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Abstract

Proper design of functionally gradient (FG) coatings requires a thorough understanding
of layer architecture, chemistry and mechanical properties. An elastic-plastic model has
been developed to study the stress distribution in multilayered FG coatings using finite
element method to achieve optimum design architecture for high wear resistance and low
friction. Ti;«Cx (0< x <1) gradient coatings with diamond like carbon (DLC) coating on
440C stainless steel substrate were assumed as a series of perfectly bonded layers with
unique material properties and layer thickness. In order to model the elastic-plastic
behavior of these coatings accurately, nanoindentation experiments using a nano indenter
were performed to measure material properties of each Ti;«Cx gradient coating block.
Using measured material properties, the numerical elastic-plastic model was used to
examine the threshold of plasticity and plastic deformation zone inside the multilayered
coatings and substrate and at the multilayered interfaces.



Introduction

Wear protective coatings have been developed to protect the contacting surfaces from
friction and wear. Depending on the coating applications, the design, composition, and
thickness of the wear protective coatings vary. Nevertheless, the main functional factors
such as high hardness and low friction for wear protective coatings remain the same. One
of the widely used wear protective coatings is the diamond like carbon (DLC) coating
deposited at low temperatures because it has the high hardness and low friction
characteristics. Although there are many superior advantages for DLC coatings, their
applications are limited to the contact pressure, 1 GPa, due to the weak adhesion between
the DLC coating and the softer substrate. Lyubimov et al. (1992) found that interfaces
between layers are the prime locations for the film failure, e.g. by an interface crack
growth, because of the considerable mechanical property differences at the interfaces.
Also, due to the intrinsic stresses created by the deposition process, the thickness of the
DLC coating is limited to 0.5 um (Voevodin et al., 1997b). To eliminate the usage
limitations of the DLC coatings, a multilayer design was proposed. In order to increase
the adhesion between the DLC coating and the substrate, the bond layer such as a-Ti
layer was used. Also, to provide the load support mechanism for DLC layers,
functionally gradient (FG) architectures have been developed. Therefore, the FG
Ti/TiC/DLC multilayered coating system has been developed extensively for the high
load and wear resistant applications because of the unique combination of high hardness,
load support, and low friction (Voevodin et al., 1995, 1997a, 1997b). Lyubimov et al.
(1992) concluded that the optimal choice of thickness, combination, and deposition
conditions of layers should consider their stress state to prevent failure of a multilayer
coating. Therefore, in order to develop the optimal FG Ti/TiC/DLC multilayered coating
system design, the stress distribution and elastic-plastic deformation of the coating
system should be investigated.

In addition, to develop the numerical models accurately, the material properties such as
hardness, modulus of elasticity, and yield strength need to be measured and calculated for
each thin coating. Due to the thickness of the thin coatings, conventional tensile test
cannot be performed to generate the stress strain relationship curve for each coating
material. One of the most widely used methods to measure the material properties for
thin coatings is the nanoindentation developed for characterizing thin coatings and layers
mechanically because nanoindentation of thin coatings provides a relatively simple
approach to quantify the mechanical properties of thin coatings. Due to the thickness of
the thin coatings, only shallow indentation depth is allowed to extract the measurement
data from the thin coating systems. From the nanoindentation of coating systems, the
load vs. indentation depth curves are obtained and analyzed to determine properties such
as modulus of elasticity and hardness as well as to study the elastic-plastic deformation
mechanisms. Nanoindentation has become widely used for the characterization of coated
systems over the past three decades. Doerner and Nix (1986) developed a method for
interpreting hardness and Young’s modulus from the data obtained from depth-sensing
indentation instruments. Later, Pharr and Oliver (1992) proposed the improved
nanoindentation technique and conducted the experimental measurements of thin film
mechanical properties such as hardness and modulus of elasticity, that is, properties are
derived from measurements of load, displacement, and time. Page and Hainsworth



(1993) reviewed and summarized the abilities and limitations of nanoindentation
techniques to characterize the mechanical properties of thin coatings. They considered
these nanoindention systems as ultimate mechanical property microprobes that
characterize thin coatings. Nanoindentation technique has been used by Voevodin et al.
(1995) to evaluate the mechanical properties of diamond-like carbon (DLC) coatings
prepared by pulsed laser deposition. There have been numerous analytical and finite
element models developed for the nanoindentation of thin coatings. (Knapp et al., 1996,
1997,1999, Bouzakis et al., 2001, Chudoba et al., 2002). They also conducted
nanoindentation experiements for various types of coated systems and developed the
procedures for obtaining the mechanical properties of thin coatings based on finite-
element modeling of nanoindentation. They emphasized the situation when substrate
effects for thin coating mechanical properties measurement are dominant, that is, the thin
hard coatings over softer substrates.

