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Figure 14. The comparison of the plastically deformed area (a) and volume (b) for the homogeneous
structure with different friction coefficients.

Figure 15. The equivalent plastic strain distribution in the homogeneous structure with different
friction coefficients after 6 sliding reversals. The friction coefficients for the homogeneous cases (a—
f) range from 0.1 to 0.6, respectively.

3.3.2. The Effect of Strain Hardening

The effect of the strain-hardening characteristics of the homogeneous materials on
their fretting sliding response is quantified by considering a range of strain-hardening
exponents from 0.25 to 0.85, corresponding to those observed in low-strength stainless
steels. It is observed that the frictional-sliding-induced plastically deformed volume is al-
most independent of the strain-hardening exponents. The fretting of materials with a rel-
atively lower hardening exponent results in a relatively larger plastically deformed sur-
face area but with a smaller depth, resulting in similar plastically deformed volumes for
materials with different strain-hardening exponents (Figures 16 and 17). The maximum
equivalent plastic strain is much higher in the material with a lower strain-hardening ex-
ponent than that in the case of the material with a higher strain-hardening exponent (Fig-
ures 17 and S5).
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Figure 16. The comparison of (a) the plastically deformed area A4, and (b) volume V,, for homoge-
neous structures with different hardening exponents (0.25-0.85).
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Figure 17. The equivalent plastic strain (PEEQ) distribution in the homogenous structure with dif-
ferent strain hardening exponents after 6 sliding reversals. Here, (a-d) represent the equivalent plas-
tic distributions in the homogeneous structures with hardening exponent ranging from 0.25 to 0.85,
respectively.

4. Discussion

The graded nanostructured materials exhibit a gradient in their microstructure from
the nanograined region at the surface to the coarse-grained interior, with a corresponding
gradient in the yield strength of the surface regions, which gradually decreases from the
surface to the interior. Due to the higher yield strength of the nanograined surface layers,
the gradient material resists plastic deformation, and therefore, the fretting-induced plas-
tically deformed surface area and volume are smaller when compared to the coarse-
grained homogeneous material. This observation is confirmed by the results of the FEA
simulations, as shown in Figures 3 and 4. The gradient nanostructured material is demon-
strated to exhibit superior resistance to repeated sliding contact as compared to the coarse-
grained materials.

Furthermore, the gradient material exhibits elastic shakedown behavior at lower fric-
tion coefficients (f = 0.1-0.4) with almost solely elastic deformation after reaching shake-
down, and plastic shakedown behavior at higher friction conditions (f = 0.5-0.6) where a
steady state in the fretting-induced plastically deformed volume is obtained (Figure 7)
under repeated fretting sliding. However, such shakedown behavior is not observed un-
der similar frictional sliding conditions for the homogeneous coarse-grained material.
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For the gradient materials (and the homogenous materials with smaller friction coef-
ficients of f=0.1-0.3), the maximum von Mises stress, and hence the maximum equivalent
plastic strain, occurs at the edge of the contact area during the repeated fretting sliding
process (Figures 8 and 15). This observation is similar to the plastic strain distribution
observed in the fretting behavior in previous studies [41]. For the cases with higher friction
coefficients (i.e., between 0.4 and 0.6), the maximum equivalent plastic strain location
switches to the center of the contact region at the surface. In addition, due to the higher
tangential load induced by higher friction coefficients, most of the contact region yields
plastically, and the plastically deformed volume transforms into an elliptical shape. The
observed evolution of the shape and extent of the fretting-induced plastically deformed
volume is attributed to the interplay between the shear stresses and the normal stresses
that are developed in the contact regions under different contact friction conditions [42].

For the gradient materials considered in the present study, the plastic deformation
zone is typically confined to a shallow region immediately beneath the nanograined sur-
face (Figures 8 and 12). When the gradient layer thickness is small, the high contact-in-
duced stresses may extend beneath the thin nanograined layer (which has high yield
strength) to the homogeneous base material (which has much lower yield strength), and
thus, more plastic deformation is produced under the contact surface. In the limiting case
of a coarse-grained homogeneous material with a thin-film layer of a nanostructured sur-
face, where the plastic strain difference between the nanostructured surface layer and the
coarse-grained subsurface could be large, delamination or detachment of the nanostruc-
tured surface layer may also happen [55]. However, when the gradient layer thickness is
large enough, e.g., 206 um, as considered in this study, the gradient layers are more effec-
tive in shielding the underlying coarse-grained homogeneous material from high stresses,
and the plastic deformation is largely confined to the nanostructured gradient layers
which have higher yield strengths. On the other hand, the plastic properties of the homo-
geneous material, such as yield strength and the strain hardening exponent, influence the
fretting sliding behavior as expected, with the materials which have a lower hardening
exponent exhibiting a higher magnitude of the equivalent plastic strain (Figures 16 and
17).

It is to be noted that in the experiments conducted on graded nanostructured metals,
depending on the contact stress conditions, two plastic deformation mechanisms may be
observed [12-14,24,56,57]: the dislocation activities in the entire plastically deformed re-
gion and mechanically driven grain size changes in the gradient region, which can signif-
icantly affect the mechanical properties of the gradient structure. For example, after alarge
number of frictional sliding passes, the nanostructured surface may coarsen to ultrafine
grains during the fretting or sliding process, and the coarse-grained subsurface could be
refined to smaller grain sizes due to severe plastic deformation [13,58]. These deformation
mechanisms can help to accommodate large plastic strains and assist with suppressing
shear localizations. With the limited number of sliding reversals simulated, however, no
microstructural evolution is considered in this study. Nevertheless, deformation-induced
microstructural changes during fretting sliding will be an important topic for investiga-
tion in future efforts.

