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In this study, the surface degradation behavior was studied for typical examples from 

bulk metallic glasses (BMGs), metallic glass composites (MGCs) and high entropy alloys 

(HEAs) alloy systems that are of scientific and commercial interest. The corrosion and wear 

behavior of two Zr-based bulk metallic glasses, Zr41.2Cu12.5Ni10Ti13.8Be22.5 and 

Zr57Cu15.4Ni12.6Al10Nb5, were evaluated in as-cast and thermally relaxed states. Significant 

improvement in corrosion rate, wear behavior, and friction coefficient was seen for both the 

alloys after thermal relaxation. Fully amorphous structure was retained with thermal relaxation 

below the glass transition temperature. This improvement in surface properties was explained by 

annihilation of free volume, the atomic scale defects in amorphous metals resulting from kinetic 

freezing. Recently developed MGCs, with in situ crystalline ductile phase, demonstrate a 

combination of mechanical properties and fracture behavior unseen in known structural metals. 

The composites showed higher wear rates but lower coefficient of friction compared to 

monolithic amorphous glasses. No tribolayer formation was seen for the composites in sharp 

contrast to that of the monolithic metallic glasses. Corrosion was evaluated by open circuit 

potential (OCP) analysis and potentiodynamic polarization. Site-specific corrosion behavior was 

studied by scanning vibration electrode technique (SVET) to identify formation of galvanic 

couples. Scanning kelvin probe microscope was used to map elecropositivity difference between 

the phases and linked to wear/corrosion behavior. Phases with higher elecropositivity were more 

susceptible to surface degradation. Wear and corrosion synergy in marine environment was 

evaluated for two high entropy alloys (HEAs), CoCrFeMnNi and Al0.1CoCrFeNi. Between the 

two alloys, Al0.1CoCrFeNi showed better wear resistance compared to CoCrFeMnNi in dry and 



 

marine conditions due to quicker passivation, a higher magnitude of polarization resistance and 

significantly larger pitting resistance. 
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CHAPTER 1 

INTRODUCTION 

1.1 Evolution of Structural Alloys with Multiple Functionalities  

Traditional alloy development has been driven by the need to meet a principal performance 

or property requirement, called “first-tier” property. However, the increasing application demands 

on engineering materials has led to a paradigm shift in structural alloy design strategy. This 

paradigm shift led to the evolution of new alloy systems that simultaneously satisfy multiple “next-

tier” properties [1]. Some examples of structural alloys that have evolved as a result of such 

strategy are bulk metallic glasses (BMGs) [2] and high entropy alloys (HEAs) [3], also referred to 

as complex concentrated alloys. Bulk metallic glasses can be cast into fully amorphous structures 

up to 10 mm thick with conventional casting techniques, having cooling rates less than 10 K/s [2]. 

Bulk metallic glasses exhibit unique properties such as near theoretical strengths [4], high 

hardness, soft magnetic properties and attractive functional attributes [5]. BMGs have been 

reported to have polymer like elasticity, limit up to 2% and strengths exceeding 2000 MPa, like 

that of steel. These properties are shown in Figure 1.  

 

 

 

Figure 1: Strength vs. elasticity of 
glassy alloys compared to other 
structural materials [6] 
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Canonical examples of amorphous alloys that satisfy multiple “next tier” properties can be 

found in the Fe-based, Pd-based, Zr-based and Ti-based systems. For example, alloys in the Fe-

based system are found to be excellent glass forming ability, mechanical properties [8], magnetic 

properties such as high magnetization and low loss characteristics, and resistance to wear and 

corrosion, coating functionality, and catalytic properties etc. as shown in Figure 2.  

 

Figure 2: Illustration of multiple next-tier properties in Fe BMGs. 
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Figure 3: Examples of properties of Fe-based bulk metallic glasses (a) relation between youngs’ 
modulus and fracture resistance of Fe-based BMGs compared against other structural alloys (b) 
Relationship between coercivity and electrical resistivity for Fe-based glassy alloys, compared 
with conventional alloys (c) commercial application of Fe-based BMG used in laptop [8, 9]. 

Similar examples of alloys meeting multiple tier-one applications can be found in the Pt-

Pd BMG system. These alloys possess high structural strength and excellent thermoplastic 

formability, which allow formation of multi-hierarchical structures. These structures possess very 

high surface area, which combined with the intrinsic catalytic nature make them candid materials 

for energy applications, as shown in Figure 4.  
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Figure 4: (a) Venn-diagram showing the multiple tier-one applications met by Pt based BMGs. 
(c) Hierarchical patterning showing formation of bulk, micro and nano-scale features (c) BMG 
foams floating in water alongside cross section showing closed porous structure [10]. 

However, one major drawback of fully amorphous bulk materials is that they fail 

catastrophically under uniaxial tensile strain. This occurs due to unhindered propagation of shear 

bands and inability to accommodate plastic strain. Several attempts were made to improve the 

toughness of BMGs while retaining the desirable strength and elasticity. These include reinforcing 

the amorphous matrix with ceramic secondary phase particles such as SiC, WC, TiC and with pure 

metals such as W or Ta [11], typically referred to as ex-situ metallic glass composites (MGCs). In 
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contrast, in situ MGCs have crystalline dendrites formed by solute partitioning in the amorphous 

matrix during processing. These in situ composites have a unique combination of strength and 

toughness unseen in engineering materials as shown on the Ashby’s map in Figure 5 [12]. 

 

Figure 5: Metallic glass composites piercing the envelope of materials properties, plotted on 
Ashby's map along with other engineering materials [12]. 

The exceptional properties of MGCs have been leveraged for advanced aerospace 

applications including spacecraft shielding against micro-meteoroid and orbital debris collisions 

[13] and high-performance gears [14] in satellites.  

Based on the theme of “multi-tier” structural alloys, recently developed high entropy alloys 

(HEAs) are receiving increased attention. These alloy systems have multiple principal elements in 

near equimolar proportions with concentration of 5% to 35% [15]. The high configurational 

entropy stabilizes a single-phase microstructure by suppressing the formation of intermetallic 

and/or secondary phases. This departure from conventional alloy development strategy, where a 
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“base” element was modified with “minor” addition of alloying elements, has resulted in new 

possibilities for finding multitudes of alloys with “multi-tier” structural applications [16].  

 
Figure 6: Expanded alloy design space possible based on the high entropy concepts [17]. 

The principles of entropy maximization are being used to redesign conventional alloys (e.g. 

steels) to achieve excellent strength–ductility combination as shown in Figure 7 [18].  

 

Figure 7: Ductility to fracture and the ultimate engineering strength values for commercial steels 
shown in comparison to high entropy steels [18]. 
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1.2 Motivation for Corrosion and Wear Studies of BMGs and HEAs 

The application worthiness of these new class of materials is highly dependent of the 

surface degradation characteristics, especially by wear and corrosion. Materials degradation in 

ubiquitous environments such as salt solutions, and in contact with sliding materials hase to be 

thoroughly understood. Operating conditions in structural components of chemical handling 

industries, food and drug production industries, nuclear power plants and marine engineering 

experience combined influence of corrosion and wear in mutually assisting roles, resulting in either 

a synergistic wear assisted corrosion, or corrosion assisted wear [19]. There is a lack of 

understanding the materials’ response to isolated and combined effects of wear and corrosion. This 

work aims to understand the surface degradation mechanisms at bulk and microscopic level.  

1.3 Thesis Structure 

The tools and techniques used in this work is discussed in Chapter 2. The surface 

degradation behavior studied for two fully amorphous Zr- bulk metallic glasses is presented in 

Chapter 3, two metallic glass composite alloys in Chapter 4 and Chapter 5, and for the two high 

entropy alloys in Chapter 6.  

1.3.1 Bulk Metallic Glasses (BMGs) 

The two Zr-based alloys chosen were: Zr41.2Cu12.5Ni10Ti13.8Be22.5 (LM1) and 

Zr57Cu15.4Ni12.6Al10Nb5 (LM106). These alloys were chosen because they can be cast into fully 

amorphous thick sections and are attractive for a number of structural applications. These alloys 

have an order of magnitude difference in their critical cooling rates for glass formation that permits 

study of properties as a function of processing parameters and resulting free volume. The effect of 

free volume on the wear and corrosion behavior has been discussed in Chapter 3 
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1.3.2 Metallic Glass Composites (MGCs)  

Two distinct composite alloys were chosen for surface degradation studies. One is a Ti-

based alloy, composed of about 53 vol% amorphous phase with a nominal composition 

Ti32Zr25V5Cu10Be28 and 47 vol% crystalline phase of composition Ti66V19Zr14Cu1.  This alloy is 

reported to have excellent toughness and strength combination, besides a density of ~6.6 g/cc 

making is suitable for several structural applications. The bulk and nano-wear behavior of this 

alloy is presented in Chapter 4 

The second is a Zr-based alloy with a nominal composition of the alloy was 

Zr56.2Ti13.8Nb5.0Cu6.9Ni5.6Be12.5 with amorphous matrix of composition Zr46.8Ti12.6Nb6.5Cu20.8Ni13.2 

and in situ crystalline dendrites of Zr72.4Ti9.4Nb13.8Cu2.4Ni2.0. The mechanical properties of the 

crystalline dendrite and amorphous matrix are similar, which makes it an interesting material for 

isolating the effect of structure/composition, from mechanical properties. In addition to wear, the 

corrosion behavior at bulk and micro levels was investigated by scanning kelvin probe, and 

scanning vibration electrode technique. The measured work function values are used to explain 

both the surface degradation phenomenon in Chapter 5. 

1.3.3 Single Phase High Entropy Alloys (HEAs) 

A comparative evaluation of corrosion, wear and synergy between corrosion and wear was 

studied for two single phase fcc HEAs, Al0.1CoCrFeNi and CoCrFeMnNi, in dry and marine 

environments. These alloys have shown excellent high temperature microstructural stability, and 

resistance to secondary phase formation. There are no reports investigating the surface degradation 

behavior of these two alloys. Chapter 6 reports the results of sliding reciprocating test in dry, 

marine atmospheres, corrosion in marine electrolyte, and synergy between the two mechanisms.  
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CHAPTER 2 

TOOLS AND TECHNIQUES 

2.1 Bulk Wear Studies 

Dry wear experiments were comprised of sliding reciprocating tests on polished samples 

using Rtec Universal Tribometer (Rtec Instruments, San Jose, CA, USA), as shown in Figure 8. 

The samples were mounted on to the sample stage, load was applied normal to the sample as shown 

in Figure 8. A polymeric container was installed onto the sample holder stage to contain the 

electrolyte for tribo-corrosion tests. A 3 mm diameter counterface material was used for tests. WC 

was used a choice of test material for bulk metallic glasses and their composites, while silicon 

nitride ball was used for high entropy alloys. This change was made to avoid contamination from 

Co, which is used as a binder in WC powder-metallurgy products. 

 

Figure 8: Universal Tribometer (Rtec Instruments) for Reciprocating Wear Analysis in dry wear 
and lubricating conditions. 

All bulk wear experiments in this work were carried out in sliding reciprocating mode. 

Coefficient of friction reported in this document is the value after steady state was attained. Wear 
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products were analyzed by carefully collecting loose particles on to conductive copper tape and 

subsequent scanning electron microscopy.  

2.1.1 Factor Affecting Sliding Reciprocating Wear Behavior  

Some of the important factors that affect the tribological performance of metallic alloys 

include:  

• Hardness  

• Free volume (in the case of metallic glasses) 

• Sliding frequency 

• Sliding distance 

• Load 

• Alloy chemistry 

o Oxidation/re-passivation behavior  

o Friction and self-healing characteristics  

o Work function  

The volume of material lost due to sliding wear depends on the total sliding distance, normal load, 

and material hardness, as given by Archard wear equation:  

Vw = K 
S × N

H
 

Where, VW is wear volume loss, S is total sliding distance, N is test load, H is the material 

hardness and K is the wear coefficient. The above equation shows that wear volume loss is directly 

proportional to sliding distance, normal load and is inversely proportional to material hardness. A 

more usable metric is dimensional wear coefficient κ, defend as:  

κ =  
Vw
Dry

S × N
 �

mm3 

m ∙ N
� or Pa−1 
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A derivative of dimensional wear coefficient extensively used by tribologists is the wear 

resistance defined as: 

Rw =
1
κ

=  
S × N

Vw
 

Most materials transition into a steady state with increasing sliding distance during which 

the wear rate slows down [20-22]. This behavior may be attributed to the smoothing of initially 

rough surfaces and formation of a lubricating oxide layer. Some alloys show aggravation in wear 

rate, in which case frictional heating and/or wear debris contribute to abrasion and three body type 

wear. Greer et al [23] have studied the sliding wear behavior of fully amorphous alloys from four 

alloys viz., La based, Mg based, Pd based, and Zr based, and the results are summarized in Figure 

9. 

 

Figure 9: Correlation of wear resistance and hardness of bulk metallic glass alloys [23]. 

These materials when compared to other engineering materials show moderate to medium-

high wear resistance as shown in Figure 10. 
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Figure 10: Relative wear resistance of metallic glasses compared to engineering alloys [23]. 

Wear resistance of metallic glass composite was studied by Yang et al [24]. They studied 

the wear resistance of metallic glass composites in sliding reciprocating mode at relatively high 

loads (5 N, 10 N and 15 N) and sliding speeds varying from 0.2 m/s to 0.5 m/s. Their report shows 

that unlike monolithic bulk metallic glass, wear behavior of composite material need not hold 

archard’s relation true as shown in Figure 11. Several transients were observed in the friction 

behavior during the sliding duration, which were explained to be occurring due to smoothing of 

surface asperities due at high contact stresses and sliding velocities.  

 

Figure 11: Wear rate as a function of normal load and sliding distance for a Zr-based metallic 
glass composite [24]. 
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The wear mechanism was predominantly adhesive wear, accompanied by surface 

delamination. No further evidence of research on metallic glass composites was found, leaving a 

large scope of exploration into the tribological properties of metallic glass composites. Metallic 

glass composites are composed of two distinct phases – a crystalline reinforcement and an 

amorphous matrix, both of which vary in their hardness and structure significantly. The phase-

wise dependency was ignored while quantifying the bulk tribological properties. This 

understanding can be gained by employing tools that can characterize mechanical properties at 

deeply scaled dimensions. Two such techniques viz., nano-hardness and nano-scratch have been 

used for phase-wise quantification, as discussed later in this section.  

In the case of high entropy alloys, wear behavior of AlxCoCrCuFeNi was studied at 9.8 N 

and 29.4 N without any lubrication [25]. The hardness – wear resistance of certain high entropy 

alloys was observed to scale according to Archard’s relation as shown in Figure 12. 

 

Figure 12: Wear resistance of the AlxCoCrCuFeNi alloys in comparison with standard 
engineering steel grades [25]. 

The wear resistance of the alloys was at least as good as ferrous alloys at same hardness 

level. Similar results were also observed for CuCoNiCrAl0.5Fe [25] system, AlxCo1.5CrFeNi1.5Tiy 
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[26] AlxCrFe1.5MnNi0.5 [27], Al0.5CoCrCuFeNiTix [28], AlCoCrFexMo0.5Ni [29], 

Al0.5CoCrCuFeNi [30] and Al0.3CrFe1.5MnNi0.5 [31]. 

