Chapter 6
Tribology of Metals and Alloys

Sudeep P. Ingole

Abstract The surface properties of metals and alloys become important when
these materials are used especially for tribological applications. Some basic
concepts involved during wear of metals and alloys are briefly discussed in this
chapter. Delamination theory of adhesive wear which is dominating wear mecha-
nism for most metals and alloys is discussed. Most of the tribological joints are
exposed to environmental oxygen when used in atmospheric conditions. Oxidation
becomes problematic for such and high-temperature sliding applications when
oxygen source is readily available at the interface. The debris formation mechanism
and oxidation during sliding are included in this chapter. Information on oxidation
and tribological behavior of 60NiTi is reviewed as it is a potential alloy for tribo-
element applications. A brief description on phase transformation and high-
temperature tribology of metallic materials is also included. The wear of materials
at the interface depends on the interfacial strength of the sliding materials. In high-
temperature oxidative wear, wear performance can be determined by the type of
oxides formed on the sliding surfaces.

1 Introduction

Tribology has contributed to human culture as it evolved alongside of it; however, its
formal study was not conducted for centuries. Sir Leonardo da Vinci’s early work
provided directions to the scientific study of tribology. Tribology is described in
various sources such as “The science of mechanisms of friction, lubrication, and
wear of interacting surfaces that are in relative motion” [1]. In another source, it is
described as “a branch of mechanical engineering that deals with the design, friction,
wear, and lubrication of interacting surfaces (as bodily joints) in relative motion” [2].
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It is also described as “the branch of engineering that deals with the interaction of
surfaces in relative motion (as in bearings or gears): their design and friction and
wear and lubrication” [3]. In general, the purpose of tribological study is to design
surfaces to reduce or regulate the friction. Despite extensive research efforts that have
been made for decades, even today, the phenomenon of friction is not completely
understood. It is empirically established that frictional force is directly proportional to
applied load and the constant of proportionality is known as the coefficient of friction
and represented as

K=% (6.1)

@, 9

where “u” is the coefficient of friction, “F” is the frictional force, and “P” is the
applied load. Experimental methods always face some difficulty understanding
friction due to surface features such as asperities, surface roughness, and the scale
of measurement such as micrometer length scale or nanometer length scale. Recent
development in metrological techniques such as the atomic force microscope [4, 5],
the surface force apparatus [6], and the quartz crystal balance [7, 8] enabled us to
study surface forces at atomic length scales which are responsible for friction at that
level.

2  Wear of Metallic Materials

Wear is defined as a process of material removal from the solid surface by means of
mechanical, thermal, or chemical action. Writing with pencil on paper is an
example of useful wear, whereas wear of machines is not useful wear. Wear takes
place on the surface by one or combination of mechanisms like adhesion, sliding
(delamination), fretting, abrasion, erosion, fatigue, or corrosion. Most of these types
of wear involve the adhesion which is responsible for the surface damage. Among
metals and alloys, adhesive wear is the most common. During sliding, metal from
one sliding surface is transferred to another surface due to adhesive forces. This
transfer stays on the surface or detaches from the surface in the form of debris [9].

2.1 Adhesive Wear Mechanism

The surface damage during relative motion of two surfaces could be due to the
bombardment of one surface on the other, or due to the reaction between two
surfaces, or with the surroundings. When two surfaces slide together, shear takes
place at the junction. The shear strength of the interface and the type of metals
involved in sliding determine the possibility of fragmentation. Different possibilities
for shear to occur are [10]:
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Fig. 6.1 Wear of metals due to shear [10]

¢ When the interface is slightly weaker than both the mating surfaces, shear occurs
at the interface.

*  When the interface is stronger than one of the mating surface and weaker than
the other, shear occurs within the softer metal, and the detached fragments
adhere to the harder sliding metal.

¢ When the interface is stronger than that of the mating surface but slightly harder
than the other, severe shear occurs on the softer metal and a significant amount
of metal transfers to the harder metal. The shear of the harder metals also occurs
occasionally.

*  When the interface is significantly stronger than both the sliding metals, shear
occurs at some distance from the interface. In such a situation, transfer of metals
occurs from both the surfaces and the surface damage encountered in this
situation increases.

The schematic of all these possibilities is shown in Fig. 6.1 [10].