In this present work, the elastic plastic finite element analysis model using measured
material properties has been developed due to the nonlinear nature of the coating system.
The FEA model has been used to determine the stress distribution in the FG Ti/TiC/DLC
multilayered tribological coating system and examine the elastic plastic deformation of
the coating systems during indentation. Nanoindentation experiments were conducted to
measure the material properties such as hardness and modulus of elasticity for each
coating material. In addition, nanoindentation FEA simulation was performed to
calculate the yield strength of each coating material. The ultimate goal of this study is to
develop optimized FG multilayered coatings for high adhesion and scratch resistant
applications.

Functionally Gradient (FG) Multilayered Tribological Coating
Voevodin et al. (1997b) illustrated the need for the functionally gradient (FG)
multilayered tribological coatings in heavily loaded contact applications. Figure 1 shows
the FG Ti/TiC/DLC coating system developed by Voevodin et al. (1997b). Instead of
having diamond like carbon (DLC) coating on the top of the substrate, there is Ti/TiC
coating system that has gradual Ti and C composition changes to improve the load
support and adhesion between the DLC coating and the substrate.

Nanoindentation
To measure the material properties such as hardness and modulus of elasticity for FG
Ti/TiC/DLC coating system, a MTS nano indenter® XP was used for the experiment
under the carefully controlled environment. Figure 2 depicts the schematic of
nanoindentation for multilayered semi-infinite medium with a spherical indenter tip. The
spherical indenter tip is loaded vertically during nanoindentation. It is assumed that
gradient coatings have a series of perfectly bonded block layers with unique material
properties and layer thickness. However, the gradient coatings don’t have distinct layers
in reality. They normally have continuous gradual change of Ti and C composition. Itis
also assumed that there is no interfacial stress generated by the deposition process at the
interfaces. In order to develop an accurate nanoindentation model for the FG
Ti/TiC/DLC coating system, material property measurements for the inputs to the FEA
model are required. It is difficult to measure the material properties for each distinct
layer from the FG multilayered coating system because the material property
measurements for thin coatings require very sophisticated instruments due to the



magnitude of coating thickness. Nano indenters with nano-Newton resolution in loading
and nano-meter resolution in displacement allow very accurate measurements of the load-
displacement curve for the thin coatings. Figure 3 demonstrates a portion of two
dimensional axi-symmetric FEA model of the nanoindentation simulation using a conical
indenter tip for coating samples. This FEA model was used for various coating samples
to calculate their yield strengths of thin coatings using measured hardness (H) and
modulus of elasticity (E) data. Knapp et al. (1996) developed the two dimensional axi-
symmetric FEA model with the shape of the conical indenter tip to verify that the conical
tip with a certain angle has the same area versus depth relationship for the Berkovich
indenter tip. A diamond Berkovich tip was used for the nanoindentation experiments to
measure the hardness and modulus of elasticity of thin coatings. Since the hardness of
thin coating materials are relatively high, the deformation of the diamond indenter tip is
not avoidable. Therefore, the deformable indenter tip was used for the FEA model. Each
coating sample consists of 1 um thick coating and 440C stainless steel substrate. The
area function for the Berkovich indenter tip was calibrated through a series of
nanoindentation onto fused silica sample. Nanoindentation experiment was performed
for the carefully prepared samples to minimize the measurement errors.

Figure 4 illustrates the general load vs. displacement curves generated by the
nanoindentation experiments. The red dots show the typical load vs. displacement curve
for elastic deformation. The reversible load vs. displacement curve was generated during
loading and unloading when the nanoindentation causes the elastic deformation on the
sample surface. The blue dots depict the typical load vs. displacement curve for elastic-
plastic deformation. During loading, the indenter tip makes a permanent impression on
the sample surface due to the plastic response of the sample. The load vs. displacement
curve during loading provides the hardness information of the materials. During
unloading, the load vs. displacement curve is controlled by the elastic response of the
sample. The load vs. displacement curve during unloading provides the modulus of
elasticity information of the materials.

