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Abstract: The mild–severe wear transition of aluminum alloys is considered evidence that the
wear changes from a stable state to an unstable state, which is of great importance in engineering
applications. The purpose of this study is to evaluate the mild–severe wear transition of the 2195
Al–Li alloy for different loads and to elucidate the causes behind it. To this end, dry sliding tribometric
tests were carried out by varying the normal load from 2 to 40 N at room temperature. The results
show that the change in wear rate can be divided into three distinct stages, including weak growth at
low load (2–4 N), rapidly increased growth at medium load (8–16 N), and gradually increased growth
at high load (32–40 N). The transition from mild to severe wear is observed at loads ranging from 4 to
8 N. Characterization of the worn surface of the Al–Li alloy via scanning electron microscopy shows
that abrasion and oxidation are the dominant wear phenomena in the mild wear regime. On the
other hand, delamination, adhesion, and severe plastic deformation become dominant in the severe
wear regime. The reason for the occurrence of the transition is the tribo-induced plastic deformation
of the substrate.

Keywords: Al–Li; tribological behavior; spray forming; wear phenomenon

1. Introduction

Due to their remarkable properties, aluminum–lithium (Al–Li) alloys have become the
preferred material for aerospace, automotive, and commercial applications. Their high elas-
tic modulus stiffness, low density, high specific strength, and excellent cryogenic properties
make them superior to other materials. Lithium is the lightest metal (0.534 g/cm3) and
dissolves readily in aluminum. It remarkably reduces the alloy density by 3% while raising
its elastic modulus by 6% for every 1 wt% addition [1]. However, two of the main limita-
tions in the application of Al–Li alloys are friction and wear, which affect their performance
and service life. To improve the wear resistance of components, it is essential to clarify the
tribological behavior of the metal under different conditions [2–4]. In this context, material
scientists have reported several studies on improving the tribological behavior of Al-based
alloys. For example, Schuette et al. [5] prepared thick Al–Si alloy coatings with different
Si contents via surfacing. Furthermore, they studied the mechanisms that improved the
wear resistance of Si-rich Al alloy coatings. Yang et al. [6] investigated the wear behavior of
Al–Zn–Mg–Cu alloys under various loads and temperatures. Tarasov et al. [7] focused on
the direct and reverse adhesion transfer between Al–Mg alloys and bearing steel specimens
during sliding contact at high temperatures. In addition, many studies have focused on
studying the friction and wear behavior of aluminum matrix composites [8].

First- and second-generation Al–Li alloys are lightweight alloys extensively used in
several applications due to their high specific strength, high specific stiffness, and low
density. Similarly, the new third-generation Al–Li alloys exhibit improved toughness
and ductility due to the increased Cu/Li content ratio. Therefore, these enhanced Al–Li
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alloys have been widely used in manufacturing aerospace components as substitutes for
2xxx and 7xxx series aluminum alloys. Among third-generation Al–Li alloys, the 2195
Al–Li alloy has gained increased attraction. For 2195 Al–Li alloys, most of the published
research has focused on how manufacturing technology affects the material microstructure
and performance. For example, Hatamleh et al. [9] thoroughly studied the fatigue crack
growth performance of a friction stir welded 2195 Al–Li alloy, which was subjected to
different surface treatment technologies. Nayan et al. [10] studied the alloy microstructure
evolution by conducting a hot isothermal plane-strain compression test. Wang et al. [11]
investigated the impact of aging on the intergranular corrosion, exfoliation corrosion, and
stress corrosion cracking behavior of a 2195 Al–Li alloy.

Although wear is not the primary factor affecting the service life of aerospace materials,
structural components, such as seat rails and landing gear axles, are still affected by friction
and wear problems. Therefore, the friction and wear behavior of Al–Li alloys have attracted
the growing attention of researchers in recent years. For instance, using plasma electrolytic
oxidation, Cheng et al. [12] prepared wear-resistant coatings containing relatively large
amounts of α-Al2O3 on a 2A97 Al–Cu–Li alloy. They studied the effect of the NaAlO2
electrolyte concentration on wear resistance. Li et al. [13] investigated the tribological
behavior of a 2297 Al–Cu–Li alloy under various loads and sliding speeds using a ball-on-
disk configuration. They analyzed the wear characteristics, including the wear coefficient,
wear rate, and morphology of the worn surface and debris. In addition, friction and wear
must be considered in the plastic forming of metal materials, surface treatment, and other
production processes [4,14].

