Sn 

coatings. 

Fig. 8 3D hardness maps of (a) NC and (b) UFG Zn-Sn coatings. 

Fig. 9 (a) Normal displacement and (b) coefficient of friction as a function of time for the NC 

and the UFG Zn-Sn coatings.  

Fig. 10 SEM images of (a) NC and (b) UFG Zn-Sn coatings. (C) wear volume of the coatings 

after 10 sliding passes under 100 µN load applied on a 5 µm × 5 µm scan area.  
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Fig. 1 
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Fig. 2 
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Fig. 3a 
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Fig. 3b 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 
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Fig. 9 
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Fig. 10 
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Highlights 

 Nanocrystalline and ultrafine-grained Zn-Sn coatings were electrodeposited on steel 

substrates. 

 Mechanical properties of nanocrystalline and ultrafine-grained coatings were 

compared.  

 Grain refinement led to the improvement of Nano-hardness, nano-scratch and nano-

wear properties of coatings. 
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