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Vitreloy-105 Behavior Under Mutual Wear
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Zr-based bulk metallic glasses (BMGs) are widely used as mechanical components due to their excellent 
properties and high glass-forming ability. However, there is a lack of research concerning the tribological 
behavior of BMG versus BMG. The sliding characteristics of Vitreloy-105 (Zr52.2Cu17.9Ni14.6Al10Ti5 at.%) 
were studied in air using a pin-on-disk apparatus equipped for continuous measurement of friction force 
and without lubrication. The counterface material was the same BMG. The structure, thermal stability, 
and wear morphology were examined by X-ray diffraction, differential scanning calorimetry, non-contact 
profilometer, and scanning electron microscopy. For a normal load applied (10.0, 20.4 and 38.2 N) at 
constant 233 rpm the coefficient of friction ranged from 0.30 to 0.36 at steady state. Average wear rate 
was more pronounced on the pins under higher load and the predominant wear mechanism observed 
was adhesive, with presence of peeling-off and micro-cracks accompanied by some grooves and 
abrasive wear at lower loads.
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1. Introduction
BMGs are metastable materials produced at cooling 

rates above the critical cooling rate necessary to avoid the 
nucleation of crystals. The lack of long-range atomic order 
can provide properties to amorphous alloys better than in 
conventional crystalline ones1. These materials have been 
emerging due to their excellent combination of mechanical 
properties. In general, they present low modulus of elasticity2, 
high hardness3, and high strength4. The absence of grain 
boundaries also provides high corrosion resistance5,6, and 
wear resistance7,8. Due to these properties, many researchers 
have been studying BMGs for improvements or new 
applications in several areas, such as structural materials9, 
sports applications10, biomaterials11, robotics, and aerospace 
industry12,13.

In scientific view, the tribological properties of BMGs 
guide these materials to high performance applications. 
However, some points still need to be better understood. As the 
tribological properties of these materials vary for each alloy 
family, they cannot be generalized, which means that there 
is a large field to be explored14. Wear tests performed on a 
pin-on-disk tribometer using a Zr-based alloy and 52100 steel 
counterparts have shown that their performance is different 
in dry and lubricated conditions15. Another study using a 
Zr-based BMG and AISI 8660 counterpart showed that 
lower normal loads and higher sliding speeds always led to 
higher friction coefficients under lubrication conditions16.

The mechanisms of wear in these alloys are not yet 
fully understood and concomitant participation of more than 
one mechanism is noticed most of the times. Many BMGs 
normally present brittle failure17, and for those BMGs the 
main wear mechanism is abrasive with the formation of 
scratches in the worn region. However, adhesion mechanisms 
are commonly observed during wear tests when the load is 
increased, confirmed by the presence of plastic deformation 
and by the occurrence of peel-off in some regions18,19.

Another point to highlight is the possibility of crystallization 
of the amorphous material induced by wearing. There was 
an evidence of surface crystallization induced by friction 
during the wear test between an amorphous Zr-based alloy 
and EN 26 steel20, where heat was caused by friction and 
it could change the tribological properties of the material, 
generating crystal nanoparticles when the material passed 
through the glass transition temperature (Tg). On the other 
hand, reports of another study showed that microhardness 
tests carried out after wear tests between a Zr-based alloy 
and AISI 8660 steel presented good thermal stability and 
that there was no induced crystallization on the samples21.

Despite the wear issues that deserve to be better explored 
in the universe of BMGs, good results have been achieved 
with a family of Zr-based alloys known as Vitreloy. These 
materials present high strength at low temperatures22, excellent 
resilience, and high glass-forming ability23. Some of the 
Vitreloy alloys are promising materials for the manufacturing 
of micro gears for the aerospace industry12,13, for example. 
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robotics are known as Strain Wave Gears (SWG). This kind 
of gears often require specially manufactured components 
with specialized performance characteristics and desirable 
properties like low mass, small envelope, high torque capacity, 
precision positioning, wide operation temperature range, and 
vacuum operation13. These characteristics led to solutions 
for satellite actuators, aircraft, ground support, and tracking 
devices for both military and commercial applications24.