The delamination theory also explains adhesive wear [11, 12]. Adhesive wear
occurs when cracks formed under the surface propagate under continuous loading
conditions. These cracks upon reaching the surface lead to surface damage. During
continuous sliding the dislocations pile up at a finite distance from the surface.
As the sliding goes on, voids are formed at the pileup region. The rate of void
formation is more if the sliding surface is an alloy with a hard second phase for
dislocations to pile against. When there are large secondary-phase particles in the
metal, voids are formed by a plastic flow of matrix around hard particles. Voids
cluster together and result in a crack, which then propagate parallel to the surface
and ultimately fragment the surface. The separated particle in this fashion is a
platelike structure. The void formation at a distance from the surface is illustrated in
Fig. 6.2 [11].
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Fig. 6.2 Formation of debris by shear deformation [11]

Wear volume during adhesive wear can be expressed quantitatively [13, 14], i.e.,
the amount of wear is dependent on load, sliding distance, and hardness of the
surface. The wear volume is given by

cLx
V=— (6.2)
P
where “c” is a nondimensional constant, “L” is the load, “x” is the sliding distance,
and “p” is the hardness of the surface.

3 Surface Reaction During Sliding: Tribo-oxidation

Frictional heat or external heat can affect the sliding wear of metallic materials
significantly. The temperature rise facilitates the oxidation of the sliding surfaces.
This can reduce the wear rate due to the transformation of metallic debris to oxide
debris [15]. In metals such as Cu, Ni, Fe, Co, W, Mo, and Zn, surface oxide films
form and grow as crystalline layers. However, in the case of Al, Si, Cr, Ge, Nb, and
Ta, oxidation initially takes place forming amorphous films, and then these films
transfer into crystalline depending upon temperature and time [16-20]. In alumi-
num alloys, an amorphous alumina oxide film can be thermodynamically
more stable than the corresponding crystalline y-Al,Oj3 film up to a certain critical
oxide-film thickness. This amorphous film can also be more stable even for higher
oxidation temperatures [17].
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Fig. 6.3 TEM micrograph of Al-Cu debris [22]

3.1 Case Study: Aluminum—Copper Sliding

During sliding of Al and Cu in air, copper oxidizes to form a crystalline copper
oxide layer, whereas aluminum forms amorphous and converts to crystalline
aluminum oxide if sufficient time is permitted. Crystalline alumina can present on
the surface from as-received sample or can form during the beginning of the sliding.
The oxidation potential of Cu is —0.34 E°V (Cu — Cu®* + 2e") and that of Al is
1.66 E°V (Al — APt + 3e™) [21]. Copper oxidizes at a lower rate than aluminum.
Initially, both oxide layers wear out. As wear continues, pure metals underneath
those oxide layers expose to the atmosphere. As soon as the exposure of pure metals
to the atmosphere, further oxidation commences. For Al, the initial oxide layer
formed on the surface is amorphous alumina. Without sufficient time to crystallize,
the amorphous alumina will be removed during sliding as amorphous debris. The
TEM analysis of such debris formed during sliding of Cu—Al system showed
the amorphous phase (Fig. 6.3) [22].
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Fig. 6.4 Schematic of the tribo-oxidation wear process in Al-Cu sliding. (a) Pre-oxidation, (b)
removal of initial oxide layer, (c¢) removal of newly formed oxide layer

This phenomenon of the tribo-oxidation wear is represented schematically in
Fig. 6.4. There are three steps in this process: pre-oxidation, removal of the initial
oxide layer, and removal of the newly formed oxide layer. Pre-oxidation is the
natural oxidation of the surface of mating metals.

3.2 Ocxidation and Tribological Properties of 60NiTi [23]

Oxidation and tribological behavior of two Ni-Ti alloys was recently reviewed
[23]. Ni—Ti alloy with 55 wt% of Ni (50 at.% of Ni) has shape memory effect,
superelasticity, and very good corrosion resistance and is recognized as 55NiTi.
Another Ni—Ti alloy with 60 wt% of Ni (55 at.% of Ni) shows shape memory effect
but has higher brittleness and is recognized as 60NiTi. 60NiTi is a promising
material for tribological applications such as tribo-elements, bearings, gears, or
tools. NASA'’s Engineering and Safety Center (NESC) is promoting 60NiTi as it
showed shockproof, corrosion-resistant properties that can be used for aerospace
bearing applications [24].

55NiTi has been studied for its oxidation behavior [25, 26]. Oxidation behavior
of 60NiTi can be comparable to nitinol. At room temperature and 450 °C with low
oxygen pressure 10~* Torr, Ni did not oxidize but Ti was oxidized to TiO, [25].
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Fig. 6.5 Coefficient of friction of different bearing ball against 440C plate under Pennzane 2001 A
oil lubrication [29]

High-temperature oxidation (500 and 600 °C) of this alloy producing Ni-free zone
with protective oxide coating of titanium oxide means Ni did not oxidize [26].
60NiTi has high Ni content which might provide additional resistance to oxidation.
NiTi alloys can be utilized for room and moderate temperature application as it
showed good oxidation resistance up to 600 °C.