Measurement and Modeling Procedure for Yield Strength
From the nanoindentation experiments, the hardness and modulus of elasticity for thin
coating materials are measured. However, to develop the elastic-perfectly plastic FEA
model for FG Ti/TiC/DLC coating system, the yield strengths of thin coating materials
should be obtained. Although there are no measured yield strength results from
nanoindentation experiments, by the aid of the numerical nanoindentation simulation
using a FEA model, the yield strengths of thin coatings are able to be calculated.
Therefore, interactive procedure between FEA model simulations and nanoindentation
experiments is required to calculate the yield strengths of the thin coating materials. It is
assumed that the plastic deformation of a coating is initiated when its von Mises stress
generated inside the coating becomes greater than yield strength of the coating material.

Nano Indenter Yield Strength Calculation
The procedure to calculate yield strength of a coating material is the following. The
measurement of TiC/DLC coating material properties such as hardness and modulus of
elasticity was conducted using a MTS nano indenter with a Berkovich indenter tip. The
measured modulus of elasticity of the coating material is used as an input to the FEA
model for the nanoindentation simulation. Also, yield strength of the coating material



should be used as an input for the nanoindentation simulation. The initial yield strength
of the coating material is guessed based on the measured hardness value of the material.
This step requires an iterative procedure to obtain a best-fit load vs. displacement curve
from the nanoindentation simulation by changing the yield strength input value for the
simulation. Therefore, when the computational best-fit load vs. displacement curve
matches the experimental averaged load vs. displacement curve closely, the guessed yield
strength value is considered as the yield strength of the material. Yield strength of each
sample is determined from the nanoindentation simulation.

To calibrate the indenter tip area function, a series of indentation was performed on fused
silica (SiO,) because SiO, is a standard material for nanoindentation. The indentation
depth was limited to 100 nm because each TiC/DLC coating sample has 1 um coating
thickness. To avoid the substrate effect on the material property measurement of thin
coating materials, 1/10 rule was applied. Twenty five indentation tests were performed
on the SiO, with 100 nm indentation depth. The nanoindentation experiment results for
SiO; are in shown Figures 5 (a) through 5 (d). Figure 5(a) depicts the hardness vs.
displacement curves for SiO,. The measured average value for the hardness of SiO; is
8.9 + 0.4 GPa. Figure 5(b) demonstrates the modulus of elasticity vs. displacement
curves for SiO,. The measured average value for modulus of elasticity of SiO, is 72.3 +
3.5 GPa. Hardness values were taken at the maximum penetration depths, and modulus
were calculated from the upper unloading portions of the load-displacement curves
(Voevodin et al.,1997b). Figure 5(c) illustrates the load vs. displacement curves of
corresponding to the hardness and modulus of elasticity curves of SiO,. During loading,
SiO; deforms elastically and then yields. During unloading, the elastic deformation of
Si0O; is recovered while the plastic deformation remains as a permanent impression on the
contact surface. The load vs. displacement curve comparison between the experimental
results and FEA results on SiO; is shown in Figure 5(d). The yield strength value of SiO;
was determined by FEA model nanoindentation simulation. Since the measured average
modulus of elasticity of SiO, is 72.3 GPa from nanoindentation test, 72.3 GPa is used as
an input value to FEA model simulation for SiO,. Circles show the load vs. displacement
curve using average nanoindentation experimental results. The best-fit solid line is
obtained through the FEA nanoindentation model simulation. Y =7.1 GPaand E =72.3
GPa were used for the inputs to nanoindentation simulation because Y = 7.1 + 0.3 GPa
and E = 73 + 0.5 GPa were found in the literature (Knapp et al., 1999). The results
indicate that the best-fit load vs. displacement curve from FEA model simulation agrees
well with the average load vs. displacement curve from the nanoindentation experiment.

Nanoindentation experiments were conducted for 440C stainless steel because 440C
stainless steel is used for the substrate of all Ti/TiC/DLC coating samples. Figure 6(a)
shows the load vs. displacement curves for 440C stainless steel during loading and
unloading stages of nanoindentation. Due to the surface roughness of 440C stainless
steel, experimental curves are scattered. Because of the nature of the 440C stainless
steel, higher load, ~1.8 mN, was required to make indentations upto 100 nm in depth than
SiO,. Also, the slope of the load vs. displacement curves during unloading for 440C
stainless steel is steeper than the slope of the load vs. displacement curves during
unloading for SiO,. Figure 6(b) displays the comparison of load vs. displacement curves
between the average experimental results and the best-fit FEA results. The average



experimental load vs. displacement curve matches the best-fit computational load vs.
displacement curve when Y = 4.0 GPa and E = 220 GPa are used.