2.2 Nano-Mechanical Characterization 

Nano-mechanical characterization was performed using Hysitron Tribometer TI-750L 

(Hysitron, Inc., Minneapolis, MN USA) to study the hardness and nano-wear behavior of the 

alloys. Nanoindentation was performed using a Berkovich tip at 10,000 µN under load control 

mode comprising of 5 s loading, 2 s holding and 5 s unloading cycles. Nano-scratch was done at 

3000 µN load with a displacement of 5 µm.  

 

Figure 13: Hysitron Tribometer TI-750L (Hysitron, Inc., Minneapolis, MN USA) showing tip, 
sample stage and optics. 

2.3 Corrosion Behavior  

Accelerated corrosion experiments were performed using Gamry Reference 3000 

potentiostat and flat Paracell in three electrode configuration, as shown in Figure 14 
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Figure 14: Gamry Ref 3000 potentiostat connected to ParaCell flat specimen holder. 

2.3.1 Open Circuit Potential 

The potential developed in an electrochemical system when no external voltage or current 

is applied is known as open circuit potential (OCP). The potential is measured with respect to a 

reference electrode. The current study shall use a saturated calomel electrode as the reference 

electrode for all measurements unless specifically mentioned. When left of sufficiently long times, 

the OCP stabilizes and varies very little with time, indicating that a dynamic equilibrium has been 

attained by the system. The magnitude of OCP is strongly dependent on the nature of the sample. 

Valuable information can be obtained from the OCP curves. For example, a system stabilizing 

after gradual increase in potential indicates formation of a protective passive layer that may have 

thickened with time [32]. The time taken for the potential to attain stability is an indicator of the 

kinetics of passivation. Any fluctuations in the OCP are indicators of events that may indicate 

breaking down of the passivation layer or re-passivation after a breakdown. Establishing a stable 

OCP prior to electrochemical impedance spectroscopy and potentiodynamic polarization is 

mandatory and assures accuracy of test results. The standard criteria for stability is variation of 

5mV or less per minute. The cell set up consists of a saturated calomel electrode as reference 
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electrode, the sample as working electrode and a high density graphite block as a counter electrode 

connected to a potentiostat.  

2.3.2 Potentiodynamic Polarization 

The critical corrosion parameters such as corrosion current (ICORR) and corrosion potential 

(ECORR) can be determined by scanning the working electrode with a potential sweep and 

measuring the resulting current. The rate of sweep will be maintained at 0.5 mV/s during this study. 

The current measured is plotted on a log scale and the corresponding voltage on a linear scale. The 

slope of the resulting plot curve is calculated using tafel extrapolation. The anodic and cathodic 

slopes are denoted with βA and βC.  These slopes are used to calculate the polarization resistance 

(ICORR) as [33]:  

𝐼𝐼𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =  
𝛽𝛽𝛽𝛽 𝛽𝛽𝛽𝛽

2.3 (𝑅𝑅𝑃𝑃) (𝛽𝛽𝛽𝛽 +  𝛽𝛽𝛽𝛽)
 

Once ICORR is determined, the corrosion rate can be calculated as [33]:  

𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟( 𝑚𝑚𝑚𝑚𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦) =  𝐾𝐾1
𝐼𝐼𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

 𝑑𝑑𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑑𝑑  
 𝐸𝐸𝐸𝐸.𝑊𝑊𝑟𝑟 

where K1 is 3.27 × 10−3, mm g/µA cm yr, density in g/cm3 and Eq. Wt is the equivalent weight 

calculated as 

Eq. Wt =   1

∑ 
𝑛𝑛𝑖𝑖𝑓𝑓𝑖𝑖
𝑊𝑊

 

where fi = the mass fraction of the ith element in the alloy,  

Wi = the atomic weight of the ith element in the alloy, and  

ni = the valence of the ith element of the alloy. 

2.3.3 Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a non-destructive electrochemical 

analysis technique that allows the quantification of chemical properties via the physical properties 
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[34]. The experimental procedures comprise of applying a wide range of sinusoidal frequency at a 

low AC voltage to the working electrode. The main advantage of EIS is lies in the high accuracy 

of data obtained that can predict the kinetics of the reaction. The biggest advantage is that a very 

small excitation amplitude is applied (this study will use 5 mV) for analysis. This cause a minimum 

perturbation to the equilibrium established during OCP. EIS is a non-destructive and near error 

free measurement technique. The following section discusses the analysis of EIS data and circuit 

fitting.  

Ohms law relates resistance and current by the equation V = I.R where R is the resistance, 

V is the voltage and I is the current in d.c systems. However resistance to current flow and voltage 

relation is not as straight in a.c systems. The resistance or the tendency to impede current flow in 

a.c systems is given as  

𝑍𝑍 =  𝑉𝑉𝑟𝑟𝑉𝑉 
𝐼𝐼𝑟𝑟𝑉𝑉�  

Where V is the a.c voltage and I is the a.c current and Z is the impedance. We use circuit 

elements to quantify the effects of various electrochemical processes taking place in a corroding 

system. A schematic of a metallic sample immersed in an electrolyte is shown in Figure 15. 

 

Figure 15: Schematic of EIS circuit overlaid on metallic sample immersed in an electrolyte. 
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The figure shows a double layer formed next to the metallic sample immersed in an 

electrolyte, which is denoted shown as capacitance. When perturbed with a small a.c input, the 

sample offers a resistance to the polarization, indicated as polarization resistance. The electrolyte 

into which the sample is immersed offers resistance which is quantified as solution resistance. 

Computing the magnitude of each of the circuit elements will help us understand the behavior of 

the electrochemical system [35].  

The magnitude of the resistance can be expressed as  

𝑅𝑅 = 𝑍𝑍𝑦𝑦𝑦𝑦𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑦𝑦𝑟𝑟𝑟𝑟𝑦𝑦  

The capacitance as 

1
𝐶𝐶𝑖𝑖𝛽𝛽

=  𝑍𝑍𝑟𝑟𝑦𝑦𝑐𝑐𝑦𝑦𝑟𝑟𝑟𝑟𝑟𝑟𝑦𝑦𝑟𝑟𝑟𝑟𝑦𝑦 

The inductance as  

𝐶𝐶𝑖𝑖𝑖𝑖 =  𝑍𝑍𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑦𝑦𝑟𝑟𝑟𝑟𝑦𝑦  

These circuit elements can be arranged to suite the physical equivalents in the 

electrochemical cell and the resultant magnitudes of impedance values can be calculated.  

For circuit elements connected in series, the resultant impedance is summation of the 

contributions from individual elements, and for series, it is one over summation of the reciprocals. 

Hence the equivalent circuit shown in Figure 8 can be written as  

𝑍𝑍 = 𝑍𝑍𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖𝑟𝑟𝑟𝑟𝑆𝑆𝑟𝑟 𝐶𝐶𝑦𝑦𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑦𝑦𝑟𝑟𝑟𝑟𝑦𝑦 + �
1

𝑍𝑍𝑃𝑃𝑆𝑆𝑆𝑆𝑦𝑦𝑦𝑦𝑟𝑟𝑃𝑃𝑦𝑦𝑟𝑟𝑟𝑟𝑆𝑆𝑟𝑟 𝐶𝐶𝑦𝑦𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑦𝑦𝑟𝑟𝑟𝑟𝑦𝑦
+

1
𝑍𝑍𝐶𝐶𝑦𝑦𝑐𝑐𝑦𝑦𝑟𝑟𝑟𝑟𝑟𝑟𝑦𝑦𝑟𝑟𝑟𝑟𝑦𝑦

�
−1

 

𝑍𝑍 = 𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖𝑟𝑟𝑟𝑟𝑆𝑆𝑟𝑟 𝐶𝐶𝑦𝑦𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑦𝑦𝑟𝑟𝑟𝑟𝑦𝑦 + �
1

𝑅𝑅𝑃𝑃𝑆𝑆𝑆𝑆𝑦𝑦𝑦𝑦𝑟𝑟𝑃𝑃𝑦𝑦𝑟𝑟𝑟𝑟𝑆𝑆𝑟𝑟 𝐶𝐶𝑦𝑦𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑦𝑦𝑟𝑟𝑟𝑟𝑦𝑦
+

1
1
𝐶𝐶𝑖𝑖𝛽𝛽

�

−1

 

𝑍𝑍 = 𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖𝑟𝑟𝑟𝑟𝑆𝑆𝑟𝑟 𝐶𝐶𝑦𝑦𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑦𝑦𝑟𝑟𝑟𝑟𝑦𝑦 + �
𝑅𝑅𝑃𝑃𝑆𝑆𝑆𝑆𝑦𝑦𝑦𝑦𝑟𝑟𝑃𝑃𝑦𝑦𝑟𝑟𝑟𝑟𝑆𝑆𝑟𝑟 𝐶𝐶𝑦𝑦𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑦𝑦𝑟𝑟𝑟𝑟𝑦𝑦

1 + 𝐶𝐶𝑖𝑖 𝑅𝑅𝑃𝑃𝑆𝑆𝑆𝑆𝑦𝑦𝑦𝑦𝑟𝑟𝑃𝑃𝑦𝑦𝑟𝑟𝑟𝑟𝑆𝑆𝑟𝑟 𝐶𝐶𝑦𝑦𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑦𝑦𝑟𝑟𝑟𝑟𝑦𝑦𝛽𝛽𝐶𝐶𝑦𝑦𝑐𝑐𝑦𝑦𝑟𝑟𝑟𝑟𝑟𝑟𝑦𝑦𝑟𝑟𝑟𝑟𝑦𝑦
�
1
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The EIS data can be represented as a Bode Plot or a Nyquist plot. Bode plot is constructed 

as log |Z| vs log f while Nyquist plot is constructed with Zreal and Zimaginary on the axis. Each method 

of data representation has its own advantage. The Nyquist plot usually looks like a semicircle and 

the magnitude of the radius of the arc is a measure of resistance. This is an advantage as the analysis 

is straight forward and makes the estimating the polarization resistance easier. The shape of the 

semicircle can also reveal about the corrosion mechanisms involved as will be discussed in the 

results and discussion sections. 

Very limited reports have been found that explore the corrosion behavior of metallic glass 

composites and single phase high entropy alloys. Tian et al [36] have reported the corrosion 

behavior of Zr58.5Ti14.3Nb5.2Cu6.1Ni4.9Be11.0 metallic glass matrix composite in NaCl solution at 

different concentrations and have found corrosion to occur preferentially around the phase 

boundary. Further, the corrosion current density initially increased with increasing Cl- 

concentration, after which dropped, due to decrease in dissolved oxygen content with increasing 

salt concentration. The lowered oxygen concentration led to the slowing cathodic reduction 

reaction and consequent increase of the degree of cathodic polarization.  

State of the art science corrosion science lacks understanding of the corrosion mechanisms 

in metallic glass composites, especially at deeply scaled dimensions. The phase wise response of 

constituent phases in composites can be estimated by electrochemical microscopy techniques such 

as scanning kelvin probe (SKP), scanning vibration electrode technique (SVET) and scanning 

electrochemical microscope. This work will use the SKP and SVET techniques, in addition to bulk 

corrosion mechanisms for evaluating the corrosion behavior of metallic glass composites.  
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2.4 Microcorrosion Evaluation 

Micro corrosion experiments are made using VersaSCAN™ Electrochemical Scanning 

System, made by Princeton Applied Research. The two techniques used in this work are as follows: 

2.4.1 Scanning Vibrating Electrode Technique (SVET) 

SVET measures potential field gradient drop in solution using a Pt/Ir wire. This potential 

drop results from local current changes on the surface of a sample (as shown in Figure 16), which 

occur naturally from galvanic corrosion, or under an externally applied potential.  

 
Figure 16: Current and potential fields created between galvanic couples. ΔE is the potential 

difference measured by SVET experiment. 

SVET a wire probe, allowing measurements of a small scale, and identify the galvanic 

activity on a phase-by-phase basis. Non-uniform corrosion sites, such as pitting nucleation, 

crevices can be easily identified. SVET can be measurements can be performed on a time lapse 

mode to identify transients in anodic and cathodic regions, as different areas cycle between 

passivating and activation regions.  
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2.4.2 Scanning Kelvin Probe (SKP)  

SKP is a non-destructive test procedure to measure the work function difference between 

probe and the sample. This process uses a W microprobe, positioned ~100 μm from the sample. 

Upon completing the circuit, one metal forms a positive charge on its surface and the other metal 

forms a negative charge on its surface, and a capacitor is formed through the dielectric lab air. 

External voltage is applied to null the capacitance formed, and this voltage is recorded. This is 

potential is used to estimate the volta potential [37], which is in turn correlated with corrosion 

potentials [38]. 
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CHAPTER 3 

PATHWAYS FOR ENHANCED WEAR AND CORROSION RESISTANCE IN BULK 

METALLIC GLASSES1 

3.1 Abstract 

Surface characteristics of two Zr-based bulk metallic glasses were evaluated in terms of 

their corrosion and wear behavior in as-cast and thermally relaxed states. Fully amorphous 

structure was retained with thermal relaxation below the glass transition. Wear tests showed the 

surface degradation behavior more sensitive to structural aspects, while potentiodynamic 

polarization and electrochemical impedance spectroscopy tests showed influence of both alloy 

composition and free volume. There was an increase in surface hardness and elastic modulus for 

both alloys after thermal relaxation. Nano-scratch tests showed significantly lower friction 

coefficient in the relaxed glasses as compared to as-cast state. This surface rejuvenation was 

explained based on annihilation of free volume.  

3.2 Introduction 

Bulk metallic glasses are attractive for a wide range of structural applications because of 

their ultra-high strength, close to theoretical elasticity [39], high hardness [40] and soft magnetic 

properties [41]. Many of these are desirable properties are attributed to the homogenous isotropic 

amorphous structure [42]. However, because of the non-equilibrium nature, this structure can 

change significantly with input of activation energy in any form and lead to changes in properties 

and performance [43]. Thermal activation serves as a versatile tool to control metallic glass 

properties because it is easy to use, can be applied to large sections and uniformly changes the 

                                                 
1 This chapter has been reproduced as is from the publication Amorphous Metallic Alloys: Pathways for Enhanced 
Wear and Corrosion Resistance, DOI: 10.1007/s11837-017-2384-9 with permission from publisher. 
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property in the bulk of the material. Unfortunately, thermal annealing has been shown to induce 

embrittlement in the metallic glass [23, 44-46]. However, the effect of annealing on surface 

properties such as corrosion and wear has not been evaluated. Understanding the effect of thermal 

treatment can lead identification of new alloy compositions, with superior properties. A large 

fraction of metallic glass applications are in the form of coating and thin films. Therefore 

understanding the change in the surface properties as a function of thermal activation has scientific 

and technological importance.  

Here, we report on the corrosion and wear of two Zr-based BMGs, namely 

Zr41.2Cu12.5Ni10Ti13.8Be22.5 (LM1) and Zr57Cu15.4Ni12.6Al10Nb5 (LM106) in as-cast and structurally 

relaxed states. These alloys were chosen as they can be cast into fully amorphous thick sections 

and are attractive for a number of structural applications. The corrosion behavior was evaluated in 

terms of electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization in a 

mild NaCl solution. Wear resistance was evaluated by sliding reciprocating tests. Nano-indentation 

and nano-scratch tests were performed to augment the bulk wear tests in understanding the surface 

degradation mechanisms at deeply scaled dimensions.  