5. Conclusions

Nanostructured graded materials have demonstrated exceptional mechanical prop-
erties, such as high hardness and fatigue strength. However, limited studies are available
on the deformation characteristics of GNS materials under fretting sliding conditions.
Therefore, this study focused on understanding the fundamental structure—property rela-
tions in GNS materials under fretting and frictional sliding conditions. In this study, 304
stainless steel was utilized as a model system to investigate the behavior of GNS materials.
Moreover, the GNS materials are modeled as layered structures with a yield strength gra-
dient. Most GNS metal materials, including copper [24,57,58], titanium [8], and alloys
[9,15], due to their grain size gradient in the depth direction, possess a yield strength
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gradient from a high yield strength on the surface to a low yield strength in the interior
region. The principal conclusions from the present study are as follows:

(1) A three-dimensional finite element model was developed to predict the fretting-in-
duced plastic deformation characteristics and both elastic and plastic shakedown be-
haviors in graded materials.

(2) Graded nanomaterials with their lower plastically deformed contact volumes
demonstrate superior resistance to repeated sliding contact as compared to coarse-
grained materials.

(38) Contact friction has a significant effect on the fretting-induced plastic deformation
characteristics in the graded nanomaterials and homogeneous materials. In general,
the size of the plastically deformed zone increases with increasing friction.

(4) The thickness of the nanograded layer plays an important role in determining the
frictional sliding resistance of the material. Materials with a thin gradient layer thick-
ness may exhibit slightly smaller plastically deformed surface area but higher plas-
tically deformed volume upon fretting sliding and could be susceptible to increased
wear or delamination compared to materials with a sufficiently thick nanograined
gradient layer.

(5) Graded nanomaterials have demonstrated elastic shakedown behavior with lower fric-
tion coefficients (f = 0.1-0.4) and plastic shakedown behavior with higher friction coef-
ficients (f = 0.5-0.6), enhancing fretting resistance. In contrast, homogeneous coarse-
grained materials under similar fretting sliding conditions do not exhibit such a
shakedown behavior. Elastic shakedown behavior observed at relatively low friction
in the gradient structure is more desirable than plastic shakedown behavior observed
in the cases with relatively high friction because no additional plastic deformation
accumulates with an increasing number of fretting sliding cycles in elastic shakedown.

(6) The fretting sliding response of a homogeneous material depends more on the con-
tact friction than on the strain-hardening characteristics of the material, with larger
plastically deformed zones expected under higher friction conditions.

The conclusions obtained in this study using 304 stainless steel as a model system are
also expected to be broadly applicable to many GNS metallic materials and would be
helpful for designing GNS materials for many applications such as high-load and high-
speed automotive engines, industrial machinery, aerospace components, and nuclear re-
actors, where enhanced fretting and frictional sliding resistance are required.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure S1: The comparison of fretting damage on the gradient model with
different mesh density. Figure S2: Equivalent plastic strain (PEEQ) distribution 6 sliding reversals
in the gradient structure with a friction coefficient of 0.5 at different mesh density (a—c). Figure S3:
The equivalent plastic strain (PEEQ) distribution in the gradient structure with different gradient
layer thicknesses with the friction coefficient f= 0.5 after 6 sliding reversals; Figure S4: The equivalent
plastic strain distribution in the homogeneous structure with different friction coefficients after 6
sliding reversals. Figure S5: The equivalent plastic strain (PEEQ) distribution in the homogenous
structure with different strain hardening exponents after 6 sliding reversals.
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Figure S1| Comparison of fretting damage on the gradient model with varying mesh densities. Plastically deformed
area (a) and plastically deformed volume (b) were computed using different total numbers of elements: 16,320, 65,280,
and 204,000, respectively, while maintaining a constant friction coefficient of 0.5 across all three cases.
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Figure S2| Equivalent plastic strain (PEEQ) distribution after 6 sliding reversals in the gradient structure with a
friction coefficient of 0.5 with varying mesh densities. The total element numbers used are (a) 16320, (b) 65280, and
(c) 204000, respectively.
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Figure S3| The equivalent plastic strain (PEEQ) distribution in the gradient structure with different gradient
layer thicknesses with the friction coefficient f= 0.5 after 6 sliding reversals. The gradient layer thickness ranges
from the lowest to the highest in (a-d). Note that the color bar range is set differently than that used in Fig. 12, high-
lighting the regions with high PEEQ values.

Friction coefficient: 0.1 Friction coefficient: 0.2 Friction coefficient: 0.3
=] contact plane contact plane ¥ contact plane

central plane central plane y

Friction coefficient: 0.4 Friction coefficient: 0.5
contact plane (3 contact plane

central plane b A central plane central plane

X

PEEQ
0 0.4

Figure S4| The equivalent plastic strain distribution in the homogeneous structure with different friction coeffi-
cients after 6 sliding reversals. The friction coefficient for the homogeneous cases in (a-f) ranges from 0.1 to 0.6,

respectively. Note that the fine-mesh region is larger than that used in Fig. 15.
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Figure S5| The equivalent plastic strain (PEEQ) distribution in the homogenous structure with different strain
hardening exponents after 6 sliding reversals. Here contours in (a-d) represent the equivalent plastic distributions in
the homogeneous structures with hardening exponent ranging from 0.25 to 0.85, respectively. Note that the color bar

range is set differently than that used in Fig. 17, highlighting the regions with high PEEQ values.