Some studies have presented good results on the wear resistance 
of Vitreloy alloys when rubbed against other materials17,25,26. 
Despite its commercial importance, there is a lack of studies 
evaluating the mutual wear between pairs produced with these 
alloys, such as that occurring between SWG teeth.

The Vitreloy-105 (Vit-105) alloy was chosen from the 
Vitreloy family to be used in this work due to the absence of 
Beryllium in its composition, considering that this chemical 
element is toxic and requires special manipulation in a 
controlled environment27. This study aimed to evaluate the 
mutual wear between pairs of Vit-105 to understand the main 
wear mechanisms involved and the possible structural changes 
that can occur in the material due to changes in temperature 
and tension strength caused by the tribosystem. Thus, there 
is a contribution to extend some practical applications of 
this alloy in systems involving friction and wear.

2. Materials and Methods

2.1 Design of experiment
The completely randomized design is used for studying 

the effects of one controlled factor without considering other 
variables. This method was chosen because it is a simple 
experiment from the statistical point of view, where treatments 
of only one factor are compared and the others remain constant. 
Treatment means any method, element, or material which the 
effect has to be measured and compared. In this work, the 
treatment can be defined as the wear test of Vit-105 alloy, 
where the controlled factor is the load, with three levels of 
variation. The other factors, such as source and homogeneity 
of the material, ambient temperature, ambient humidity, 
lubrication (dry), speed of rotation, and test time were kept 
constant. Five tests were carried out for each different load.

2.2 Samples preparation
A commercial 19 mm rod of Vit-105 was purchased 

from Materion in crystalline form and sectioned in pieces of 
around 10 g and 30 g. The pieces were remelted by electric 
arc melting in a vacuum back-filled argon 5.0 atmosphere, 
then it was suction casted into water-cooled Cu molds using 
the 30 g pieces to produce plates (2 mm thickness) and 
the 10 g pieces to spherical-end cylinders (3 mm diameter) 
shapes to be used as a counterpart, and pin, respectively. 
X-ray diffraction (XRD) using a Bruker D8 Advance ECO 
equipment and differential scanning calorimetry (DSC) using a 
Netszch DSC 404 at 40 K/s heating rate were used to confirm 
the amorphous structure of the parts, and the Vit-105 thermal 
parameters (Tg and Tx). The contact surfaces of pins and 
plates were grounded with abrasive paper (grit 1200) to 
attend the tribological test standard ASTM G99-0528, which 
requires average roughness (Ra) below 0.8 µm. The Ra of 
plates and pins surfaces were measured using a non-contact 
profilometer Cyber CT 100. Three measurements were made 

on plates (one in the central region and two on the opposite 
sides of the same surface) and one measurement on the 
central spherical surface of the pins (in the contact point). 
The specimens were cleaned with alcohol and acetone, and 
finally weighted by using an analytical scale with ± 0.01 mg 
accuracy. The microhardness of the surfaces was measured 
by Vickers hardness tester Future-Tech FM-800 under a 300 g 
load by 5 s at room temperature before and after the wear 
test. Three points on the surface of the BMG plates and 
pins were randomly chosen to determine the microhardness 
before, and other three measures were done on the plates 
wear track, and near to the pins worn surfaces after the test.

2.3 Wear tests
The wear tests were conducted using a non-commercial 

equipment developed and validated by the researchers 
(Figure 1A), in air and at room temperature. A Fluke infrared 
pyrometer sensor was used to measure the temperature near 
to the contact point between pin and plate. The applied 
vertical normal loads used on the pin were 38.2 N, 20.4 N, 
and 10.0 N, respectively. The rotational sliding velocity was 
selected to be 233 rpm for all tests with 10 mm rotational 
radius, i.e. 0,24 m/s. The sliding distance was 800 m. After 
every 200 meters the mass loss of each specimen was 
measured, and the specimen (Figure 1B) was cleaned with 
alcohol and acetone before continuing the test.