The concept of mild and severe wear was first proposed by Archard and Hirst for
aluminum alloys [15]. This concept has now been extended to magnesium, steel, and other
alloys [16]. In the mild wear regime, the wear is stable and the wear rate is low. By contrast,
in the severe wear regime, the wear is unstable and the wear rate is high. Therefore,
it is of great significance to study the mild–severe wear transition of aluminum alloys
for promoting their tribological application. Therefore, the mild–severe wear transition
behavior of various alloys, such as Al–Si alloys [17], Al–Zn alloys [6], Al–Sn alloys [18],
and aluminum matrix composites [19], has been extensively studied in previous works.

Spray forming is an advanced solidification technology for developing large-scale
ingots with a uniform microstructure and without the macro-segregation of chemical
components [20]. As a result, numerous popular alloys, especially Al–Li alloys, have
been produced via spray forming. In the presented study, spray forming produced a 2195
Al–Li alloy ingot. The ingot was extruded to eliminate microstructural defects, such as
micropores. The effect of the load on the alloy friction coefficient and wear rate was studied
in detail. The mild–severe wear transition was evaluated. The wear morphologies and
friction-induced plastic deformation structures were characterized.

2. Experimental Procedures
2.1. Materials

The test samples were extracted from the spray-formed 2195 Al–Li alloy billet. The
chemical composition of the billet was Al–3.78 Cu–0.90 Li–0.56 Mg–0.34 Ag–0.11 Zr.
Figure 1a shows the schematics of the spray forming technique used in this study. The raw
materials were aluminum (99.996% purity), copper (99.99% purity), silver (99.99% purity),
Al–10 Li, Al–10 Zr, and Al–50 Mg master alloys. An Osprey spray casting system with a
2000 kg aluminum melt capacity was used. The raw materials were melted in an inductively
heated crucible in an Ar inert atmosphere. At 750 °C, the melt was fed into a two-stage
atomizer and atomized by an argon jet with a high flow rate and pressure. The spray was
collected on a rotating steel collecting plate and gradually solidified into a preform. The
rotation rate of the collecting plate was 40 rpm, and the deposition rate was 15 kg/min. The
dimensions of the preformed billet were 650 mm in diameter and 1800 mm in length. No
macroscopic defects were found in the plate, such as thermal tearing or rough shrinkage.
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Figure 1. Schematics of (a) The spray forming process, (b) Extruded plate and sample position, and
(c) Friction and wear experiment.

2.2. Processing

After forming, the billet was homogenized at 450 ◦C for 10 h. The billet was machined
to a diameter of 490 mm and a length of 1000 mm. Machining removed surface defects and
transformed the billet according to the capacity of the extrusion cylinder. Hot extrusion
was conducted using a horizontal extruder (80 MN (meganewton), Taiyuan Heavy Industry
CO., LTD., Taiyuan, China) to obtain the plate with a cross-section size of 400 mm × 60 mm.
The diameter of the extrusion cylinder was 500 mm. The extrusion ratio was 8.17, and the
dummy block speed was 0.1 mm/s. The extrusion cylinder and mold temperatures were
460 ◦C and 420 ◦C, respectively. After extrusion, the samples were cut by wire-electrode
cutting. To avoid the influence of microstructure heterogeneity, all samples were extracted
from the center of the plate. The sampling position and its relationship with the extrusion
direction are shown in Figure 1b. The samples were solution treated before testing at a
heating rate of 4.25 ◦C/min. The temperature was kept at 510 ◦C for 2 h. At the end of the
solution treatment, water quenching was performed at 60 ◦C. Then, the samples were aged
at 170 ◦C for 28 h (T6) and cooled in air.