3.3 Materials and Methods  

LM1 and LM106 metallic glasses samples prepared by copper mold suction casting were 

obtained from Liquidmetal Inc. Preliminary characterization was done by Differential Scanning 

Calorimetry (DSC) and X-Ray Diffraction (XRD) to confirm the amorphous nature of the alloys. 

DSC was carried out in Nietzsche 404 F1 Pegasus high temperature setup to determine the glass 

transition (Tg) and crystallization temperature (Tx) at a heating rate of 10 K/min. Proteus Analysis 

software was used to process the thermograms for identifying the transition temperatures. The 

samples were cut into square sections measuring 10 mm2 and 2 mm thick using low speed diamond 
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saw. For thermal relaxation the samples were annealed at 0.9 Tg for 4 hours in a vacuum tube 

furnace. XRD was performed using Rigaku III Ultima X-ray diffractometer with Cu-Kα radiation 

of wavelength 1.54 nm, at a scan rate of 0.5o per minute.  

3.3.1 Bulk and Nano Wear Testing 

Bulk wear properties were quantified in terms of wear volume loss and coefficient of 

friction. Reciprocating sliding wear tests were performed using Rtec Universal Tribometer (Rtec 

Instruments, San Jose, CA, USA). Dry test was performed using a WC ball of 3 mm diameter as a 

sliding counterface at 3 N normal load, reciprocating at 20 Hz for a total sliding duration of 20 

min. Wear volume loss was calculated using white light interferometry, with a 10× objective lens. 

Nano-mechanical studies were carried out using Hysitron Triboindenter TI-750L (Hysitron Inc, 

Minneapolis, MN). Nanoindentation was performed using a diamond Berkovich tip at 10,000 µN 

in load control mode comprising of 5 s loading, 2 s holding and 5 s unloading cycles. Nano-scratch 

was made at 3000 µN load with a displacement of 10 µm. The depth profiles were obtained using 

an in-built scanning probe microscope (SPM).  

3.3.2 Corrosion Testing 

Corrosion tests were carried out in 0.1 M NaCl solution, prepared from laboratory grade 

NaCl (Fisher Chemicals). A Gamry Paracell with standard three electrode cell configuration used. 

A high density graphite rod was used as counter, saturated calomel electrode (SCE) as reference, 

and the sample as working electrode was connected to Gamry Reference 3000 Potentiostat (Gamry 

Instruments Inc., Warminster, PA, USA). The volume of electrolyte was maintained constant at 

400 mL for all experiments. The tests were conducted after the system attained stable open circuit 

potential (EOCP), fluctuating less than 0.5 mV/min. Potentiodynamic polarization tests were carried 

out from 0.50 V below EOCP to an anodic current density of approximately 10-4 amps/cm2 at a scan 
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rate of 0.167 mV/s. Electrochemical Impedance Spectroscopy measurements were done under 

open circuit condition at a scan amplitude of 5 mV, frequency range of 10-2 to 105 Hz and at a rate 

of 10 points/decade.   

3.3.3 SEM and Auger Analysis 

Analysis of wear and pit morphology, and the microstructural changes were carried out in 

FEI (FEI NOVA) Scanning Electron Microscope (SEM) with inbuilt energy dispersive x-ray 

spectroscope (EDS). Wear debris was carefully collected on SEM grade conductive copper tape 

and was studied for tribolayer formation and delamination behavior. For in-depth, site specific 

analysis of corrosion products, Auger Electron Spectroscopy (AES) was used equipped with 670xi 

Scanning Auger Nanoprobe operating at 20 kV accelerating voltage and 10 nA probe current. The 

nature of oxides formed during corrosion were identified by their characteristic Raman spectra 

measured by Almega XR Raman spectrometer at a wavelength of 532 nm.  

3.4 Results and Discussion  

3.4.1 Differential Scanning Calorimetry Analysis  

The XRD patterns for the as-cast and relaxed LM1 are shown in Figure 17a and for LM106 

in Figure 17b. The broad XRD peaks confirm the fully amorphous nature of the starting and 

relaxed alloys. The DSC thermograms of the as-cast and relaxed LM1 and LM106 are shown in 

Figure 17c and 1d respectively, and the critical temperatures are summarized in Table 1.  
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Figure 17: XRD spectrum of as-cast and relaxed (a) LM1 and (b) LM106 showing fully 

amorphous structure; DSC thermogram of as-cast and relaxed glasses with glass transition (Tg) 
and crystallization (Tx) temperatures annotated for (c) LM1 and (d) LM106. 

The as-cast and relaxed DSC thermograms consist of characteristic exothermic peaks with 

devitrification. In addition, a small exothermic signal is seen just before glass transition region 

corresponding free volume in the glass is annihilation and the glass attaining a lower energy state. 

The area under this exothermic peak gives the enthalpy of structural relaxation, and is proportional 

of the amount of free volume present [47]. Heterogeneities in the form of free volume, chemical 

and topological short range ordering, significantly impact metallic glass [9]. The amount of free 

volume is also strongly dependent on the composition of the alloy, and the thermal cycle 

experienced during processing. LM1 and LM106 were cast into identical dimensions by copper 

mold suction technique experiencing similar cooling rates, but as-cast LM1 is seen to have higher 



27 

enthalpy of structural relaxation compared to as-cast LM106. This is attributed to the higher critical 

cooling rate of LM106 (10 K/s), compared to LM1 (2 K/s) [48]. An order of magnitude difference 

between the critical cooling rate and the processing rate locks in a higher amount of free volume 

in LM1 [49, 50].  

Table 1: Thermodynamic data obtained from DSC analysis. Tg, Tx and ∆HRelax represent the 
glass transition temperature, crystallization temperature and enthalpy of structural relaxation 

respectively.  

Material LM1 LM106 

Condition As-Cast Relaxed As-Cast Relaxed 

Tg (oC) 351 357 400 360 

Tx (oC) 468 455 477.1 448.71 

∆HRelax (J/g) 21 12 14 9 

Structural relaxation by annealing leads to free volume reduction by thermally activated movement 

of atoms [47, 51]. The extent of relaxation was found to be higher in LM1 (43%) as compared to 

LM106 (35%), which may be due to the larger difference between critical cooling and processing 

rate. Both the as-cast alloys show a small shoulder in the crystallization peak. This is attributed to 

icosahedral phase (i-phase) formation, identified by three-dimensional atom probe (3DAP) 

microscopy and Transmission Electron Microscopy [52]. The Tg and Tx values are lower for both 

alloys after relaxation, which is in line with the transition to a more stable glass. The DSC data for 

both alloys are summarized in Table 1. This effect may be further enhanced with relaxation for the 

Be-containing LM1, while it is not seen in the case of Be-free LM106. In case of relaxed LM1 this 

shoulder separates into a distinct small peak during crystallization while the shoulder disappears 

for LM106. I-phase formation in LM1 proceeds primarily via redistribution of smaller Be atom.  
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3.4.2 Bulk Wear Analysis 

SEM images of the sliding reciprocating wear tracks are shown in Figure 18a through 

Figure 18d.  

 
Figure 18: Scanning electron microscopy images of wear tracks on (a) LM1 As-cast (b) LM1 

relaxed (c) LM106 as-cast and (d) LM106 relaxed. The wear tracks on as-cast alloys show oxide 
formation and delamination compare to less damage for relaxed alloys. 

The wear tracks for as-cast LM1 and LM106 are shown in Figure 18a and Figure 18c respectively. 

The wear tracks for the as-cast alloys are characterized by sparsely distributed patches of 

constituent metal oxides. These patches are composed predominantly of oxides of Zr, Cu and Ti 

and constitute tribolayer, as they form in situ during sliding wear and are not found on the base 

metal itself. Certain regions in the wear track show tribolayers to be cracked, and delaminated due 
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to pull out. Material loss likely proceeds by initial formation of metal oxide tribolayer due to 

frictional heating, subsequent growth during sliding, followed by delamination when its thickness 

favors fall off. The morphology of the delaminated material had three prominent features:  

Small equiaxed particles that appeared bright in the SEM and had high oxygen content 

when analyzed by EDS.  

(i) Larger flake-like debris of oxides  

(ii) Deformed turnings which had a composition close to the base alloy  

These features indicate that wear is medium-high type, involving both oxide-on-oxide and 

metal-on-metal contact, with oxide-on-oxide being more pronounced. Along with tribolayer 

formation and delamination, deformation in the form of long parallel grooves inside the wear 

tracks is also observed. The wear tracks show signs of three body wear from amorphous and oxide 

particles trapped between the WC counterface and the sample. Previous studies showed that such 

oxide particles are about 20% harder than the matrix, which may easily scratch the surface during 

three body abrasion [53]. The dimensions of the wear tracks on the as-cast alloys are significantly 

larger than those on the relaxed one. The wear volume loss on the as-cast LM1 and LM106 was 

50.1 x 10-12 m3 and 114.6 x 10-12 m3 respectively. The wear volume loss on the relaxed LM1 and 

LM106 samples was 28.7 x 10-12 m3 and 80.5 x 10-12 m3
 respectively. The wear volume loss (Vw), 

hardness (H), sliding distance (S) and load (N) were substituted into Archard wear equation to 

obtain the dimensionless wear coefficient (K) as: 

𝐾𝐾 =  
𝑉𝑉𝑤𝑤 × 𝐻𝐻 
𝑆𝑆 × 𝑁𝑁

 

For comparison with standard engineering charts, the dimensional wear coefficient (k), was 

calculated as: 

𝑘𝑘 =  
𝑉𝑉𝑤𝑤

𝑆𝑆 × 𝑁𝑁
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The reciprocal of dimensional wear coefficient is the wear resistance, RW. The volume of 

material removed per slide is denoted as Q. All the critical wear parameters are summarized in 

Table 2.  

Table 2: Summary of wear parameters showing the relative performance of LM1 and LM106 in 
as-cast and relaxed condition. 

Material LM1 LM106 

Condition As-Cast Relaxed As-Cast Relaxed 

K 

(dimensionless) 3.85×10-3 2.60×10-3 9.59×10-3 7.07×10-3 

k  

(Pa-1) 5.84×10-13 3.35×10-13 1.33×10-12 9.39×10-13 

Rw  

(Pa) 
1.71×1012 2.98×1012 7.47×1011 1.06×1012 

Q 

(m2) 
1.75×10-12 1.00×10-12 4.01×10-12 2.81×10-12 

Hardness  

(GPa) 
6.59 ± 0.03 7.77 ± 0.04 7.17 ± 0.02 7.53 ± 0.06 

Modulus  

(GPa) 
107.47 ± 4.34 123.98 ± 6.52 97.33 ± 3.28 117.25 ± 4.96 

The wear coefficients and wear resistance rates clearly show the superior surface 

performance of the relaxed glasses over the as-cast glasses. Among the two alloys, LM1 shows 

better wear resistance than LM106. The mean coefficient of friction for both as-cast glasses were 

determined to be 0.45 from the bulk wear tests, comparable to the reported values on other Zr-

based glasses [54]. The counterface ball remained undamaged due to low hertzian contact stresses 
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[55]. The wear tracks for the relaxed alloys show markedly less delamination and damaged oxide 

layers. Mostly oxides in the form of particles and flakes are seen in the wear tracks. This marked 

change in wear behavior may be explained by lower coefficient of friction values 0.36 for LM1 

and 0.32 for LM106. Low coefficient of friction gene rates less frictional heating, resulting in less 

oxide formation. Therefore, tribolayer formation and delamination is not as pronounced as in the 

as-cast alloys. To further understand the wear mechanisms, nano-indentation and the nano-scratch 

tests were done. 

3.4.3 Nano-Indentation and Nano-Scratch Analysis 

The load-displacement curves obtained during nano-indentation of the as-cast and relaxed 

glasses are shown in Figure 19a and Figure 19b. The load-displacement curves for both alloys in 

as-cast condition are characterized by displacement bursts due to shear band formation. The 

relaxed glasses show higher hardness compared to the as-cast alloy. The increase in hardness is 

about 16.4% in LM1 and to 4.9% in LM106. The percentage change in hardness is proportional to 

change in ΔHrelax. An increase in modulus was also observed for the alloys after relaxation, 

although the extent of stiffening (ECast - ERelaxed) was more in LM106 compared to LM1. The 

hardness and modulus obtained from the load displacement curves are summarized in Table 2.  

The coefficient of friction recorded from scratch test are shown in Figure 19c and Figure 

19d. A clear trend emerges in the relaxed alloys, showing a homogenous transition of the indenter 

through the material. A non-uniform behavior characterized by spikes in friction values are seen 

for both alloys. In contrast a homogenous and uniform scratch is seen for the relaxed glasses. This 

is attributed to the annihilation of free volume and densification of the structure in relaxed glasses 

[56]. These observations are in line with previous studies [55, 57]. 
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The depth profiles for nano-scratches and corresponding SPM images are shown in Figure 

20a for LM1 and in Figure 20b. The scratch was observed to be more sensitive to the alloy 

condition than the composition. The extent of material pile up was significantly higher along the 

length of the scratch for both as-cast glasses. This material displacement may be a consequence of 

relaxation driven hardening and embrittlement resulting in ploughed brittle material deposited on 

the sides of the scratch track. On the other hand, the as-cast glass accommodates the indenter and 

results in material deformation rather than ploughing.  

 
Figure 19: Load displacement curves from nano-indentation of as-cast and relaxed (a) LM1 and 

(b) LM106. Coefficient of friction from nano-scratch of as-cast and relaxed (c) LM1 and (d) 
LM106. 
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Figure 20: Nano-scratch depth profiles for as-cast and relaxed (a) LM1 (b) LM106. SPM images 

for the as-cast and relaxed samples are shown in the insets. 

3.4.4 Electrochemical Behavior 

Potentiodynamic polarization results for the as-cast and relaxed LM1 are presented in 

Figure 21a and LM106 in Figure 21b. Tafel extrapolation was performed on the anodic and 

cathodic sections of the potentiodynamic plot within 30 mV of EOCP.  The point of intersection of 

Tafel slopes is gives ICORR (corrosion current density) and ECORR (corrosion potential) on X and Y 

axis respectively. The results of Tafel extrapolation are summarized in Table 3. The corrosion 

potential for the relaxed samples was lower for both the alloys. A similar trend was seen for pitting 

potentials as well. The corrosion current density for both the alloys decreased by roughly a factor 

of two in the relaxed state compared to the cast state.  

The corrosion penetration rate (CPR) was calculated from Faraday’s law as: 

𝛽𝛽𝐶𝐶𝑅𝑅 = [
𝐾𝐾𝐼𝐼𝑟𝑟𝑆𝑆𝑦𝑦𝑦𝑦𝐸𝐸𝑊𝑊
𝐷𝐷𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑑𝑑

] 

where K is 3.27 x 10-3 mm/g-µA-cm-yr, EW is the equivalent weight calculated as EW = 

{∑{𝐶𝐶𝑟𝑟𝑓𝑓𝑟𝑟/𝑊𝑊𝑟𝑟}}−1 where ni is the valence, fi is the mass fraction, and Wi is the atomic weight of the 

ith element of the alloy [58]. The corrosion rate for alloys in the relaxed state were lower compared 

to their respective as-cast states, although structural relaxation did not significantly change the 
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pitting resistance. Summarily, the trend in corrosion resistance was LM1 As-Cast < LM1 Relaxed 

< LM106 As-Cast < LM106 Relaxed. Free volume annihilation from relaxation results in lowered 

chemical potential for both alloy, which is supported by the reduced corrosion rates. Structural 

relaxation may also reduce the internal stresses which improves corrosion resistance of metallic 

glasses.  