Figure 1. Pin-on-disk wear test equipment and the detail of the pin 
and its support on the upper right side (A). Plate and pin after the 
wear test (B). The ruler scale is in cm.
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2.4 Characterization
Coefficient of friction (COF) and wear mass loss were 

obtained by calculating the average values of five samples 
tested at the same load. The average width of the wear tracks 
on the plates and diameter of the pin scars were measured using 
the profilometer Cyber CT 100 camera. Three measures were 
taken in each sample. Scanning electron microscopy (SEM) 
images were made to characterize the worn surfaces using a 
FEI Inspect S50 set to the following parameters common to 
all images: HV = 25 kV; Detector = ETD (secondary electrons 
image); Spot = 5.0; High Vacuum Mode. DSC was performed 
prior to testing to ensure that heating during testing was not 
sufficient to increase the temperature high enough to induce 
crystallization. XRD after tribological tests were carried out 
using a Bruker D8 Advance ECO equipment with Cu radiation 
coupled with a high-speed detector SSD160 to verify if there 
was crystallization induced by heating and/or mechanical 
deformation on the samples. For the XRD measurements, 
an adhesive tape (that does not show crystalline peaks in 
XRD analysis) was used to isolate the surface of the worn 
region from the surrounding plate.

3. Results and Discussion
Figure 2 presents the thermograms of the as-cast 

Vitreloy-105 pin before performing the wear tests. The arrows 
indicate the glass transition temperature (Tg) and the 
crystallization temperature (Tx), confirming that amorphous 
structure was formed, similar to previous findings for this alloy 
fully amorphous29. The temperature near the pin-disk contact 
was measured during the tests using an infrared radiation 
thermometer, reaching a maximum value of ~60 ºC. This 
temperature reached is below the Tx (451 ºC) and it is not 
enough to provide localized crystallization. So, it can be 
deduced that there was no crystallization in the material 
during the tests.

XRD patterns obtained after wear tests on Vit-105 plates 
are without any visible Bragg peaks, suggesting the structure 
of the alloy is amorphous after casting, and there was no 
crystallization induced by neither plastic deformation 
and/or heating, which is consistent with the results reported 
elsewhere17. Figure 3 shows the XRD patterns for the three 
samples (plates wear track) after wear test.

The average Vickers microhardness found for pins and 
plates are 510 ± 6 and 517 ± 5 HV, respectively. Liu et. 
al. showed that the hardness of this alloy varies according 
to the content of crystalline phases17, and the values are 
similar to the presented by them when this alloy is fully 
amorphous. The same behavior was observed regarding 
hardness for BMG plates when rubbed against the same 
material is tested in air as mentioned by Fu and Rigney30.

The average roughness obtained at the three regions 
on the plates (P1 – central, P2 and P3 – opposite sides) and 
one point on the pins spherical surfaces (P4) before the tests 
are shown in Table 1. The roughness of the samples before 
the wear tests presented values below that established by 
the standard. The higher Ra of the pins surface before the 
test can be explained by the higher difficulty in preparing 
a spherical surface by grinding and polishing than a flat 
surface such as those of the plates.

Table 2 shows both the average COF recorded for each 
test disregarding the running in state (first 100 m), and the 
overall average COF, which was in the range of 0.30 – 0.36. 
Parlar et. al.21 used a block-on-ring apparatus to determine 
the COF of Vitreloy-1 (Vit-1) against an AISI 8660 ring. 

Figure 2. DSC curve for as-cast Vitreloy-105 pin.

Figure 3. XRD patterns of three Vitreloy-105 plates (wear track) 
after wear tests, one for each applied load.