2.3. Analysis and Characterization

Optical microscopy (OM, DMI5000M, Leica Microsystems, Weitzlar, Germany) was
used to analyze the morphology of the extruded plate. The OM samples were mechanically
polished with different sandpapers and flannels. A cotton ball dipped in Kellar’s reagent
(1 mL HF + 1.5 mL HCl + 2.5 mL HNO3 + 95 mL H2O) was used to wipe the polished surface
for 35 s. The morphology and type of the second phase were identified via transmission
electron microscopy (TEM, HT-7700, Hitachi High-tech Company, Tokyo, Japan). The
acceleration voltage was 200 kV. For the TEM analysis, a plasma ion polisher (Model 691,
Gatan, CA, USA) was used to prepare thin foils with a thickness of 80 nm. The sliding dry
friction and wear properties of the alloy were tested using a reciprocating friction and wear
testing machine (MWF-05, Shandong Baohang Machine Equipment Manufacturing Co., Ltd.,
Jinan, China).

The ball-on-disk wear tests were conducted under dry conditions at a standard tem-
perature (~25 ◦C). A high carbon chromium-bearing steel ball (GCr15, ϕ6 mm) was used
because of its high hardness (~63 HRC) and the fact that it can concentrate a significant
amount of wear on the alloy surface. A wide range of loads was applied during the pre-
test to thoroughly evaluate the Al–Li alloy wear phenomena. However, it is difficult to
accurately predict the wear rate under small loads, whereas excessively high loads cause
the instability of the friction process. Based on the tests, the optimal experimental load
range was 2–40 N. The stroke and frequency were kept constant at 15 mm and 2.5 Hz,
respectively. The sliding distance was 55 m, and the sliding direction was parallel to the
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extrusion direction. The positional relationship between the friction contact surface and the
extruded plate is shown in Figure 1c. The samples were cleaned with alcohol and distilled
water and dried in chilled air.

After the wear test, the three-dimensional (3D) topographic images of the worn
surface were acquired via laser scanning confocal microscopy (LSM900, ZEISS, Oberkochen,
Germany). The volume V (mm3) of the worn-out material was calculated using the software
provided by the confocal measurement system. The specific wear rate w (mm3·m−1) was
calculated using the following equation:

w = V/s (1)
where s (m) is the total sliding distance. The friction tests were repeated six times un-
der each loading condition and then averaged to obtain the final result. The standard
deviation was calculated to determine the dispersion of the data. To analyze the wear
phenomenon, the morphology of the sliding track was observed via scanning electron
microscopy (SEM, Quant FEG 250FEI, FEI, Hillsboro, OR, USA) combined with energy-
dispersive spectroscopy (EDS). SEM and EDS were also utilized to observe the debris
morphology of the samples. Finally, the worn sample was cut parallel to the sliding di-
rection. After mechanical polishing and chemical corrosion, OM was used to observe the
microstructure of the friction-induced deformed layer.

3. Results and Discussion
3.1. Microstructure Analysis before Friction

The microstructure behavior of the 2195 Al–Li plate after the heat treatment is shown
in Figure 2. It can be observed that the aluminum plate was fully recrystallized with
marginally elongated grains. The size of the recrystallized grains ranges from 5 to 12 µm.
TEM was used to analyze the morphology and the precipitated phase. The results are
shown in Figure 3. Figure 3a shows the brightfield (BF) images of the alloy microstructure.
Figure 3b shows the selected area electron diffraction (SAED) pattern. It can be observed
that there are three types of fine second phases in the alloy, namely the needle-like phases
T1(Al2CuLi) and θ′(Al2Cu), and the spherical phase δ′(Al3Li). Similar findings have been
reported by Yang et al. [21,22].
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Figure 3. TEM microstructure of the 2195 Al–Li extruded plate: (a) BF image and (b) Corresponding
SAED pattern.