Study was conducted for tribological feasibility of 60NiTi for bearing
applications in space using Spiral Orbit Tribometer (SOT) [27-31]. Powder metal-
lurgical procedures were used to prepare the 60NiTi ball. In SOT the bearing ball
slid between two parallel rotating disks. 60NiTi bearing ball was tested against
440C plates under boundary lubricated conditions using Pennzane 2001A oil.
Under these conditions 60NiTi friction behavior (lower friction than 440C) was
comparable to the high-performance 440C bearing balls which showed potential for
these applications. No galling but mild abrasive wear on the tested was observed
when the surface of 60NiTi ball was operated well beyond the lubricant life of the
oil [27]. Tribological performance is compared with several other bearing materials
in Fig. 6.5 which is adopted from the NASA/TM—2011-217105. The superiority of
60NiTi is evident from these results.

In our study of a typical dry sliding of thermally sprayed nitinol coating against
52100 bearing ball [32], it was observed that the friction was suddenly reduced after
sometime during the test. This might be the indication of phase transformation of
this shape memory alloy. The coefficient of friction was found to be very high
(Fig. 6.6a) [32]. This behavior could limit nitinol’s applications as tribo-element.

The topological study of the worn surface of nitinol depicts grain boundary
failure. The hard Ni;Ti phases along the grain boundary [33] might have influenced
this failure. The debris generated was very fine due the brittle fracture of these
particles (Fig. 6.6b) [32].
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Fig. 6.6 (a) Friction coefficient with time plot for nitinol in dry test and (b) an atomic force
microscopic image of worn nitinol surface [32]

4 Interface Phenomenon During Sliding of Metallic
Materials: Debris Formation

The material behavior and the surface changes at the interface during the sliding of
two different surfaces are a very complex process so as the debris formation.
Materials used in tribological applications are mostly elastoplastic in nature. Due
to continuous load and frictional forces on the surface, these materials deform
plastically. The sliding also increases the interfacial temperature and is sudden at
the asperities. It can reach the melting point of the mating surfaces. This tempera-
ture is termed as flash temperature [10, 34, 35]. When two metallic surfaces slide,
deformation at the interface occurs. The severity of the deformation depends on the
lubricating condition such as lubricated or unduplicated. The deformation is
avoided only in ideal hydrodynamic conditions [36]. This results in plastic strains
and the strain gradients near the severely deformed interfaces. The deformation
is very well observed most of the time by visual observation in a form of wear scar.
The strain decreases exponentially under the sliding surface. Therefore, at the
sliding interface, the shear strain is very high and it diminishes rapidly under the
sliding surface [36].

Hardness of the materials deformed or fragmented at the interface can be harder
or softer compared to the interfaces. If “h” be the hardness of the layer material and
“H” be the hardness of the highly deformed materials, the topology of the deformed
surfaces or debris can be predicted. Debris flakes are generated when h/H < 1 and
wear scar will be rough, whereas irregular debris formed when h/H > 1 and wear
scar will be smooth [36, 37].

There are different possibilities for the debris particle to follow once it separates
from the parent materials. These possibilities are explained in Fig. 6.7a. The
detached particle can adhere to the other surface by adhesive interaction which is
represented by “a.” It can react with the surrounding atmosphere and get oxidized
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Fig. 6.7 Debris formation (a) possibilities of material behavior during sliding (b) schematic of
debris particle formed during sliding

depending upon its reactivity with oxygen; this is represented by “b.” It can also roll
in between two sliding surfaces as a third body which is represented by “c.” If the
third-body rolling debris particle is hard, it will damage the softer surface and form
groove on it which is represented by “d.” The deformation of the mating surface
that can occur during sliding is represented by “e.” The debris formed during this
process has a very complex structure. Figure 6.7b shows the schematic of the debris
particle.

5 Phase Transformation During Sliding

Structural as well as chemical changes occur between the interfaces of two sliding
bodies. Stable binary phases can form when alloying elements of binary alloys
satisfy the criteria [38] given by the Hume—Rothery rules, i.e., (a) the ratio of atomic
radii of constituent should not exceed 15 %, (b) the crystal structure of both the
metals should be the same, (c) their electronegativity should be close, and (d) two
metal ions must have the same valance. Most of the binary alloy system follows
these rules.