Table 1. Average plate and pins Ra before wear test of Vitreloy-105.

Point Ra (µm)

Plate
P1 0.22 ± 0.05
P2 0.35 ± 0.09
P3 0.29 ± 0.06

Pins P4 0.63 ± 0.10
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For a 0.30 m/s sliding speed and loads of 10, 20 and 40 N, 
the average COF values was in the range of 0.40 - 0.5021. 
Although the apparatus and counterpart are different from 
those used in this study, the COF was not much different, 
considering that the loads and sliding speed were similar. 
In Zhong et. al. work31, mutual wear test of Vit-1 was 
performed using a pin-on-disk tribometer and the average 
COF was in the range of 0.15 - 0.20, but the loads applied 
was relatively higher (100, 125 and 150 N), what possibly 
explain the lower COF values.

Fu et. al.32, when studying wear between Zr-based BMG 
parts using a pin-on-disk apparatus in air, reported a COF 
of almost 0.4 under 10.0 N load, which is very close to the 
result achieved here under the same load. In the same study, 
a pin of 52100 bearing steel was rubbed against a Zr-based 
disk under the same conditions and presented practically the 
same COF. Figure 4 shows that the COF does not change 
much at 38.2 N and 20.4 N loads, but it increases when 
the load decreases to 10.0 N. The standard deviation bars 
exhibit that the friction values varying more in lower normal 
loads than in higher ones. A similar behavior was noticed 
after wear tests between Vit-105 and Cr-12 steel as already 
reported17. The average results for the five tests conducted 
for each load presented a stable frictional behavior with 
some fluctuations especially in the beginning (running in) 
where COF decreases until reach the steady state, in average 
after 100 m sliding distance, as shown in Figure 5.

Figure 6 shows that the average mass loss increases 
with increasing normal load probably because of the higher 
strength on the surface caused by the higher load applied31. 
This behavior is in agreement with Raibinowicz33 wear 
volume loss relation, V = kPL/H, where V is the volume 
loss, k is the proportional coefficient, P is the applied load, 
L is the sliding distance and H is the hardness. Both the 
equation and the results show that the volume loss is directly 
proportional to the load applied. On the other hand, there 
is a disagreement with Parlar et al.21, who reported that the 
mass loss decreases with increasing normal load.

Mass loss increases from 10.0 N to 20.4 N load for 
both pins and plates, but it increases significantly at 38.2 N 
especially for the pins. These results may be explained by the 
heat generated by the friction between plate and pin which 
decreases the toughness and changes the wear behavior31. 
Someway the pins could have concentrated more heat, 
becoming less hard and consequently less wear resistant. 
Thus, the pin surface could be easily worn out and some of 
its material may be transferred to the plates by the adhesion 
mechanism. However, there is a divergence with the results 
presented by Zhong et. al.25, where the plates exhibited 
higher mass loss than the pins (both made with Vit-1). They 
showed that for a load of 100 N the average mass loss for 
the disks was 16 mg and for the pins it was 5 mg, what can 
be explained by the small size of the pins which dissipates 
the heat better than the plates and could keep the higher 
hardness. Comparing with the results obtained in this study, 
using a load five times smaller (20 N), the average mass loss 
in the plates and pins was approximately 20 mg.

The wear rate of a material (Q = V / S) is a relation 
between the volume loss (V) and the sliding distance (S)34. 
Figure 7 presents the average wear rate results for both plates 

Table 2. COF values for each test according to the applied loads.

Load 10.0 N Load 20.4 N Load 38.2 N
Test 1 0.368 ± 0.020 0.322 ± 0.015 0.299 ± 0.016
Test 2 0.372 ± 0.017 0.319 ± 0.012 0.304 ± 0.013
Test 3 0.363 ± 0.016 0.315 ± 0.015 0.308 ± 0.012
Test 4 0.369 ± 0.020 0.325 ± 0.018 0.305 ± 0.013
Test 5 0.354 ± 0.016 0.317 ± 0.015 0.311 ± 0.013

Average 0.365 ± 0.006 0.320 ± 0.004 0.305 ± 0.004

Figure 4. Average coefficient of friction for three different applied loads.