3.2. Results of the Friction and Wear Experiment
3.2.1. Coefficient of Friction and Wear Rate

The friction coefficient and wear rate of the 2195 Al–Li alloy as a function of the
applied load are shown in Figure 4. In Figure 4a, the wear rate of the alloy shows three
different stages: the stage in which it increases slowly at a low load (Stage I, 2−4 N), the
stage in which it increases rapidly at a medium load (Stage II, 8–16 N), and the final stage
in which it increases gradually to the highest level (Stage III, 32−40 N). At 2−4 N, the wear
rate is about 0.1 mm3·m−1. When the load increases from 4 to 16 N, although the load rises
by a factor of 3, the wear rate increases by a factor of 10 (0.96 mm3·m−1). With increasing
load, the increase in the wear rate is reduced. At 40 N, the wear rate reaches its maximum
value of 1.34. Figure 4b,c show that the friction coefficient of the alloy is minimal and stable
in Stage 1 (2−4 N), about 0.1. However, during the second and third stages (8−40 N),
the friction coefficient rises rapidly to about 0.6. At the same time, the friction coefficient
fluctuates dramatically, which means the wear process becomes unstable.
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The variation in the friction coefficient and wear rate as a function of the applied load
indicates that the alloy is in the mild wear regime in Stage 1 and enters the severe wear
regime in Stages 2 and 3. The mild–severe wear transition has also been observed in other
alloys [23,24].

3.2.2. Wear Phenomenon

The 3D profilometry analysis results of the standard samples are shown in Figure 5.
For simplicity, only the samples tested at 4 N (Stage I), 16 N (Stage II), and 40 N (Stage III)
were selected as the representatives. The color change shown in the figure corresponds to
the variation in the wear track depth. The line profile of the surfaces shows that the width
and depth of the abrasion mark increase exponentially with the applied load. At 4 N, the
width of the abrasion mark is 238 µm, and the depth is 0.5 µm. However, when the load
increases to 16 N, the width and depth rapidly increase to 991 and 58 µm, respectively.
By increasing the load to 40 N, the width and depth of the abrasion mark reach 2967 and
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357 µm, respectively. This change indicates that the increased load causes the sliding ball
to push away more metal, which causes an increase in the sliding resistance and friction
coefficient. The significant difference in wear volume is related to the wear behavior of
metals under different loads. The wear surface morphology was observed using SEM
under loads of 2–40 N for a comprehensive understanding, as shown in Figure 6a–f.
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Stage 1: Due to the abrasive wear, grooves and scratches can be observed on the matrix
for an experimental load of 2−4 N (Figure 6a,b). The figure shows that the morphology is
affected by wear debris particles formed during friction and hard microscopic bumps on
the paired ball surface [25]. Suresha et al. [26] explained that the size of the micro-bumps
on the surface of the tribo-pair material influences the wear rate more than the applied
load. Considering this effect, it can be assumed that in the present study the wear rate of
the 2195 Al−Li alloy increases slowly in Stage 1.

The oxygen composition of the worn surface was analyzed via EDS. This is shown in
Figure 7. It can be observed that at 2 and 4 N, an excessive amount of elemental oxygen
appears on the surface of the alloy after being worn (Table 1). This phenomenon indicates
that an oxide film is formed on the metal surface during the friction of the alloy. Then, the
oxide film instantly breaks and generates debris under the action of cyclic contact stress.
The continuous formation and detachment of the oxide film are regarded as oxidation
wear [27]. Many models have been proposed to explain the oxidative wear of metals [28,29].
These models use different parameters and conditions; however, these are based on the
same assumption that the behavior of the oxide film affects the oxidative wear process.
Quinn [30] proposed the oxidation wear model of steel considering the light wear stage:

ωL = WAdexp(−Q/RT)/ρ2Vpmξ2 (2)

whereωL represents the wear rate, ξ is the maximum thickness of the accumulating oxide
film, d is the relative sliding distance between the two metals, W is the applied load, A is
the rate constant of Arrhenius’s empirical formula, Q is the activation energy of the metal
oxidation reaction, R is the ideal gas constant, T is the temperature of the contact surfaces,
ρ is the oxide density, V is the sliding velocity, and pm is the yield pressure of the softer
metal. From Equation (2), it can be inferred that when the 2195 Al–Li alloy is in Stage 1,
the material loss caused by oxidative wear is positively correlated with the load W and the
temperature T. An increase in the applied load results not only in an increase in W but also
in an increase in T because of the accumulation of friction heat. Therefore, in Stage 1, an
increased loading can increase the contribution of oxidative wear.
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Table 1. EDS surface scanning analysis results (wt%).