 
Figure 21: Potentiodynamic polarization of (a) LM1 and (b) LM106; Electrochemical Impedance 

Spectroscopy for (c) LM1 and (d) LM106. The insets show in (c) and (d) the circuit used for 
simulating the data consisting of solution resistance (Rs), polarization resistance (RP) and 

constant phase element (CPE). 

Electrochemical impedance spectroscopy (EIS) measurements for all samples were done 

under stable open circuit conditions. The resulting Nyquist plot for LM1 in both conditions is 

shown in Figure 21c, and for LM106 in Figure 21d. The larger radius of arc of LM106 indicates 
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its higher polarization resistance compared to LM1. LM106 has larger polarization resistance (Rp) 

compared to LM1 in both conditions. A single loop in EIS indicates that the passive layer is non-

porous, stable and electrical double layer is predominantly capacitive in nature. To obtain the 

constituent elements, the EIS data was simulated in Gamry Echem Analyst Software using a 

modified Randall’s Cell. The circuit used for simulation is shown in the insets of Figure 21c and 

Figure 21d. The circuit was constructed to accommodate the resistance offered by the solution 

(RS), RP representing the polarization resistance and a constant phase element, CPE, to 

accommodate surface heterogeneities.  

The capacitance of the double layer formed was calculated as C = [𝑌𝑌0�𝑅𝑅𝑐𝑐�
1−𝑟𝑟

]1/𝑟𝑟 where 

Yo is the magnitude of the pure capacitor when the distribution coefficient “n” is set to 1 [59]. The 

results of simulation are summarized in Table 3, which confirm the higher polarization resistance 

for LM106 in as-cast as well as relaxed condition compared to LM1. The capacitance calculated 

for LM106 was 29.60 µF for as-cast and 17.60 µF for the relaxed sample, and that of LM1 was 

19.47 µF for as-cast and 13.17 µF for the relaxed sample. The trends in AC experiments closely 

match with the DC experiments in terms of corrosion resistance of LM106 compared to LM1 in 

as-cast and relaxed states. The pitting resistance and corrosion rates as calculated from 

potentiodynamic polarization are in line with the passivation resistance and capacitance calculated 

from electrochemical impedance spectroscopy. The solution resistance for both alloys was 

relatively close.  

Corrosion in both the alloys was in the form of pitting, with a hemispherical morphology. 

The pitting morphologies are shown in Figure 22a through Figure 22d. LM106 showed lesser 

extent of corrosion compared to LM1. 
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Table 3: Summary of potentiodynamic polarization and EIS results. ECORR is the corrosion 
potential, ICORR is the corrosion current density and, EPIT is the pitting potential. The corrosion 

rate is calculated from Faraday’s law. Simulation results from electrochemical impedance 
spectroscopy by Randall’s circuit gives resistant gives polarization resistance (Rp), Rs, Yo, n. 

Alloy 
LM1 LM106 

As Cast Relaxed As Cast Relaxed 

ECORR (mV) -200 -248.4 -266 -313.4 

ICORR (nA/cm2) 54.3 22.1 13.6 7.8 

EPIT (mV) -48 -125.4 -103 -144 

ΔEResistance  152 123 163 169 

Corrosion rate (mm/yr) 5.41 × 10-4 2.20 × 10-4 1.43 × 10-4 0.81 × 10-4 

RP (MΩ-cm2) 0.75 0.35 6.42 15.3 

RS (Ω-cm2) 27.36 52.07 36.18 61.87 

Yo 1.48E-05 9.48E-06 1.30E-05 1.12E-05 

n 0.899 0.914 0.843 0.92 

Capacitance (µF) 19.47 13.17 29.6 17.6 
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Figure 22: SEM images showing corrosion morphology on (a) as-cast LM1 and (b) LM106. 
Corrosion morphology for relaxed (c) LM1 and (d) LM106. The size of pits is much smaller on 
thermally relaxed glasses as compared to the as-cast alloys for the same duration of corrosion test. 

Also, the size and depth of pits was lesser in the relaxed glasses as compared to the as-cast 

glasses. The significant difference in corrosion behavior of these two alloy systems may be 

explained on the basis of alloy chemistry. Elemental analysis was carried out to understand the 

corrosion mechanism in terms of elements depleted from the alloy and corrosion products formed. 

Energy Dispersive X-ray Spectroscopy (EDS) spot scan was performed on the pit, corrosion 

products and the matrix. The spot scan on the matrix showed similar values as that of the base 

metal. Regions in the pit were severely depleted of Zr and Ti, and enriched with Cu. Traces of Cl 

and O were observed in the pits, which suggest formation of chlorides and oxides of these 
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elements. The EDS observations are summarized in Table 4. The depletion of the valve metals 

from the glass is in line with standard electrode potentials of the elements. Copper has relatively 

nobler electrode potential at 0.3419 V, followed by Ni, Nb, Ti and Zr, which explains the high 

selective leaching of Ti and Zr from the alloy. These are in line with observations in literature for 

other Zr-based bulk metallic glasses [60]. 

 
Figure 23: Raman spectroscopy results for (a) LM1 and (b) LM106. Oxides of Zr, Ni, Ti and Cu 
are present for LM1 and LM106. In case of LM106, additional peaks corresponding to Nb are 

observed, which may contribute to stronger passivation behavior. 

For further understanding of the corrosion product and the passive layer properties, the 

samples were analyzed by Raman and Auger electron spectroscopy. Heavily pitted samples were 

used for Auger and Raman Analysis to capture all the features of pits, at the stages of initiation, 

growth and corrosion products formation. The Raman spectroscopic measurements are shown in 

Figure 23a and Figure 23b. The peaks corresponding to oxides of Zr, Cu, Ni, Ti, and Nb were 

identified. Zr, Cu, and Ni oxides were found for both alloys, while complex Nb oxides were 

observed on only on LM106 sample [61, 62]. The Nb oxide peaks closely match with those formed 

during passivation over pure Nb during electrochemical testing performed in NaCl solution [63]. 

The presence of of Nb oxide passivation layer for LM106 explains its better corrosion resistance 

compared to LM1 [64-69].  
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The superior corrosion resistance of metallic glass alloys may be attributed to the absence 

of grain boundaries, which preferentially nucleate corrosion pits. Further, good glass formers like 

the alloys investigated in this study are free from small scale heterogeneities such as nano-

crystallites. In the present study, the two alloys are similar in their constituent alloying elements 

except Nb and Al in LM106 and Be and Ti in LM1. The nature of oxides formed by these elements 

determine the stability of passive layer, there by the electrochemical behavior of these alloys [65]. 

Zr in the current alloys not only forms a stable amorphous ZrO2 layer [70, 71], but also complex 

Zr-Nb compounds in the presence of Nb that significantly improves the passive layer 

characteristics. Studies on pure Nb showed that certain polymorphs of Nb oxides in the passive 

layer are amorphous [63]. The presence of stable and complex oxides in the passive layer 

substantially improve the electrochemical behavior of the alloys by increasing the pitting 

resistance and re-passivation ability. The single capacitive loop in the EIS study indicates a non-

porous passivation layer.  

Table 4: Alloy chemistry of the pit and matrix after corrosion test measured by EDS. Be could 
not be detected by EDS. 

Upon pitting and rupture of the passive layer, relative dissolution rates determine the 

volume of material lost due to corrosion. Among other constituent elements, Nb has the least rate 

of dissolution in Zr-based glasses [66]. Because of this, the corrosion rate and pitting intensity in 

Alloy Composition Location Zr Ti Nb Cu Ni Be Al 

LM1 Zr41.2Cu12.5Ni10Ti13.8Be22.5 Pit 1.59 0.6 - 93.94 2.26 0 - 

Matrix 55 14.4 - 16.66 13.65 0 - 

LM106 Zr₅₇Nb₅Cu₁₅.₄Ni₁₂.₆Al₁₀ Pit 4.28 - 0 77.09 6.47 - 0.43 

Matrix 54.05 - 1.19 29.35 13.75 - 0.05 
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Nb containing LM106 is lower compared to LM1. The amount of free volume in the glass 

decreased after structural relaxation. The glass attains near ideal state with annihilation of excess 

free volume as a consequence of which, the chemical potential of the glass is reduced. A glass with 

reduced chemical potential has lowered electrochemical activity in terms of rate at which it 

corrodes [72]. This chemical reordering may also reduce the internal stresses which in general has 

a beneficial effect on the corrosion resistance.  

3.5 Conclusions  

Thermal relaxation was observed to have a significant effect on the wear behavior 

corrosion resistance of metallic glasses. Two alloys with different chemistries showed similar 

behavior in terms of significantly improved surface properties after structural relaxation. Relaxed 

glasses showed significantly lower friction than the as-cast glasses at bulk and surface levels. 

Thermal relaxation lowered the corrosion rates in both alloys. LM106 showed lower corrosion rate 

in electrochemical corrosion testing compared to LM1 alloy which is attributed to the presence of 

Nb and its lower free volume. The wear behavior of the alloys was observed to be more sensitive 

to the structural condition, whereas the corrosion resistance was affected by structure and 

composition of the alloys.   
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CHAPTER 4 

DRY RECIPROCATING SLIDING WEAR BEHAVIOR AND MECHANISMS OF BULK 

METALLIC GLASS COMPOSITES2 

4.1 Abstract 

The dry sliding wear behavior and mechanisms in a bulk metallic glass composite, 

Ti48Zr20V12Cu5Be15, composed of in situ crystalline dendrites in an amorphous matrix, was studied 

in reciprocating mode against a WC counterface loaded at 5 N and 10 N. The composite showed 

higher wear rates but lower coefficient of friction compared to a monolithic fully amorphous glass. 

Nanomechanical characterization was done to map the hardness and modulus of the crystalline 

and amorphous constituents of the composite. Nano-scratch test was done on each phase to 

evaluate the coefficient of friction. The observed hardness values scale according to Archard’s 

relationship for sliding wear behavior. No tribolayer formation was seen for the composite in sharp 

contrast to that of the monolithic metallic glass. 

4.2 Introduction  

Bulk metallic glasses (BMGs) exhibit exceptional mechanical properties, high corrosion 

resistance, and soft magnetic properties due to their structural homogeneity and fully amorphous 

structure, free from grains and grain boundaries. Due to the high surface hardness, Zr-based BMGs 

show good wear resistance compared to alloys in the Pd-based, Mg-based, and La-based systems 

[23]. However, absence of crystalline slip planes and directions severely limit the tensile plasticity 

in these materials, limiting its wide spread use. Recently developed metallic glass composites 

(MGCs), with in situ crystalline ductile phase, demonstrate a combination of fracture toughness 

                                                 
2 This chapter has been reproduced as is from the publication Dry reciprocating sliding wear behavior and mechanisms 
of bulk metallic glass composites, Wear, Volumes 350–351, 15 March 2016, Pages 56–62 with permission from 
publisher 
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(K1C) and Young’s modulus (E) better than most known structural material [73]. MGCs have been 

tested under extreme environments including spacecraft shielding [13], and hence understanding 

their surface degradation behavior is important to extend their range of useful applications.   

While there are studies on wear behavior of BMGs [23, 54, 74-80], there are no reports 

that elucidate wear mechanisms in MGCs and comparative analysis with respect to a monolith 

BMG. In this study, we report on the wear behavior of a MGC, Ti48Zr20V12Cu5Be15, and compare 

it to a fully amorphous BMG, Zr41.2Cu12.5Ni10Ti13.8Be22.5. We have analyzed the materials’ 

response to reciprocating sliding wear. To understand response of each phase, nanomechanical 

measurements were carried out to obtain hardness and wear of the glassy matrix and in situ 

crystalline phase in the MGC. Similar set of experiments were performed on the monolithic BMG 

to understand the relative performance. White light interferometry (WLI) was used to quantify the 

wear volume loss, and scanning electron microscopy (SEM) was used to analyze the wear 

mechanisms.  

4.3 Experimental 

4.3.1 Wear Experiments 

The BMG and MGC samples were cut and polished up to 1200 grit for bulk wear analysis. 

Reciprocating sliding wear test was performed using Rtec Universal Tribometer (Rtec Instruments, 

San Jose, CA, USA). A WC ball of 3 mm diameter was used as a sliding counterface. WC was 

selected to eliminate counterface tribochemical phases, e.g., WO3, forming in the wear track that 

could otherwise bias the results. Tests were performed at loads of 5 N and 10 N with a reciprocating 

frequency of 5 Hz. The initial mean Hertzian contact stresses for these two loads are ~1.0 and 1.3 

GPa, respectively. These contact stresses were chosen to be both below and approximately at the 

1.3 GPa yield strength of the composite [2].  The stroke length was fixed at 1 mm. The tests were 
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run from 2 min to 20 min with incremental steps of 2 min and conducted in lab air (~50% RH). 

The wear tracks were sufficiently spaced apart to avoid effect from neighboring wear areas. The 

total sliding distance was calculated from the wear time, frequency of reciprocation and stroke 

length. Interferograms of the wear tracks were captured with 10X objective using white light. Wear 

volume loss was calculated using Gwyddion image processing software. The alloy samples were 

polished up to 1 µm finish for nanomechanical studies. Hysitron Tribometer TI-750L (Hysitron, 

Inc., Minneapolis, MN USA) was used to study the hardness and nano-wear behavior of both the 

alloys. Nanoindentation was performed using a Berkovich tip at 10,000 µN under load control 

mode comprising of 5 s loading, 2 s holding and 5 s unloading cycles. Nano-scratch was done at 

3000 µN load with a displacement of 5 µm.  

4.3.2 Electron Microscopy 

The microscopy was performed using FEI Quanta environmental scanning electron 

microscope (SEM). All the microstructures reported have been recorded in un-etched condition. 

Chemical changes on the samples were measured using energy dispersive x-ray spectrometer 

(EDS) in built with the SEM  

4.4 Results and Discussion 

4.4.1 Bulk Wear Characterization  

The back scattered electron images of MGC and monolithic BMG at the same 

magnification are shown in Figure 24 (a) and (b). The monolithic glass is homogeneous without 

any microstructural features. The amorphous matrix and crystalline dendrites are marked for the 

composite. A phase contrast is produced due to the atomic weights of the constituent elements, 

because of which the amorphous matrix appears bright and the crystalline phase appears dark. The 

metallic glass composite is composed of about 53 vol% amorphous phase with a nominal 
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composition Ti32Zr25V5Cu10Be28 and 47 vol% crystalline phase of composition 

Ti66V19Zr14Cu1.The crystalline phase area has an average dendritic arm width of about 20 µm. 

Figure 24 (c) - (f) show SEM and WLI images of the wear tracks of the composite and monolith. 