On the other hand, the atomic radii of two constituent metals are important
parameter that defines the amorphous structure [39, 40]. The difference between
radii should be more than 15 %. Therefore, most of the binary alloys, which follow
the Hume—Rothery rules, cannot be solidified as amorphous structures. These
conventionally solidified alloys (in general, which follow the Hume—Rothery
rules) show the long-range crystal structures. If this crystal structure is broken
below the crystallization temperature, the alloys retain their metastable structure.
Mechanical milling and mechanical alloying can produce such structures [41-47].
In these processes, the phase change occurs by interdiffusion and accumulation of
lattice defects such as vacancies. During milling, amorphization can take place if the
stored energy in the material exceeds the energy of the amorphous phase [48].
Mechanical deformation assists in interdiffusion to occur and subsequently to
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form the homogeneous amorphous alloy [49]. The experimental conditions in
mechanical milling are in many ways analogous to the sliding of two surfaces.
Sliding of two metals and alloys provides all the necessary experimental parameters
and driving forces for amorphization to occur such as plastic deformation, tempera-
ture rise, and the accumulation of the lattice defects. Temperature rise which is the
driving force for the diffusion to occur speeds up the solid reaction and phase
changes by interdiffusion between sliding metals; this mechanism is explained for
the formation of an amorphous alloy from pure crystalline metals [50, 51]. Another
example is the rail and wheel sliding. During the skid along the rail, the wheel
material close to the contact surface undergoes excessive mechanical and thermal
events. The frictional heat generated raises the temperature up to approximately
800-1,000 °C; this causes phase transformations in the wheel steel [52].

Material polishing produces a thin film on the surface that is different from its
parent material. In the tribology community, this layer is known as the “Beilby
Layer” [53]. This layer is amorphous and formed due to the rapid solidification of
locally melted asperities [10, 54]. It is also possible that during sliding the
nanocrystalline materials could develop [55, 56]. These experimental observations
of nanocrystalline and amorphous material formation during sliding were also
validated with Molecular Dynamics (MD) simulations [57-60]. Sliding of annealed
nanocrystalline Zr—Ti—Cu—Ni-Be bulk metallic glass (BMG) in vacuum and in air
produced a work-softened layer where the plastic deformation was highest and
formed the amorphous layer. The debris formed during this process was
re-amorphized [59].

Let’s consider another case of Cr and Fe; both crystals have body center cubic
(BCC) structures. The bond lengths of Cr and Fe are 0.24980 and 0.24823 nm,
respectively [61]. Fe—Cr is a typical binary alloy which, according to Hume—Rothery
rules [53], forms a substitutional solid solution. Although this alloy system is not
readily glass forming (RGF), the middle composition range formed an amorphous
state by thermal evaporation at room temperature using very low deposition rates
[62]. During sliding, the rise in temperature at interface will be the driving force for
the interdiffusion of Fe and Cr. This diffusion can occur on one of the mating
surfaces, on both surfaces, or on the debris after they detach from their parent
surfaces. Plastic deformation which occurred due to the continuously applied load
during sliding is another influencing factor for amorphization to occur.

6 Elevated Temperature Tribology of Metallic Materials

Elevated temperature tribology of metallic materials is even complicated than their
tribological behavior at room temperature. These complications are due to more
favorable thermodynamics conditions occurring particularly for oxidation of slid-
ing partners. Excessive oxidation at elevated temperature results in loss of surface
metals when the oxide formed on the surface is not adhesive to the surface and
result in spalling. To improve the adhesiveness of the oxide, the oxide formed on
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the surface is believed to be ductile. For example, the wear resistance of the Inconel
617 and Stellite 6 alloys at 750 °C is improved due to adhesive oxides growing
slowly on Inconel 617 and Stellite 6 alloys. These oxides sustain the wear action
and reduce spalling [63]. Some of the key points that contribute to high-temperature
tribology are mentioned here [64]:

* Change in mechanical properties at elevated temperature coupled with the
oxidation affects the friction behavior at the interface which will have varying
effects at different temperatures.

e Tribo-chemistry at elevated temperature that is affected by other phenomenon
such as diffusion between sliding surfaces and phase transformations.

¢ The performance of these sliding materials which is governed by mechanical
properties of reaction products formed at elevated temperature, the surface
layers formed, and the actual response of the subsurface materials to the applied
forces (i.e., deformation and fracture).

e Geometry change at the sliding interface (scar formation) with possible wear
phenomenon that took place at the interface.

7 Conclusions

The delamination theory can explain the wear and possibility of debris formation.
Formation and type of oxide (amorphous or crystalline) on the surface of the sliding
metals and alloys can influence the nature of debris formed. Whereas their adhe-
siveness to the surface on which they are formed influence further wear process,
debris formed could be a complex composition than any sliding counterparts. Same
as in milling, during sliding of metals and alloys, amorphization can take place if
the stored energy in the material exceeds the energy of the amorphous phase.
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Exercise

[ O I S

. Describe adhesive wear mechanism.

. Discuss the delamination theory of adhesive wear.

. Discuss debris formation during sliding of metallic materials.

. Describe the oxidation and tribological properties of 60NiTi.

. What factors do affect wear of metallic materials at high temperature?
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