Element Content (wt%) Al Cu O

Tested at 4 N 91.18 4.55 4.27
Tested at 16 N 93.29 4.71 2.00
Tested at 40 N 94.02 4.68 1.30

Stage 2: Under the normal loads of 8 and 16 N, the wear phenomenon of the alloy was
the same. The SEM images shown in Figure 6c,d indicate the presence of patches of re-
deposited material and adhesive wear. In the adhesion and sliding processes, strong ionic
and covalent bonds form between the micro-convex bodies of the friction pairs, increasing
the friction coefficients. The wear volume can be calculated according to the following
expression [31]:

V =
1
3
×

(n
λ

)
×

(
b
a

)3
×

(
P× τ

Pm

)
(3)

where V is the wear volume, n is the number of wear elements generated in the microscopic
contact area where adhesion occurs, and a and b are the mean radius of the microscopic
bumps of the wear materials and tribo-paired materials, respectively. P is the applied load,
and Pm is the yield stress of the wear material (the softer material). τ is the sliding distance,
and λ is a constant determined by the chemisorption capacity of the surrounding molecules.
From the wear volume expression, it is clear that the volume of material loss caused by
adhesive wear is proportional to the applied load and sliding distance. Therefore, when
the wear of the 2195 Al–Li alloy enters Stage 2, the contribution of adhesion to the wear
may increase with increasing load.

The area outside the adhesive wear is smooth, indicating that the metal undergoes
plastic deformation under the combined effect of a high load and frictional heat. The
continuously accumulating heat at the contact surface causes thermal softening, increasing
the alloy plasticity and generating a smooth surface. This is referred to as severe plastic
deformation [32]. The wear phenomenon makes the alloy prone to plastic deformation
and failure when subjected to micro-plowing. As a result, the surface alloy is pulled out
of the friction contact surface and is constantly detached, forming large lamellar debris.
Zheng et al. [33] studied the surface microstructure of an Al–Zn–Mg–Cu alloy subjected to
friction and wear using TEM. The results show that severe plastic deformation causes dense
dislocations in the cell walls. Later, micro-lamellae with a high dislocation density are
formed, and the equiaxed dislocation cells develop inside the micro-lamellae. Finally, the
lamellae are gradually separated into randomly oriented ultrafine grains. Published studies
have explained that similar phenomena occur in Inconel and magnesium alloys [34,35].

In addition, spalling and cracking perpendicular to the sliding direction occur under
the applied load, which means that the surface layer experiences delamination wear. Ac-
cording to the Hertz contact theory, the maximum shear stress occurs at a certain depth
below the surface during the sliding process of the ball [36]. The stress causing plastic de-
formation in the substrate induces the formation of many dislocations and defects. Greiner
et al. elucidated this process via systematic model experiments and discrete dislocation
dynamics simulations [37]. This phenomenon is repeated as the sliding proceeds, gradually
forming fatigue microcracks and holes in the alloy surface [38].

The EDS analysis reveals that the O element content decreased significantly (Table 1).
This behavior can be attributed to the appearance of adhesive and delamination wear,
which increase the rate of surface wear failure. As a result, the oxide layer is removed faster
than it can form. Different from the low-load conditions (2−4 N), the transformation of the
wear phenomenon is a fundamental reason for the rapid increase in the wear rate and the
mild−severe wear transition.

Stage 3: A few areas demonstrate adhesive wear characteristics when the load exceeds
30 N (Figure 6e,f). However, most areas of the friction trace become smooth. The results
of the surface roughness analysis also confirm this phenomenon (Figure 5). In this stage,
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the material loss rate is much higher than the oxide film growth rate. The oxygen element
content on the alloy-worn surface is reduced to the minimum, as shown in Table 1 and
Figure 7. Severe plastic deformation mechanisms dominate the wear of the alloy.

Figure 8 shows the morphology of the wear debris of the 2195 Al–Li alloy under
different loads. The samples tested at 4 N (Stage I), 16 N (Stage II), and 40 N (Stage III) were
chosen as the representatives. When the experimental load was 4 N, it was observed that
the average size of the debris was small. Most of the debris was in the form of fine granular
and irregular lumps (Figure 8a). The debris diameter was between 10 and 100 µm. At 16 N,
the wear entered the second and third stages. At the same time, the shape of the debris also
changed to large lamellae and bands (Figure 9b). It is commonly assumed that fine granular
and irregular lumpy debris is produced from abrasive wear. The primary sources of the
band-like and lamellar debris are the delamination wear, adhesive wear, and severe plastic
deformation mechanisms. Most debris is more than 200 µm in diameter. At 40 N, the shape
of the chip does not change appreciably, but the size of the debris increases marginally.
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3.2.3. Plastic Deformation Behavior Induced by Friction