Figure 24 (c) and (e) show the wear volume loss for the composite after ~ 15 m sliding at 5 N and 

10 N respectively. Figure 24 (d) and (f) show the wear tracks on the monolith under similar testing 

conditions. The WLI images determined that the wear tracks on the MGC are deeper than the 

BMG. Wide and deep grooves can be seen on the MGC, while those on the BMG are narrow and 

shallow. The wear volume (WV) was calculated from the WLI images and is plotted against sliding 

distance (WS) as shown in figure 2 (a) and (b) for composite and monolithic BMG. The slope of 

the curve is a measure of the wear rate (WR) [81]. The WV is much lower when compared to 

conventional structural materials like dual phase steels [82]. The WV loss for the composite is 

relatively higher than the monolithic alloy. The WR increases almost linearly with increasing 

sliding distance and load for both alloys follow Archard’s relation [83]. The WR is higher for MGC 

than BMG at all test conditions. The mean coefficient of friction (mean-COF) for each test 

condition is shown in Figure 25 (c) and Figure 25(d). The composite alloy exhibits a lower mean-

COF compared to the monolithic alloy under both loading conditions. Small increments in the 

mean-COF is observed to also simultaneously result in an increase in wear volume loss. The mean-

COF is lower for both the materials when tested at 10 N compared to 5 N loading condition, 

showing a load dependency of friction behavior.  
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Figure 24: Backscattered SEM images of (a) MGC and (b) BMG. The WLI and SEM images of 
the wear tracks generated at 5 N load for (c) MGC and (d) BMG and at 10 N load for (e) MGC 

and (f) BMG. 
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Figure 25: The volume loss with sliding distance for (a) Monolithic BMG and (b) MGC at 5 and 
10 N respectively; Coefficient of friction on BMG and MGC at (c) 5 N load, and (d) 10 N load. 

 
Figure 26: Secondary electron SEM images showing wear track on (a) BMG and (b) MGC. 

Formation of a tribolayer consisting of oxides of Ti and Zr can be seen on the BMG. No 
tribolayer formation is seen on the MGC. 
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SEM images of wear tracks of MGC and BMG alloys after 16 m of sliding is presented in 

Figure 26 (a) and Figure 26 (b), respectively. Dark ‘scales’ of a tribolayer were observed on the 

BMG while no such distinguishable layer was seen on the MGC. EDS spot scan revealed these 

scales to be predominantly composed of oxides of Zr and Ti. Formation of oxygen-rich regions 

were observed when a similar monolithic alloy was tested in pin-on-disc configuration in air [84]. 

The 10 N loading resulted in thicker oxide layer as compared to 5 N for the same reason. This 

tribolayer may have a lubricating effect, as oxides are known to have in some cases [85] which 

explains lower mean-COF in the 10 N loading condition. This behavior corresponds to a more 

pronounced oxide layer formation at higher loads. The stepped trends in WR seen in the case of 10 

N loading (Figure 25 b) can be explained as formation, thickening, and subsequent delamination 

of the oxide layers resulting in regimes of stable and increasing wear rates, respectively. On the 

contrary, the MGC exhibits a relatively lower mean-COF. This could be due to the nature of the 

entrapped debris being soft and ductile that originate from the wearing crystalline dendrites. These 

ductile debris may lower the interfacial shear stress that results in lower mean-COF. Large amount 

of plastic deformation of the alloy can be seen in the form of material pile up at the wear track 

boundaries. The cumulative effective of these phenomenon results in a lower mean-COF for the 

MGC. Since the MGC is relatively ductile and has low mean-COF, load applied is expended to 

cause deformation. This explains the absence of thick oxide layer for the MGC. The amount of 

ductile debris generated increases with increasing load and 10 N loading has lower mean-COF 

compared to 5 N These observations are in line with the relatively lesser tendency of oxide layer 

formation on crystallized Zr based metallic glass alloys compared to extensive scale formation on 

as cast alloy during sliding wear [77].  
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BMGs typically undergo abrasive wear when subjected to sliding wear [86, 87]. Some 

studies reported adhesive wear from temperature rise and strain softening [86, 88]. The response 

of BMG to sliding reciprocating wear under the present testing condition is observed to be by 

abrasion. The wear tracks have narrow grooves that are parallel to each other, and extend along 

the entire length. These likely form due to three-body abrasive wear mechanism from wear 

particles trapped between the sample and the counterface. These grooves are caused when the 

protective tribolayer breaks under continued sliding, exposing the pristine glass which is prone to 

wearing. The third body could either be oxide particles that chip off from the surface or amorphous 

debris. The oxide particles cause three-body wear if their hardness is at least 20% higher than the 

matrix [53]. The third body particles can also be amorphous in nature and may be as hard as the 

matrix and potentially cause three body abrasive wear. Signs of an adhesive mechanism such as 

pull out of material from the base, transfer of debris to the counterface, and compositional 

similarity of wear particles to the base were not found in the case of the monolith.  

 
Figure 27: The microstructure of the wear tracks on the MGC are shown. (a) The microstructure 

of the MGC is characterized by preferential deformation of the crystalline phase, along with 
patches due to adhesive pull out. (b) Plastic deformation of the interdendritic amorphous phase 

and separation along the interphase boundary. Arrows denote separation along the interdendritic 
amorphous phase boundary. 
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Due to the crystalline-ductile phase present in the alloy, the MGC shows a wear behavior 

which is different than the fully amorphous monolith BMG. High magnification SEM images of 

the MGC inside the wear track are presented in Figure 27(a) and Figure 27(b). The crystalline 

phase is observed to be more susceptible to wear than the matrix. The micrographs reveals that 

almost entire crystalline phase undergoes wear, whereas interdendritic amorphous matrix has 

undergone plastic deformation and some narrow grooves as seen in the monolithic alloy. Deep 

ploughing marks are found on the crystalline dendrite, which appear to stop at the phase boundary. 

A large fraction of the wear particles appear dark, indicating that they originate from the crystalline 

phase. Therefore, these particles may have hardness similar to that of the crystalline phase. These 

particles may produce a three-body abrasive wear effect on the dendrites, but they do not abrade 

the matrix, which is harder. This may explain the termination of ploughing marks at the interphase 

boundary. The morphology of the worn surface indicates adhesive wear to be occurring on the 

crystalline phase. The crystalline phase is relatively ductile and can undergo plastic deformation 

during reciprocating mode. Figure 27 (b) shows separation at the interphase boundary, wear and 

delamination from the crystalline phase in the form of flakes. Plastic deformation of the 

interdendritic amorphous phase along the sliding direction can be seen. Preferred deep grooving 

on the crystalline phases over that of the amorphous matrix can be also be seen.  A mix-mode 

mechanism is seen to be active on the composite alloy, with wear of the dendrite by adhesive wear, 

along with abrasive wear of the matrix. 
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Figure 28: Microstructures of counterface: (a) Pristine Ball, (b) Ball with flake like wear 

particles adhered to the surface after interaction with the composite (c) Ball deformation after 
wear on the monolithic alloy; (d) Wear particles from the composite alloy (e) High magnification 
image of the wear particles in the inset showing presence of crystalline and amorphous phase in 

the flakes; (f) Wear particles from the monolithic BMG. 

Changes on the WC ball (counterface) were evaluated to check for ball deformation and 

adhesion (if any) that may explain the observed results. The pristine ball surface is shown in Figure 

28 (a). The ball surface after ~15 m sliding on the composite is shown is Figure 28 (b). To guide 

the eye, a circle is superimposed on the image to highlight the deformed region on the ball. It must 

be mentioned that the area demarcated in the circle has a curved surface and not flat. Wear debris 

in the shape of flakes were found adhering to the ball in and outside the contact area. The presence 

of this transfer film is a strong indicator of adhesive wear being operative. However, in the case of 

the BMG – WC interface, the contact surface is observed to be flat, and the area of deformation is 

smaller as compared to the MGC. The lower wear volume loss is consistent with the smaller ball 

– sample contact area seen as a bright circle. EDS scans on the particles adhered to the ball in both 

cases was performed. The debris consisted of less than 4% of oxygen in addition to the alloy 
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composition for the MGC indicating negligible oxide formation, although oxygen has low atomic 

number sensitivity in EDS. The fraction of wear particles adhered to the ball after testing the BMG 

sample were negligible. Spot scans of a few particles revealed large fractions of Zr, Ti and O. Wear 

particles were collected, and were subjected to similar analysis. The morphology of wear particles 

from the MGC is presented in Figure 28 (d) and (e) for BMG in (f). The wear debris from MGCs 

shows large flakes with a morphology similar to a ductile material. A high magnification image of 

a wear particle highlighted in Figure 28 (d) is shown in (e). The debris can be seen to be comprised 

of both phases from the base, as revealed by the respective Z-contrast. In contrast, the wear 

particles from the BMG exhibited hard pointed edges, and appeared brighter indicating the 

presence of a non-conductive oxide on the surface. The EDS results of the wear particles were 

similar to those found on the counterface.  

4.4.2 Nano-Mechanical Characterization  

Nano-indentation and nano-scratch was done to identify the contribution of hardness and 

coefficient of friction from each phase in the composite. A series of indentations were made to 

map the hardness variation across phases as shown in Figure 29 (a). The indentations were spaced 

20 µm apart to cover a large area. Magnified images of the indentations on the amorphous matrix, 

crystalline dendrite, and the interface are shown in Figure 29 (b), (c), and (d), respectively. The 

corresponding hardness and modulus values are shown in Figure 29 (e) and (f), respectively. The 

size of the indentation on the glassy matrix is smaller compared to the crystalline dendrite and that 

on the interface which indicate the higher hardness over the other two locations. The modulus of 

the glass is approximately 110 GPa and the crystalline dendrite is 87 + 3 GPa, while the interface 

lies in between these two values at 91 + 2 GPa. The glass is about 1.5 times harder at 7 GPa 
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compared to the dendrite hardness of 4.5 GPa. The crystalline dendrite with lower hardness has 

less resistance to deformation and thus is more prone to wear as compared to amorphous phase. 

 
Figure 29: (a) indentations performed for hardness mapping of each phase on the MGC. 

Individual indentations showing the relative deformation on the (b) Glassy Matrix (G) (c) 
Crystalline Dendrite (C) (d) Interface (I). The modulus and hardness calculated from the nano-

indentations is shown in (e) and (f) respectively. 

The observations on this reduced size scale correspond well with the behavior on the bulk scale. 

Loading and unloading curves on the respective phases are shown in Figure 30. The load versus 

displacement curves show a deeper indent for the softer phase compared to the harder amorphous 

matrix, which match well with the microstructural observations. The loading curve of the 

amorphous matrix shows serrations, which relate to the nucleation and propagation of plastic 

deformation in the form of shear bands. No such events are observed for the crystalline dendrite. 
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A few “pop-in” events are seen for the interface, which may be due to mixed mode deformation 

in the form of shear bands in the glass and plastic flow in the dendrite.  

 
Figure 30: The load displacement curves showing the relative penetration of the indenter on each 

phase. 

4.4.3 Nano-Scratch Test 

Nano-scratch test was performed on BMG and MGC to quantify the phase contribution of 

coefficient of friction. The results of the scratch test are presented in Figure 31 (a) and (b) for BMG 

and MGC, respectively. The microstructure of the nano-scratches on the crystalline phases and 

amorphous phases is shown in Figure 31 (c) and (d) respectively.  

The scratch appears to have a smooth deformation profile on the crystalline phase and a 

non-uniform track on the glass. The scratch is wider and deeper on the crystalline phase (Figure 

31 (a)) as compared to the amorphous phase (Figure 31 (d)) which is consistent with the 

observations in Figure 29 (b) (c) and (f). The corresponding profile of coefficient of friction is 

smooth on the crystalline phase and saw-tooth type on the amorphous phase. This may be 

explained by uniform deformation occurring on the crystalline phase and non-uniform deformation 

in the form of shear bands on the amorphous phase. Reports also suggest accumulation of debris 

on the rake face of the indenter due to adhesive forces existing between the Berkovich indenter 
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and the sample which may explain the higher coefficient of friction [57]. Similar values of 

coefficient of friction for the amorphous phase of the composite and the monolithic alloys may 

indicate that the coefficient of friction is more influenced by the amorphous nature of the alloy 

rather than the chemical composition and hardness. The overall coefficient of friction of the MGC 

approximated by rule of mixtures is lower than the monolithic BMG, which is in line with the 

mean coefficient of friction values obtained from the bulk wear studies. 

 
Figure 31: Coefficient of friction of (a) BMG and (b) MGC. The nano-scratch on (c) crystalline 

dendrite and (d) amorphous matrix. 

4.5 Conclusions 

The wear behavior of Ti48Zr20V12Cu5Be15 bulk metallic glass composite against a WC 
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counterface was studied under dry sliding reciprocating condition. The study was carried out to 

understand the response of crystalline and amorphous parts in the composite. The following are 

the conclusions of the investigation: The monolithic bulk metallic glass is observed to have lower 

wear rates than the metallic glass composite with in situ crystalline dendritic phase. Although the 

amorphous matrix of the composite and the monolithic alloy have similar hardness and coefficient 

of friction values, the bulk response was largely influenced by the presence of ductile crystalline 

phase, which is responsible for lowering of coefficient of friction. Further friction reduction in the 

composite was due to wear debris transferring to the counterface resulting in self-mated sliding. 

The crystalline phase was observed to be more susceptible to wear due to adhesion and third body 

abrasion compared to the glass which was predominantly abrasive. Tribolayer comprising of 

complex metal oxides was observed to form over the monolithic alloy, while no such layer was 

seen in the case of composite. 
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CHAPTER 5 

SURFACE DEGRADATION CHARACTERISTICS OF Zr-BASED  

METALLIC GLASS COMPOSITE 

5.1 Abstract 

Surface degradation during wear and corrosion of Zr-based metallic glass composite 

Zr56.2Ti13.8Nb5.0Cu6.9Ni5.6Be12.5 with amorphous matrix and in situ crystalline dendrites was 

evaluated. Resistance to sliding reciprocating wear was evaluated at 5 N and 10 N loads against 

WC counterface. Corrosion was evaluated by prolonged open circuit analysis and potentiodynamic 

polarization observation. Site specific nanomechanical behavior was characterized for 

understanding phase-wise wear response of amorphous and crystalline parts. Work function 

measurements by scanning kelvin probe microscope was used to explain stiction and coefficient 

of friction behavior. Variation in corrosion potentials was mapped by scanning vibration electrode 

technique, and was used to explain the preferential corrosion behavior of each phase. 

5.2 Introduction 

Materials technology has seen a paradigm shift in strength and toughness combination with 

the advent of a new class of materials called metallic glass composites (MGC). MGCs have been 

reported to have pierced through the envelope of materials properties known for most commercial 

alloys on the Ashby’s plot [12, 73]. The superior properties of two distinct classes of materials, 

namely, bulk metallic glasses and crystalline alloys is brought together in MGCs [89]. Metallic glass 

composites, as the name suggests have an amorphous matrix with ductile crystalline phase 

reinforcement embedded in situ [90]. These phases are formed by partitioning of solute constituent 

in the alloy melt producing the crystalline dendrite, while the remaining alloy freezes as amorphous 

matrix. The presence of these second phase crystalline dendrites imparts significant ductility and 
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toughness, overcoming the problem with monolithic bulk metallic glasses (BMG). In comparison 

to BMG, which exhibit less than 2% strain, the composite alloys have been shown to possess as 

high as 10% tensile ductility [69]. These materials are being extensively explored for several 

extraterrestrial applications due to their excellent properties that meet the requirements on outer 

space components [13]. These materials can potentially solve several application demands where 

extreme combination strength and toughness is required. The application worthiness of the alloys 

cannot be fully determined without a complete understanding of their surface degradation 

properties, especially by wear and corrosion.  