Figure 5. Development of the average COF as function of sliding 
distance (smoothed curves) for each applied load.

Figure 6. Average wear mass loss for plates and pins according 
to applied loads.
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and pins under the three different loads at room temperature. 
According to Geer et. al.35, there is not a linear variation of 
V with S in the mutual dry sliding wear of some BMGs, and 
there is generally a clear steady state after an initial running 
in regime. In this study the wear rate was defined from the 
steady state data. The wear rate increases with the increase 
in applied load which may be due to the increase in the 
contact area between pin and disk. At 200 m the wear rate is 
higher which corresponds to the sliding distance right after 
the running in regime, where the slope is more pronounced 
specially for the greater load curves. For lower loads it is 
possible to notice a trend in the wear rate becoming constant. 
However, for higher loads a longer sliding distance might be 
necessary to verify this behavior. Wang et. al36 shows that 
the Zr-based BMG tested for bearings rollers application has 
twice of the wear resistance of GCr15 steel when rubbed 
against brass plates under a 30 N normal load.

The specific wear rate (k = V / (S.N)) is quoted in 
terms of wear volume (V) per unit load (N) per unit sliding 
distance (S)35. Figure 8 shows the specific wear rate for 
plates and pins as a function of sliding distance at various 
loads. An average value of V was used for each load. 
The specific wear rate tends to become more stable as the 
sliding distance increases for 10.0 N and 20.4 N loads. 
However, for 38.2 N, there is an almost linear specific wear 
rate decrease with increasing sliding distance. This is a sign 
of that longer sliding distance was necessary to achieve 
the stable behavior. The maximum wear can be seen for 
pins at 38.2 N load whereas the minimum wear occurs for 
pins at 10.0 N, showing that the specific wear rate is more 
pronounced for the pins than for the plates.

Table 3 shows the average wear track width and pins 
scar diameter (Δd) for each applied load. An example of 
the parts used for this measurement can be observed in 
Figure 9 and Figure 10, where is noticeable that wear track 
width increases according to the load increases, as well 
as, the pin scar diameter. The relation between Δd and the 
pin diameter (D = 3 mm) shows the volume loss in the 
hemispheric tip of the pin which is an indicative of adhesive 
wear. The data presented confirmed the predominance of 
adhesive wear mechanism.

Figure 9 shows one plate wear morphology for each applied 
load in two different magnifications, where it is possible to 
see a section of the wear track on the left, and a fraction of 
the same image with higher magnification highlighting the 
wear mechanisms on the right. For the three different loads, 
most of the area exhibits adhesive wear characteristics. 
From the images on the left is possible to observe that the 
number of grooves decreases while the load increases, and 
from the load of 10.0 N to the load of 20.4 N, the grooves 
seems to be larger and deeper, the same behavior reported by 
Zhong et. al.31. When the load increases to 38.2 N, the grooves 
are not so visible, maybe because the pins had worn all the 
hemispherical tip during the test and the grooves generated 
by ploughing and/or abrasive wear had been flattened by the 
flat surface of the pin along all its diameter. On the other hand, 
the peeling off regions seams to increase and the detached 
debris appear to be pilled-up in the wear track, what can be 
seen in the imagens on the right. Some grooves observed in 
Figure 9B and Figure 9D might be caused by abrasive wear. 
Localized tribopair oxidation due to local heating and high 
contact pressure can lead to formation of oxide debris that 
can be harder than the BMG itself causing abrasive wear. 
Fu et. al.32 when studying wear between Zr-based BMG 
parts mention that plastic deformation could exposes the 
material fresh surface to the ambient environment, and the 
chemically active elements contained in the material (Zr and Ti) 
forms a thin oxide layer quickly. During continuing plastic 
deformation, the thin layer of oxide is broken and mixed 
with unoxidized BMG. According to Zong et al.31 when the 
load increases, regions of abrasive wear became unusual and 
almost unnoticed as can be seen in Figure 9F.