The microstructural evolution of the aluminum alloy during sliding is considered the
main factor that changes during the wear phenomenon, determining the wear properties
and mild–severe wear transition. Figure 9 shows the microstructural changes of the sub-
strate as a function of the load. Almost no trace of plastic deformation is observed in Stage
1 (Figure 9a,b). After raising the load (Stages 2 and 3), evident plastic deformation occurred
in the substrate. The load increases from 8 to 16 N, increasing the plastic deformation zone
depth from 3 to 17 µm, as shown in Figure 9a,b. At the same time, layered structures appear
in the deformation zone. The plastic deformation of the metal immediately adjacent to the
friction contact surface is exceptionally high, resulting in unrecognizable grain boundaries.
The zone immediately adjacent to the friction contact surface is usually referred to as the
mechanical mixing layer (MML) and is about 10 µm thick. At 32 N, the depths of the defor-
mation zone and the MML increase simultaneously. The thicknesses of the deformation
layer and the MML are 25 and 15 µm, respectively. At the same time, cracks extending
from the inner metal to the surface appear in the MML. As discussed in Section 3.2.2, crack
propagation causes the spalling of the metal, resulting in delamination wear and spalling
pits. This behavior is shown in Figure 6. At 40 N, the plastic deformation of the metal
increases, and the thickness of the MML region is nearly doubled. The thickness of the
deformation layer increases to 45 µm, and the thickness of the MML layer becomes 30 µm.

During sliding, noticeable plastic deformation occurs in the friction contact area
of the metal, which changes the microstructure of the surrounding wear marks. This
phenomenon has attracted increasing attention from the research community. Studies on
Al–Cu and Al–Mg alloys have shown that the resistance of the metal to the formation and
shedding of the MML layer during friction determines the wear behavior [39,40]. Chen
et al. investigated the friction-induced deformation behavior of Cu–Al alloys. They found
that the transition of the dynamic recrystallization structure to the outermost MML plays
a vital role in the tribological and wear properties [41]. For Al–Li alloys, the change in
microstructure leads to a change in the wear phenomenon from abrasive to layered wear
and finally leads to the transition from mild to severe wear. Therefore, if the degree of
plastic deformation caused by friction can be reduced via aging strengthening or other
strategies, severe wear may be avoided. This is conducive to the improvement in the wear
resistance of the alloy.

4. Conclusions

Evaluating the reasons for the mild–severe wear transition is a prerequisite for delaying
the occurrence of such a transition. In this work, the mild–severe wear transition of the
2195 Al–Li alloy for different loads was investigated. The analysis in this study shows
that controlling the tribo-induced plastic deformation of the 2195 Al–Li alloy should be an
important way to delay the occurrence of the mild–severe wear transition. This provides a
breakthrough for future research on improving the wear resistance of Al–Li alloys.

The main conclusions of this work are as follows:

1. When the load increases from 2 to 40 N, the change in the wear rate can be divided
into three stages. In Stage 1 (2–4 N), the wear rate does not change significantly
with increasing load. The alloy is in the mild wear regime. In Stages 2 (8–16 N) and
3 (32–40 N), the rate at which the wear rate increases firstly rises rapidly and then is
gradually reduced. The alloy is in the severe wear regime;

2. The main wear phenomena are abrasion, adhesion, oxidation, delamination, and
severe plastic deformation. When the load ranges from 2 to 4 N, the wear is dominated
by abrasion and oxidation. At 8 and 16 N, the wear phenomenon changes to adhesion,
delamination, and severe plastic deformation. When the load exceeds 32 N, the
dominant wear phenomenon is severe plastic deformation;

3. The change in the wear phenomenon is affected by the microstructure of the substrate.
When the load exceeds 8 N, friction and wear cause plastic deformation of the 2195
Al–Li alloy. The deformation results in the mechanical mixing and the formation of



Crystals 2023, 13, 698 11 of 12

plastic deformation zones near the wear contact surface. By increasing the load, the
thickness of the plastic deformation layer rises rapidly.
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