Some advancement in understanding the corrosion and wear behavior of metallic glass 

composites has been made [24, 91, 92]. However these studies focus on the bulk and macroscopic 

properties, and do not delve on the inherent two phase composite structure of the alloys. There is 

also a lack of understanding on the phase specific material degradation mechanisms. We have 

attempted to answer three fundamental questions to guide identification of surface degradation 

behavior of these alloys:  

1. What is the effect of hardness and modulus on the wear of the alloy system?  

2. Which of the two phases is a more susceptible to wear and corrosion?  

3. What causes such preference to set in? 

We have attempted to answer these question by studying the bulk behavior and augmenting 

it with site specific analysis technique. Load sensitivity of wear behavior was characterized by 

carrying out experiments at 5 N and 10 N in sliding reciprocating mode. Corrosion was evaluated 

in 1 M NaCl solution by open circuit potential and potentiodynamic polarization tests. Site specific 

mechanical properties were quantified by nano-indentation and nano-scratch tests. Results from 
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scanning kelvin probe and scanning vibration electrode technique were used to explain corrosion 

and wear results. 

5.3 Experimental  

5.3.1 Wear Tests 

Metallic glass composite samples were cut and polished to 1200 grit finish according to 

ASTM standard E3-11. Preliminary characterization was carried out by collecting 

microstructures and mapping the elemental distribution by energy dispersive x-ray spectroscopy 

(EDS) in built with FEI Quanta environmental scanning electron microscope (SEM). Phase-specific 

hardness and modulus was determined by nano-indentation technique, using Hysitron Tribo Indenter 

TI-750L (Hysitron, Inc., Minneapolis, MN USA). The experimental schedule comprised of 

performing 10 arrays of indentations, each array comprising of 12 indents, forming a 10×12 

matrix. Each hardness and modulus reading was matched one-to-one with its indentation site via 

SEM micrographs, there by identifying the phase-wise values. Nano-indentation recipe consisted of 

5 s loading, 2 s holding and 5 s unloading cycles, under Berkovich tip at 10,000 µN load. Similarly 

four sets of nano-scratch tests were performed. Each test set was comprised of 5 scratches spaced 

50 µm apart for evaluating the phase wise coefficient of friction values.  Nano-scratch was done 

at 3000 µN load with a displacement of 10 µm. Bulk wear analysis was carried out in Rtec 

Universal Tribometer (Rtec Instruments, San Jose, CA, USA). A 3 mm WC ball was used as 

counterface. Tests were performed at Hertzian contact pressures of 1.8 GPa and 2.1 GPa, 5 Hz 

frequency of reciprocation and a stroke length of 1 mm. The tests were run from 1 m to 15 m 

(corresponding to sliding duration of 2 to 20 min) with incremental steps of 1 m (2 minutes interval) 

in lab air (≈47% RH). 
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5.3.2 Bulk Electrochemical Tests 

Electrochemical studies were performed using a three electrode cell comprising of a high 

density graphite plate as the counter electrode, saturated calomel electrode as the reference electrode, 

and the composite sample as the working electrode, connected to Gamry Ref 3000 Potentiostat.  

Sample was exposed via a 6 mm diameter orifice for each iterations. 1 M NaCl solution (prepared 

from Fisher Scientific laboratory grade chemicals) was for used all electrochemical experiments. 

The electrolyte volume for bulk corrosion tests was 400 mL. Sample behavior under open circuit 

conditions (OCP) was observed for 60 hours. Potentiodynamic polarization was carried out from 0.25 

V under the stable OCP conditions at a scan rate of 0.167 mV/s. The test terminated after pitting, 

seen as a surge of current in the system. 

5.3.3 Micro Electrochemical Tests 

Site specific electrochemical behavior was evaluated by Princeton Applied Research 

scanning electrochemical microscope (SECM). Samples for site specific analysis were made by cold 

mounting and polishing the samples, and polishing to 0.5 micron diamond finish. The mount was firmly 

clamped into the electrochemical microscope test cell. The cell (capacity 40 mL) was filled with 

1 M NaCl solution for Scanning Vibration Electrode Technique (SVET). The SVET analysis was 

conducted with Versa SCAN micro scanning electrochemical workstation with vibrating Pt/Ir wire 

with diameter of about 10µm probe. The probe movement was controlled with a piezoelectric 

motion controller over XY plane. A stable OCP was ensured by running a potential-time (E-t) 

test with the PARSTAT Potentiostat. All the SVET tests were carried out at no external bias. A 

sample area of 0.1 mm × 0.1 mm was scanned for SVET analysis with a step size of 5 µm/s at a 

time constant of 20 ms. The amplitude of the probe vibration was set to 30 µm normal to surface 

with a frequency of 80 Hz. The probe to sample distance was maintained at 100 µm. The SVET 
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area scans were recorded at three different time intervals, namely 0h, 24 h and 96 h. The scanning 

kelvin probe (SKP) module was used for relative change in work function over an area of 50 µm2 

comprising of amorphous and crystalline phases. A graphite probe was used a reference during SKP 

measurements. Work function was determined at working distance of 100 µm, with dry lab air 

between the probe and the sample. 

5.4 Results and Discussion 

5.4.1 Preliminary Characterization 

A SEM image of the composite is shown in Figure 32a. The elemental maps generated by 

EDS are shown in Figure 32b through Figure 32e, and an overlay is shown in Figure 32f. The 

nominal composition of the alloy was Zr56.2Ti13.8Nb5.0Cu6.9Ni5.6Be12.5 with amorphous matrix of 

composition Zr46.8Ti12.6Nb6.5Cu20.8Ni13.2 and in situ crystalline dendrites of 

Zr72.4Ti9.4Nb13.8Cu2.4Ni2.0. Be could not be detected by EDS. The crystalline phase had a higher 

amount of Zr and Nb, while the amorphous matrix had more of Ti, Cu and Ni. 

 
Figure 32: Elemental Composition of Metallic Glass Composite showing elemental distribution 

in the amorphous matrix and crystalline dendrites. 
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5.4.2 Bulk Wear Characterization 

The wear rates and coefficient of friction values from the bulk wear tests at 5 N load are 

shown in Figure 33a. The optical interferometry images of wear track at the end of test 

(corresponding to ≈ 15 m of sliding) is shown in Figure 33b. The data at 10 N load is shown in Figure 

33c and Figure 33d. The wear rate for both test conditions drops continually with increasing sliding 

distance. Steady state is reached sooner for 10 N compared to 5 N loading condition which may be 

attributed to early smoothing of surface asperities at higher loads. The wear rate and wear volume 

loss for 10 N is significantly higher than 5 N test condition, as seen from the interferograms in Figure 

33b and Figure 33d. The mean coefficient of friction values are similar for both test conditions. 

 
Figure 33: Bulk wear results:  Wear rate and coefficient of friction values at (a) 5N and (b) 10 N 

test; corresponding interferograms after 20 min sliding at (c) 5N and (d) 10 N. 
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Representative wear track at the end of 15 m sliding (20 min of test duration) under 10 N is 

shown in Figure 34a. The morphology and wear features were similar under 5 N, but are more 

predominantly observed on 10 N track. The bulk deformation under a spherical indenter showed 

uniform, simultaneous compression of both phases.  

 
Figure 34 Bulk wear results: (a) Representative wear track after 20 min of sliding under 10 N 

load; (b) sample morphology in the track showing uniform deformation on the matrix and 
dendrite; (c) wear debris formed due to sliding wear; (d) interphase delamination between the 

amorphous and crystalline phases at the periphery of the wear track. 

Unlike the Ti-based alloy [55], where preferred adhesion and pull out of crystalline phase 

dominated the wear mechanism, no preferred interaction between the counterface and either of the 
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constituent phases was observed on this alloy. Smooth wear scars are seen in the low magnification 

SEM image (Figure 34a). At higher magnification (Figure 34b), the surface appears smooth with 

very faint scuff marks, and complete annihilation of surface undulations by simple, repeated wearing. 

A small volume of wear debris formed, comprised of both phases, identified from the Z-contrast in 

Figure 34c. A significant difference in wear behavior is the inter-phase delamination at the periphery 

of the wear tracks as seen in Figure 34d. Such delamination extended from the periphery to about 

75 µm from the edge of the wear track. This behavior was not observed inside the wear track or on 

the bulk of as-cast material, beyond 75 µm from the edge of the wear track. The delamination 

behavior on the periphery can be explained due to the stress gradient away from the point of loading 

contact., acting on interconnected network of dendrites [93]. A material when loaded under a 

spherical indentor can respond in two possible ways. There could be pile up or sink-in of material in 

the vicinity of the indentation [94-96]. The tendency to sink-in increases with increasing ratio of 

hardness to modulus (H/E). The composite shows significantly higher hardness to modulus ratio 

compared to commercial engineering materials, and therefore exhibits a tendency to sink-in than pile 

up [97]. The stress gradient across the wear track boundary acting on interfaces results in de-bonding 

along the phase boundary as seen in Figure 34d. EDS was performed on the wear tracks and wear 

debris to identify oxidation / oxidative wear. The spot scan spectra show very little oxidation of the 

wear debris, and negligible oxidation on the wear track. This also serves as an indicator of relatively 

low temperature rise during sliding reciprocation. 

Nano-indentation and nano-scratch was done on the amorphous matrix and crystalline 

dendrite individually to obtain phase-specific surface properties. The load displacement curves 

are shown in Figure 35. Serrated profile was seen for the loading curve of the amorphous matrix, which 

is attributed to shear band formation to accommodate plastic strain.  
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Figure 35: Phase specific nano-indentation results (a) SEM images showing indentations on 

bright crystalline dendrite, interface and dark amorphous matrix; (b) load vs displacement curves 
obtained at the respective phases. Displacement on the amorphous matrix is lowest, indicating 
higher hardness. Hardness is lowest on the crystalline dendrite, and the hardness interface lies 

between that of matrix and interface. The phase specific scratches on (c) crystalline dendrite (d) 
coefficient of friction and (e) amorphous matrix and corresponding friction in (f). 
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The hardness and modulus from nano-indentation tests are summarized in Table 5. The 

matrix has slightly higher hardness and modulus values, as compared to the crystalline dendrites. 

The H/E is lower for the crystalline phase than for the amorphous phase. H/E ratio is an indicator 

of elastic to plastic transition, and is higher for amorphous matrix than the crystalline phase. This 

shows that the amorphous matrix transitions into plastic deformation more easily than the 

crystalline phase. This difference in behavior explains the more plastic "sink-in" of the matrix, and 

a consequent inter-phase delamination, as seen in bulk wear tests. 

The coefficient of friction values determined by nano-scratch tests, and the scratch 

morphologies are shown in Figure 35c through f. A uniform friction value over the length of the 

scratch was observed on the crystalline phase Figure 35d, while a saw-tooth type profile was seen for 

the amorphous matrix (Figure 35f. The magnitude of friction was lower for the crystalline phase 

(≈0.22), as compared to the amorphous matrix, (varying between 0.35 and 0.27). The irregular 

friction profiles can be due to shear band formation, as the indenter deformed the matrix or due to 

stick-slip type interaction between the tip and the sample no evidence of prow formation ahead of the 

leading tip was noticed in any of the wear tracks studied. 

Table 5: Phase specific Hardness and Modulus results from nanoindentation experiments 

Indentation site Hardness (GPa) Modulus (GPa) H/E ×10−3 (H/E)2  ×10−3 

Dendrite 5.98 109.48 54.34 2.95 
Interface 6.75 110.89 60.87 3.70 
Matrix 7.14 114.72 62.23 3.87 

5.4.3 Bulk Corrosion Characterization 

Surface degradation when exposed to NaCl solution was evaluated by simply suspending the 

sample in 1 M NaCl solution. The open circuit potential measured when no external current 

applied is shown in Figure 36a. The sample was exposed to corrosive atmosphere for 72 hours, 

to capture various stages of passivation, break down due to corrosion and re-passivation 
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phenomenon occurring as a function of time. This process closely replicates the behavior of the 

alloy when put to service in corrosive environments, when no external loads or currents affect the 

system. The OCP shows instantaneous attainment of passivation when in contact with the 

electrolyte. The passive layer breaks down after 12 hours of exposure, seen as a potential drop, 

after which the sample continually oscillates between passivation and rupture until the potential rises 

back to the initial OCP value, corresponding to re-passivation of the surface.  

 
Figure 36: (a) Variation of open circuit potential over prolonged duration (b) Potentiodynamic 

polarization curve of LM2 (c) Low magnification SEM image showing the density and 
distribution of pitting on the metallic glass composite (d) High magnification image of the inset 

highlighting interface corrosion due to galvanic coupling. 

The re-passivized sample did not show any potential transients for over 40 hours, and 

potentially continually increased. The test was terminated at 72 hour mark due to passive layer 
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stability. Potentiodynamic polarization test after the sample attained. The resulting potentiogram is 

shown in Figure 36b. Multiple events of short current spikes are seen on the cathodic branch of the 

potentiogram, which may be from the one of the heterogeneous components of the alloy. These indicate 

presence of unstable microgalvanic couples present in the alloy that corrode during the cathodic 

polarization. The anodic branch was relatively smooth. The transient pitting event was seen on at ≈ 

140 mV and a current density of 33 nA/cm2. The current value continued to surge till 1.73 µA/cm2, 

after the potential rise was steep, and no further pitting was observed. The slope of the anodic curve 

after intermittent pitting was higher indicating play of protective mechanism operating in the alloy 

surface. The pitting morphologies after potentiodynamic polarization tests is shown in Figure 36c 

and Figure 36d. A low magnification image showing pitting number density and site specificity 

clearly indicates galvanic coupling to be a predominant corrosion mechanism. Pit features are more 

clearly seen in the high magnification secondary electron image (Figure 36d) of a site highlighted 

in Figure 36c. The SE image shows pit nucleation site at the interphase boundaries, and preferentially 

corroding the matrix regions in between the dendrites. This may also be an indicator of the unfavorable 

ratio of anode to cathode sites. A small anodic region trapped between highly cathodic sites gets 

depleted more rapidly than the converse. No depletion / pitting over the crystalline dendrite was 

observed on the entire sample. 

5.4.4 Site-Specific Electrochemical Analysis 

To quantify phase-wise surface properties, SKP microscopy was used to scan the 

surface and create a relative work function map. A representative microstructure at same 

magnification of the area scanned for work function mapping is shown in Figure 37a.  
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Figure 37 (a) A representative microstructure of alloy surface scanned by SKP for relative work 

function difference mapping (b) Variation in relative work function measured over 100 µm 
square area. The regions in red correspond to the crystalline phase, while continuous blue region 

corresponds to matrix. 