Figure 10 shows the worn surface of the pins for 
different loads in two different magnifications. It is possible 
to notice that the hemispherical pin tip was not completely 
worn out, and the worn area is smaller for 10.0 N load 
(Figure 10A) than for 20.4 N load (Figure 10C). For the 

Figure 7. Volume loss vs sliding distance for plates and pins.

Figure 8. Specific wear rate vs sliding distance for plates and pins

Table 3. Average wear track width and pins scar diameter for each 
applied load.

Load 10.0 N Load 20.4 N Load 38.2 N
Wear track 
width (mm) 1.79 ± 0.07 2.22 ± 0.08 3.07 ± 0.02

Δd (mm) 1.70 ± 0.02 2.06 ± 0.02 3.00 ± 0.00
Δd / D 0.57 ± 0.01 0.69 ± 0.01 1.00 ± 0.00
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load of 38.2 N (Figure 10E) all the tip of the pin was 
worn out, and no regions of abrasive wear are observed, 
predominating the pilled-up material characteristic of 
the adhesive wear. At the loads of 10.0 N (Figure 10B) 
and 20.4 N (Figure 10D) there is a predominance of 
adhesive wear characterized by the presence of peel-off 
and micro-cracks. As the applied normal load increases, the 
micro-cracks become more visible and new micro-cracks 

appears after a large amount of piled-up materials was 
peeled-off31. This behavior can be noticed comparing the 
increase of micro-cracks for test under 10.0 N and 20.4 N. 
At 38.2 N load the pin seams to have a big amount of 
pilled-up material due to the higher wear rate and some 
peel-off regions.

Thus, both the pins and plate surfaces exhibit a similar 
behavior according to the load variation.

Figure 9. SEM images of BMG plates wear tracks at 100x and 1000x magnifications for applied loads of (A, B) 10.0 N, (C, D) 20.4 N, 
and (E, F) 38.2 N. The arrow indicates the sliding direction.
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4. Conclusions
This paper has investigated the friction and wear behavior 

of BMG Vitreloy-105 sliding against itself. Three different 
loads were applied to check the wear resistance of the 
material. The major conclusions are as follows:

1. XRD analysis revealed no microstructural changes 
after the wear tests for none of the loads applied 
in this study.

2. Wear rate increases with increasing the load due to 
higher contact area between pin and disk.

3. The wear resistance of BMGs correlates with their 
hardness. The pins undergone more pronounced 
wear mass loss possibly due to higher localized 
heating than the plate surface which can cause an 
decrease on the material hardness.

4. Average COF decreases according to load increase 
which can be caused by the pilled-up debris in the 

Figure 10. SEM images of BMG pins scar at 100x and 1000x magnifications for the applied loads of (A, B) 10.0 N, (C, D) 20.4 N, and 
(E, F) 38.2 N. The arrow indicates the sliding direction.
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wear track covering the groves and making the 
surface smoother.

5. Wear mechanisms of BMG pins and plates changed 
from abrasive to adhesive for higher loads, and the 
later wear mechanism was found to be dominant 
under all applied loads.

6. Based on other works and considering the friction 
coefficient and mass loss, the results demonstrated 
similar wear resistance of Vitreloy-105 alloy when 
compared to other materials with the same application, 
especially the Vitreloy-1. In comparison with some 
crystalline metallic materials, Vitreloy-105 BMG 
alloy showed similar or better tribological properties 
when tested with a pin-on-disk geometry, in air, and 
without lubrication, what can make feasible the use 
of this alloy for some real applications.
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