The work function map is shown Figure 37b. The red regions in the map are 

discontinuous, and resemble the shape of dendrites, as outlined to guide the reader’s eye. The 

martix is shown with yellow-blue hues, and can be identified with its continuous nature. The map 

clearly shows crystalline phase has higher relative work function, than the amorphous matrix. A 

direct relation between corrosion potentials and work function has been established on several 

crystalline [38, 98] and amorphous materials [99]. Typically, alloys with higher work function 

show better corrosion resistance in both amorphous and crystalline systems. Higher work function 

corresponds to lower electropositive behavior of alloys. Therefore amorphous matrix, with lower 

work function, exhibits higher electropositivity, as compared to crystalline dendrite, which has 

higher work function, and consequently lower electropositivity. This observation also explains the 

observed nano-scratch behavior. More electropositive alloys / metals that are chemically reactive 

show higher adhesion compared to alloys that are relatively nonreactive / neutral. This matches 

very closely with the COF values seen in nano-scratch test. Higher electropositive nature of the 
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matrix may have resulted in stronger adhesive forces between indenter and the matrix, seen as 

higher COF than the crystalline dendrite [100, 101]. 

SKP measurements give qualitative information in dry atmospheres. For phase specific 

information in wet atmospheres, SVET measurements were performed in same electrolyte as OCP 

and potentiodynamic polarization. The corrosion potential distribution on the alloy surface after 

attainment of stable E-t curve is shown in Figure 38a.  

 
Figure 38: Potential change variation measured by scanning vibration electrode technique at (a) 
initiation of immersion (b) 24 hours of immersion and (c) 96 hours of immersion in 1 M NaCl 

(d) Topography contrast image after 96 h immersion during SVET test showing uniform 
corrosion of the matrix and consequent alto-rilievo type appearance of the dendrite form the 

surface, and pitting on the interphase boundaries. 
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The image shows regions of high and low potentials regions that represent active 

electrochemical sites, which can be develop into pit initiation or transient anodic sites. These may 

grow into pits or may passivate with time [102] . In this case, the strength of the these sites is 

relatively low at ranging between 0.2 mV and 4mV. Potential variation with time was mapped 

by leaving the sample undisturbed for prolonged durations. The 3D potentiogram after 24 hours 

of immersion is shown in Figure 38b. The number density of anodic sites has increased, along with 

reduction of individual peak strength. This indicates the active nature of the surface with 

simultaneous initiation of new anodic sites, passivation of previously formed sites, and sustained 

increase in the anodic potential of few others. The potentiogram after 96 h of immersion is 

significantly different from the 0 h and 24 h plot. Some peaks that formed at the 24 hour mark have 

completely disappeared, indicating passivation whereas for some, the potential value of pre-existing 

peaks have increased remarkably which can be related to progressive corrosion to from stable anodic 

sites. These pits have formed due to the fixed sites of anodic dissolution during immersion in corrosive 

solution [102]. The higher net potential values of these pits show higher corrosion intensity and are 

manifest as continuous corrosion attack forming pits. Figure 38d shows the sample after 96 h exposure 

to the electrolyte. The SEM micrographs after 96 h exposure shows two corrosion mechanisms to 

occur simultaneously. First, there is a uniform dissolution of alloy matrix, and consequent embossed 

type relief of the dendrites. The preferred corrosion of matrix over dendrite arises from the 

compositional variation between the two phases. The compositions of the amorphous matrix is 

Zr46.8Ti12.6Nb6.5Cu20.8Ni13.2 and that of the crystalline phase is Zr72.4Ti9.4Nb13.8Cu2.4Ni2.0. A 

microcapillary flow injection inductively coupled plasma mass spectrometry technique was used for 

estimating the relative rate of dissolution of elements from glass. It was found that among the 

elements, Cu has the highest dissolution rate, followed by Ni. The dissolution rate was lowest for Nb 
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species, followed by Zr [66]. The composition of the crystalline phase is enriched with low dissolving 

elements Nb: 13.8% vs 6.2% in the matrix, Zr: 72.4% vs 46.8% in the matrix. The matrix contains 

higher volume of rapidly dissolving elements viz., Cu: 20.8% vs 2.4 in the dendrite, and Ni: 13.2% 

vs 2.0% in the dendrite. This serves as an indicator of higher electrochemical dissolution behavior of 

the matrix as compared to the dendrite, and from the alloy composition standpoint explains the reason 

for the observed corrosion difference between the phases. 

Secondly, there are also some pitting sites, that correspond with the anodic peaks seen in the 

SVET data. There are multiple pit sizes varying from very small to large, which also corresponds very 

well to small and large peak intensities. Based on the SVET peak positions, bulk pitting morphology, 

and observation from Figure 34d, it can be safely claimed that these stable galvanic sites are at the 

interphase boundaries. These sites are sensitive to corrosion due to the sharp composition variation 

across the phase boundary, along with significant difference in the crystal structure (or their lack of). 

Preferential corrosion of amorphous matrix than the crystalline dendrites was seen in other amorphous 

- nanostructure-dendrite composites [103] . These observations are in line with bulk corrosion 

experiments, where we see preferred pit initiation sites on phase boundaries. The observations in 

SVET tests match fairly well with the OCP data, in terms of multiple transients of corrosion and re-

passivation over an extended period of time, although the kinetics are slightly different due difference 

in nature of test equipment, and site to site variations in phase fractions. 

There is a close concurrence between SVET, SKP and bulk corrosion tests. SKP shows the 

matrix to be more electropositive, and microstructure after SVET shows uniform corrosion of the 

matrix. OCP and potentiodynamic polarization shows corrosion restricted to amorphous and interface 

regions leaving crystalline regions, which is in line with the work function observations. SKP also 

explains the wear and friction behavior. The stiction and irregular COF values seen on the nano-
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scratch tests on the matrix, match well with the electropositivity values, and in turn with the bulk and 

microscopic corrosion results. 

5.5 Conclusions 

In conclusion, answers to the initial research motivation can be summarized as follows: 

1. The difference in the hardness and modulus of the two phases was ≈ 20 and 5% 

respectively. The relative homogeneity of the mechanical properties is reflected as uniform wear 

deformation on both phases. H/E and (H/E)2 values indicate higher elasticity of the amorphous 

matrix, and deformability of the crystalline phases, resulting in inter-phase delamination. 

2. Higher electropositivity of the matrix caused stiction, and saw-tooth type profile on the 

coefficient of friction values measured by nano-scratch test. Time resolved COF plot of during 

bulk tests also showed stiction, which increased with test load. Bulk and microscopic corrosion 

tests showed matrix to be more susceptible to corrosion than crystalline dendrites. This is due to 

relative proportions of elements with higher rate of dissolution in the respective phases. 
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CHAPTER 6 

RECIPROCATING SLIDING WEAR BEHAVIOR OF HIGH ENTROPY ALLOYS IN DRY 

AND MARINE ENVIRONMENTS3 

6.1 Abstract 

The reciprocating sliding wear behavior of two high entropy alloys, CoCrFeMnNi and 

Al0.1CoCrFeNi, was evaluated in dry and marine environments. Both the alloys showed better wear 

performance in marine atmosphere as compared to dry condition, indicating negative synergy of 

wear and corrosion. Al0.1CoCrFeNi was more wear resistant compared to CoCrFeMnNi. 

Accelerated electrochemical corrosion tests were carried out to quantify the effect of passive layer 

on marine wear behavior. Al0.1CoCrFeNi showed lower corrosion rate, higher pitting resistance 

and greater degree of passivation. A strong correlation was found between the electrochemical 

polarization resistance and wear resistance. 

6.2 Introduction 

The ever increasing engineering demand on materials’ properties has led to a new paradigm 

of metallic alloy development of stabilizing a single phase microstructure with multiple elements 

in equimolar proportions [104, 105]. These materials are typically termed as high entropy alloys 

(HEAs) as high configurational entropy suppresses intermetallic compound formation and 

stabilizes the single phase structure [104]. Several alloy systems have been identified on the basis 

of this design strategy, such as CoCrFeMnNi and Al0.1CoCrFeNi. These alloys have been 

extensively studied due to their simple microstructure [106, 107], resistance to irradiation damage 

[108, 109], weldability [110, 111], ability to be cast into single crystals [112], good fatigue 

                                                 
3 This chapter has been reproduced as is from the publication Reciprocating sliding wear behavior of high entropy 
alloys in dry and marine environments, Materials Chemistry and Physics, 
https://doi.org/10.1016/j.matchemphys.2017.07.031 with permission from publisher.  

https://doi.org/10.1016/j.matchemphys.2017.07.031
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resistance [113], remarkable high temperature and cryogenic temperature deformation behavior 

[114, 115], and processing ability [116-118].  These two alloys in particular form a stable single 

phase face centered cubic (fcc) microstructure with potential applications in structural components 

of chemical handling industries, food and drug production industries, and nuclear power plants. In 

these operating conditions, combined influence of corrosion and wear in mutually assisting roles 

result in either a synergistic wear assisted corrosion, or corrosion assisted wear [19]. Although 

such synergistic interactions are ubiquitous, very limited work has been carried out in this regard, 

particularly with respect to high entropy alloys.  

In this study, we report on the wear behavior of two single phase fcc HEAs, Al0.1CoCrFeNi 

and CoCrFeMnNi, in dry and marine environments. We explain synergy between wear and 

corrosion via passive layer characterization quantified by accelerated electrochemical tests. 

Scanning and transmission electron microscopy was used to study the wear morphologies and to 

identify the synergistic degradation mechanisms. 

6.3 Experimental  

6.3.1 Alloy Preparation 

The CoCrFeMnNi and Al0.1CoCrFeNi ingots were prepared by melting weighed 

proportions of constituent elements in a vacuum arc melting furnace. The samples were re-melted 

at least four times to ensure compositional homogeneity. The cast ingots were solution annealed 

at 1000 OC for 3 hours prior to further processing. The solution annealed samples were cold rolled 

to a strain of 72%, and subsequently were subjected to recrystallization annealing at 900 OC for 20 

hours. The recrystallized plates were prepared for metallographic inspection according to ASTM 

E3 standard practice [119].  Sample densities were measured using Accupyc Model 1340 

automatic gas pycnometer and mass by Ohaus sensitive electronic balance.  
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6.3.2 Electron Microscopy 

Microstructure of the as-cast, rolled, and recrystallized samples were collected using back 

scattered electron (BSE) mode of a FEI Quanta environmental scanning electron microscope  

(SEM). Tribochemistry changes on the samples were measured using energy dispersive X-ray 

spectrometer (EDS) in built with the SEM. Phase characterization was done by x-ray diffraction 

(XRD) using Rigaku Ultima III X-ray diffractometer, scan rate of 0.5o / minute. Hardness 

measurements done made on polished samples by using Vickers microhardness tester under a 300 

gf load, with a dwell time of 10s.  

6.3.3 Bulk Wear Tests 

Dry wear (WD) experiments were comprised of sliding reciprocating tests, performed using 

Rtec Universal Tribometer (Rtec Instruments, San Jose, CA, USA). A 3 mm Si3N4 ball was used 

as counter face material, instead of conventional WC ball. Cobalt used as binder in WC may 

participate in the counterface tribochemical reactions, and cause ambiguity in analysis, as both 

HEAs have Co as a principal alloying element. Sliding reciprocating tests were performed at 1 N 

normal load, which corresponds to a maximum Hertzian contact pressure of approximately 1200 

MPa for both alloys. These tests are carried out at pressures relatively higher than yield stresses 

[115, 120] to understand the materials’ response to extreme performance conditions. Wear tests 

were carried out at a reciprocation frequency of 20 Hz, stroke length of 1 mm dry for 30 min 

duration. Test duration, frequency of reciprocation and stroke length were used for calculating the 

total sliding distance. Wear volume loss was calculated using white light interferometry (WLI), 

with a 10× objective lens. Gwyddion image analysis software was used for generating the 3D 

profiler images.  
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6.3.4 Tribo-Corrosion 

To evaluate the effect of corrosion assisted wear (WC), sliding reciprocating tests were 

performed in 3.5 wt% NaCl solution. A polymeric liquid container was mounted onto the sample 

stage and was filled with freshly prepared 3.5 wt% NaCl solution (Fisher Scientific Chemicals). 

The counter face and the sample were completely immersed into the test solution. Care was 

exercised to avoid galvanic contact from any other surface in the test system. Corrosive wear tests 

were performed under same loading / sliding parameters as the dry tests. A pristine counter face 

surface and fresh electrolyte were used for each test iteration. The polymeric container was cleaned 

between the tests to avoid contamination of wear debris originating from preceding tests. WLI was 

carried out on the wear tracks after completely draining the corrosive liquid and drying the surface.  

Material degradation from the isolated effect of corrosive medium (CO) was quantified by 

open circuit potential measurements (OCP), electrochemical impedance spectroscopy (EIS), and  

potentiodynamic polarization test performed in a three electrode cell, with the sample connected 

as the working electrode, a high density graphite as counter electrode and saturated calomel 

electrode (SCE) as reference electrode. Electrochemical stability criterion was set to an open 

circuit potential (OCP) varying less than 5 mV per minute. EIS test was carried out by perturbing 

the equilibrium with a small rms AC voltage of 5 mV over a frequency range 10-2 to 106 Hz, and 

the impedance values were plotted on an equi-axis Nyquist plot. Potentiodynamic polarization 

scan was performed from 0.25 V under the OCP, at a scan rate of 0.167 mV/sec. Corrosion 

potential (ECORR), corrosion current density (ICORR), corrosion rate were calculated according to 

ASTM G102 [58].  
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6.4 Results 

The SEM micrograph of the as-cast alloys for CoCrFeMnNi is shown in Figure 39a and 

for Al0.1CoCrFeNi in Figure 39b. The as-cast microstructure of CoCrFeMnNi shows long 

columnar grains, growing along the direction of heat extraction. In contrast, Al0.1CoCrFeNi shows 

large grain structure, with the grain interior comprised of fine dendritic structures. The rolled 

microstructure of the two alloys showed highly deformed grains with high aspect ratio and 

characterized by rolling serrations as shown in Figure 39c and Figure 39d. The annealed samples 

showed completely recrystallized grains, with annealing twins extending the entire width of the 

grain. The recrystallized grain size ranged between 30 – 50 μm for CoCrFeMnNi (Figure 39e) and 

between 50 – 80 μm for Al0.1CoCrFeNi (Figure 39f). The XRD patterns of the two alloys are 

shown in Figure 40a and Figure 40b for Al0.1CoCrFeNi and CoCrFeMnNi respectively. The 

diffractograms confirm the formation of a stable single phase without any changes occurring due 

to static recrystallization annealing. The hardness of the fully recrystallized samples was measured 

as 134.4 HV (1.318 GPa) for CoCrFeMnNi and 154.7 HV (1.517 GPa) for Al0.1CoCrFeNi alloy.  

The WLI 3D profiler images are shown in Figure 41a and Figure 41b. The wear profile of 

CoCrFeMnNi was deeper than Al0.1CoCrFeNi. Significantly more material pile up was seen for 

Al0.1CoCrFeNi compared to CoCrFeMnNi. SEM image of the dry reciprocating wear for 

CoCrFeMnNi is shown in Figure 41c, and for Al0.1CoCrFeNi in Figure 41d. The wear volume loss 

in dry condition (𝑉𝑉𝑤𝑤
𝐷𝐷𝑦𝑦𝑦𝑦) calculated from WLI is given in Table 6. Substituting the values of wear 

volume loss and the hardness into Archard wear equation [23, 83], the dimensional wear 

coefficient (κ), (mm3 N-1m-1) was calculated as:  

κ =  
Vw
Dry

S × N
 (

mm3 

m ∙ N
) 

where, S is the total sliding distance and N is the normal load. The reciprocal of dimensional wear 
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coefficient yields the wear resistance (RW). Al0.1CoCrFeNi showed higher wear resistance 

compared to CoCrFeMnNi, which may be due to its higher hardness. A high magnification image 

of the wear track for CoCrFeMnNi is shown in Figure 3e, which highlights material pull out and 

is a signature of adhesive wear. In addition to the patches of adhesive pull out, the wear track also 

shows smooth regions, where plastic compression of the alloy, by two body wear may have 

occurred. Long, shallow grooves running along the direction of sliding is an indicator of three 

body wear from the trapped wear debris. The mean coefficient of friction stabilized on 

CoCrFeMnNi was 0.65. Unlike the wear track for CoCrFeMnNi alloy, the deformation for 

Al0.1CoCrFeNi is free from three-body wear and adhesive pull out. The high magnification image 

of the wear track for Al0.1CoCrFeNi is shown in Figure 41. The wear track shows extensive cavity 

formation, measuring 5 – 10 µm wide which resemble spalling. The coefficient of friction value 

for Al0.1CoCrFeNi was 0.54 lower compared to CoCrFeMnNi alloy. 

The 3D profiler images of the corrosive wear tracks are shown in Figure 42a and Figure 42b for 

CoCrFeMnNi and Al0.1CoCrFeNi respectively. The corrosive wear volume loss, VwCorr, κ and RW 

in the corrosive wear tests were calculated using similar principles as in dry tests. The wear tracks 

were further investigated for the mechanisms using SEM, and high magnification images are 

shown in Figure 42c and Figure 42d. The surface morphology of wear tracks are markedly 

different, due to the lubricative effect of the electrolyte. The surface shows micro-scoring (also 

known as ‘scuffing’) in the wear tracks. The score marks run the entire length of the wear track 

without any discontinuity. High magnification images of the wear tracks are shown in Figure 4e 

and 4f. The scores on CoCrFeMnNi are deeper and wider than Al0.1CoCrFeNi, where they appear 

shallow and finer. Small fragments of oxide layers could be seen underneath the score marks which 

indicate breaking and delaminating from the surface of the Al0.1CoCrFeNi system. The corrosive 
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wear test results are summarized in Table 6. The mean coefficient of friction values for 

CoCrFeMnNi in marine wear was 0.57 and for Al0.1CoCrFeNi was at 0.52. 

 
Figure 39: As-cast microstructures of (a) CoCrFeMnNi and (b) Al0.1CoCrFeNi; Rolled 

microstructure showing banding, deformation serrations and grains with high aspect ratio for (c) 
CoCrFeMnNi and (d) Al0.1CoCrFeNi; Recrystallized grain structure for (e) CoCrFeMnNi and (f) 
Al0.1CoCrFeNi. Annealed microstructures are characterized by twins that extend the entire width 

of the grain. 

 
Figure 40: XRD patterns for as-cast and recrystallized (a) Al0.1CoCrFeNi and (b) CoCrFeMnNi; 

The spectra in recrystallized condition confirm that static recrystallization annealing did not 
cause any phase changes in the samples. 
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Figure 41: WLI 3D profiler images of dry wear tracks for (a) CoCrFeMnNi and (b) 

Al0.1CoCrFeNi; SEM of dry wear tracks for (c) CoCrFeMnNi and (d) Al0.1CoCrFeNi; (e) high 
magnification image of CoCrFeMnNi wear track showing adhesive pull out and plastic 

deformation; (f) high magnification image of Al0.1CoCrFeNi were track, showing spalling like 
degradation. 
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The isolated effect of the corrosion medium (or electrolyte) on the two HEAs was 

investigated by electrochemical tests. Open circuit potential (OCP) was measured by suspending 

the sample in the electrolyte with no external potential or current applied to the three electrode 

system.  

Table 6: Summary of wear tests carried out on CoCrFeMnNi and Al0.1CoCrFeNi alloys. 

Archard Parameter CoCrFeMnNi Al0.1CoCrFeNi 

Hardness (GPa) 1.318 1.517 

Vw
Dry (mm3) 6.36 × 10-2 1.616 × 10-2 

Dry κ (mm3 N-1m-1) 7.42 × 10-4 1.89 × 10-4 

Dry Rw (N∙m∙mm-3) 1347 5301 

VwCorr (mm3) 3.75 × 10-2 9.8 × 10-3 

Corrosive κ (mm3 N-1m-1) 4.37 × 10-4 1.14 × 10-4 

Corrosive Rw (N∙m∙mm-3) 2.284 8.742 

The changes in potential were measured as a function of time. Potential rising towards 

nobler values is an indicator of a protective passive layer forming on the sample as it attains 

equilibrium with the system. OCP for the two alloys are shown in Figure 43a. The OCP plot shows 

that CoCrFeMnNi attains a stability after 200s, while Al0.1CoCrFeNi stabilizes almost 

instantaneously. This indicates a strong passivating ability for Al0.1CoCrFeNi alloy surface. After 

the systems reached equilibrium, a non-destructive EIS test was carried out. The electrochemical 

impedance spectrum is simulated with appropriate circuit models to quantify the resistance and 
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capacitance values. Figure 43b shows the EIS plot for the two alloys. The radius of the impedance 

arc is an indicator of the polarization resistance offered by the sample. Clearly Al0.1CoCrFeNi with 

a larger arc radius has significantly better passivation resistance as compared to CoCrFeMnNi 

alloy. To quantify the values of polarization resistance, the EIS data was simulated with a 

representative circuit shown in Figure 43c, and the values are summarized in Table 7. The circuit 

is composed of a resistor (RP) to accommodate the working electrode’s polarization resistance, in 

parallel with a constant phase element (CPE) to represent the double layer charge capacitance 

adsorbed on to the sample surface. The electrolyte resistance is accounted as (RS). The simulations 

show that polarization resistance of Al0.1CoCrFeNi was nearly an order of magnitude higher than 

CoCrFeMnNi while the solution resistance and double layer capacitance values were 

approximately similar.  

The OCP and EIS observations indicate that Al0.1CoCrFeNi attained instantaneous 

passivity in the corrosive environment, the potential at which the system stabilizes was relatively 

higher and the magnitude of the passivation resistance was significantly higher.  

Table 7: Summary of corrosion parameters obtained for CoCrFeMnNi and Al0.1CoCrFeNi. 

Corrosion Parameter CoCrFeMnNi Al0.1CoCrFeNi 

ECORR (V) -0.347 -0.206 

ICORR (nA/cm2) 147.00 48.14 

EPIT (V) 0.077 0.857 

ΔEResistance (V) 0.424 1.063 

Corrosion rate (µm/yr) 1.15 0.59 

Polarization Resistance 
(kilo Ohm) 13.37 193.1 

Solution Resistance (Ohm) 3.096 5.449 

Double Layer Capacitance  
(micro Farads) 60.47 44.97 
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Figure 42: WLI 3D profiler images of corrosive wear track for (a) CoCrFeMnNi and (b) 

Al0.1CoCrFeNi; SEM image of wear track on (c) CoCrFeMnNi and (d) Al0.1CoCrFeNi; High 
magnification image of wear tracks for  (e) CoCrFeMnNi showing coarse scoring marks and 
microcutting and (f) Al0.1CoCrFeNi showing microscoring, deformation and delamination of 

oxide layer. 
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Figure 43 Potentiodynamic polarization results of Al0.1CoCrFeNi and CoCrFeMnNi high entropy 

alloys in 3.5 wt% NaCl solution. (a) Open circuit potential variation with time (b) 
Electrochemical Impedance Spectra (c) schematic of circuit used for simulating the EIS data, 

superimposed on respective physical components (d) Potentiodynamic Polarization charts 
showing pitting potential and corrosion potentials. 

After OCP and EIS tests, pitting characterization was carried out by accelerated 

potentiodynamic polarization test to determine the pitting resistance and corrosion penetration rate. 

The results from dynamic polarization test of the samples is shown in Figure 43d. Tafel 

extrapolation was performed and the point of intersection was used to identify the corrosion 

potential (Ecorr) on x-axis and corrosion current density (icorr) on y-axis. The corrosion rate (CR) 

from the potentiodynamic data was calculated as [58]: 

Corrosion Rate =  
icorr × K × EW

ρ A
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where, K is a constant (3272 mm × amp−1 × cm−1 × year−1), EW is the equivalent weight in 

grams/equivalent, A is the sample area in cm², and ρ is the sample density. The density of  

Al0.1CoCrFeNi was calculated as 7.88 g-cm-3 and CoCrFeMnNi as 7.53 g-cm-3. The potential at 

which pitting corrosion initiated was identified by a surge of current in the system and recorded as 

EPitting. The pitting resistance (ΔEResistance) was calculated as the difference between the corrosion 

potential and pitting potential. The pitting resistance of Al0.1CoCrFeNi alloy was more than double 

that of the CoCrFeMnNi alloy. The summary of DC corrosion data is given in Table 6 along with 

the EIS results. The resistance to pitting for ferrous alloys in marine conditions is quantified by 

pitting resistance equivalence number (PREN). Alloys with higher PREN are considered to be 

more resistant to marine corrosion. PREN is directly proportional to the Cr content in the alloy, 

which may explain the better pitting resistance and lower corrosion rate of Al0.1CoCrFeNi system.  

The pitting morphologies of the two alloys are shown in Figure 44a – Figure 44d. The 

pitting on CoCrFeMnNi was isolated, nearly hemispherical in shape and randomly distributed all 

over the sample. The interior of the pits showed distinct facets, which may be grain interfaces. 

Figure 6b shows a low magnification image of the corrosion morphology for Al0.1CoCrFeNi alloy. 

The material loss was in the form of preferential grain boundary corrosion occurring all over the 

exposed part of the sample. One corroded grain boundary region is highlighted in Figure 44b, a 

magnified view of which is presented in Figure 44c. The magnified image details the finer features 

of the corroded sample. Grain boundaries act as preferential sites for corrosion to initiate and 

propagate. The extent of penetration was as deep as 0.6 – 1 µm from the grain surface. In addition 

to extensive grain boundary corrosion, secondary features were also observed as shown in Figure 

6d. Inside the grain, there was uniform corrosion in the form of dense nucleation of micro-pits 

which appear like a network of open pores, with a pore size of about 500 nm. 
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Figure 44: The pitting morphology on (a) CoCrFeMnNi showing isolated pitting and internal 
grain facets. (b) grain boundary corrosion for Al0.1CoCrFeNi alloy, (c) a high magnification 

view of preferential grain boundary corrosion for Al0.1CoCrFeNi (d) micro pitting resulting in a 
nano porous structure formation inside the grain for Al0.1CoCrFeNi. 

6.5 Discussion 

Bulk deformation mechanisms and surface hardness also play significant roles in the 

sliding wear response. Further, surface oxide characteristics also determine wear, corrosion and 

the synergy between the two degradation processes. Electrochemical tests can be used to identify 

the surface characteristics in terms of passivation rate, polarization resistance, and stability of 

surface passive layer. Al0.1CoCrFeNi was found to be nobler compared to CoCrFeMnNi in terms 

of OCP values, the rate of attainment of stability and the magnitude of RP and the resistance to 
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passive layer breakdown (pitting resistance), EPIT. The chemical reactivity of an alloy influences 

its adhesive wear behavior [121, 122]. The adhesion is stronger for relatively active metals 

compared to passive (noble) metals [101]. This may be explain the reason for dominant adhesive 

behavior seen in CoCrFeMnNi. For understanding the spalling like morphology of Al0.1CoCrFeNi, 

EDS scan was performed on the worn surfaces. The spectra revealed parent metal composition as 

well as Cobalt-Chrome oxides.  The presence of Co-Cr oxides may explain the lower coefficient 

of friction values on Al0.1CoCrFeNi.  

 
Figure 45: (a) High magnification image of the dry wear track for Al0.1CoCrFeNi highlighting 

grain deformation seen as pile up on the periphery of the wear track. (b) Wear track for the same 
alloy under corrosive wear condition, showing no extended grain deformation. 

The bulk deformation is also different for the two alloys. Al0.1CoCrFeNi showed extensive 

material pile up on to the sides of the wear track, which was not seen for CoCrFeMnNi alloy for 

the same test conditions. This is attributed to higher ductility of Al0.1CoCrFeNi [110], where 

material is plastically displaced on to the sides during sliding. Sideways material displacement 

under repeated strain may cause fatigue-wear. Material loss in such cases would be relatively low 

as the material readily deforms, delaying wear particle formation [123]. Fatigue wear behavior was 

observed in the dry condition but not in the corrosive wear tests as seen from wear tracks in Figure 

45a and Figure 45b respectively. Figure 45a also shows finer features such as deformation bands 
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and slip lines, highlighted by arrows which are indicators of extensive plastic pileup during cyclic 

loading. Alloys subjected to metal fatigue is corrosive environment experience passive layer 

breakdown, causing galvanic coupling between the pristine regions, highly deformed regions and 

freshly formed surfaces [101]. This may lead to accelerated material degradation from the 

corrosion-wear synergy. Although surface cracking and delamination is seen for Al0.1CoCrFeNi 

alloy (Figure 42f and Figure 45b), the excellent passive layer protection, pitting resistance and low 

corrosion rate may have prevented degradation synergy from setting in. The surface morphology 

shows scoring and microcutting for both alloys. The change in wear mechanism from adhesion to 

microcutting may be due to the abrasive oxide particles suspended in the electrolyte film between 

the counterface and the sample surface [124]. The higher passivation resistance in the marine 

atmosphere has produced a negative synergy (or antagonism) [125] between corrosion and wear, 

resulting in lowered VwCorrin the presence of a corrosive electrolyte than Vw
Dry. Mild steel tested 

under similar conditions showed a strong synergism between sliding wear and corrosive 

environment. The VwCorr loss was significantly higher than  Vw
Dry due to quick rupture of surface 

oxides, excessive rust formation in the tribosystem and rapid depletion of alloy mass. 

6.6 Conclusions 

The material degradation mechanisms in dry and marine environments were investigated 

for two high entropy alloys - Al0.1CoCrFeNi and CoCrFeMnNi. The results of the investigation 

can be summarized as follows: 

1. Al0.1CoCrFeNi showed better wear resistance compared to CoCrFeMnNi in both dry 

and marine corrosive conditions.  

2. The better wear performance of Al0.1CoCrFeNi over CoCrFeMnNi was attributed to its 

higher hardness and surface oxide characteristics.  
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3. The wear morphology for Al0.1CoCrFeNi suggested fatigue wear, whereas 

CoCrFeMnNi predominantly showed adhesive and two body wear. Corrosive wear on both alloys 

showed scuffing and micro-cutting.  

4. In corrosion tests, the surface of Al0.1CoCrFeNi showed quicker passivation, a higher 

magnitude of polarization resistance and significantly larger pitting resistance compared to 

CoCrFeMnNi.  

5. The surface of Al0.1CoCrFeNi was more stable and less prone to wear – corrosion 

synergy compared to CoCrFeMnNi. 
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