Nanoindentation for Ti/TiC/DLC Coating Material Properties
TiC/DLC coating samples were prepared by a hybrid of magnetron sputtering and pulsed
laser deposition. Crystalline o-Ti, TiC and amorphous DLC films were formed at 100 °C
substrate temperature by varying film composition. X-ray photoelectron spectroscopy
(XPS) was performed on the coatings for the characterization (Voevodin et al., 1995).
Figure 7 shows the schematic of nanoindentation on coating sample to measure the
material properties. Vertical displacement of the indenter tip is applied to the sample
during the nanoindentation. The nanoindentation process was simulated by moving the
indenter tip vertically with controlled displacement while calculating reaction force at the
contacted area. 440C stainless steel is used as a substrate for all coating samples that
havel um thick coating deposited. For the simulation, the coefficient of friction between
the indenter tip and sample surface varies from 0.0 to 1.0. Table 1 consists of the
measured material properties such as the modulus of elasticity and hardness for TiC/DLC
coating samples. The results indicate that the hardness and modulus of elasticity changes
drastically as Ti and C composition changes.

The experimental results for Tis3C 47 coating from nanoindentation are shown in figure
8(a) through 8(d). The indentation depth to Tis3C 47 coating sample is limited to 100 nm
to avoid the substrate effect on measured material properties. The figure 8(a) shows
scattered data for hardness vs. displacement curves because of the surface roughness
effect on the measurement. The hardness increases as the nanoindentation depth
increases for Tis3C 47 coating. The average hardness of Tis3C 47 coating from the
nanoindentation experiments is 14.2 + 1.8 GPa. The thick solid line represents the
average hardness value of Tis3C 47 coating along the indentation depth. The figure 8(b)
depicts the modulus of elasticity vs displacement curves for Ti s3C 47 coating. The
average modulus of elasticity of Tis3C 47 coating is 231.1 + 34.6 GPa. The thick solid
line shows the average value of the modulus of elasticity for Tis3C 47 coating along the
indentation depth. The figure 8(c) illustrates the load vs. displacement curves for
Tis3C 47 coating from nanoindentation. Due to the roughness of surface, the data is
scattered. The figure 8(d) shows the comparison of averaged experimental results and
best-fit FEA results for Tis3C 47 coating. The average load vs. displacement curve agrees
well with best-fit load vs. displacement curve when Y = 10 GPa and E = 240 GPa are
used for Tis3C 47 coating nanoindentation simulation.

Figure 9 demonstrates the schematic of functionally gradient (FG) Ti/TiC/DLC coating
system design with programmed variation of compositional and mechanical properties
proposed by A. A. Voevodin (1997b). Each layer has its unique material properties and
thickness. Hardness and modulus of elasticity of Ti/TiC/DLC coating system are
measured from coating samples. 25 indentation locations per sample were averaged to
obtain the statistical values. The yield strength for each coating material is calculated
from FEA nanoindentation simulation using the measured hardness and modulus of
elasticity. These are the values used for inputs to FEA model for this study. The material
properties of each layer were linearly interpolated from the measured material properties
data. To improve adhesion between the substrate and upper carbide layers, a-Ti is used
as a bond layer.



Finite Element Model
Figures 10(a) and 10(b) show a schematic of nanoindentation on FG multilayered coating
system with a spherical indenter tip and its corresponding finite element analysis model.
Figure 10(b) depicts two dimensional axi-symmetric finite element analysis model used
for the nanoindentation simulation that consists of loading stage and unloading stage.
The radius of the diamond spherical indenter tip is 50 um. Since the hardness of the
DLC coating is as high as a diamond tip, the deformable diamond indenter tip is modeled
for the nanoindentation simulation. Although the nominal dimension of the diamond
indenter is 50 um in radius, actual dimension of the diamond indenter is 46.95 um in
radius. ABAQUS/Standard was used to model the nanoindentation simulation on the
multilayered FG Ti/TiC/DLC coating system. Due to the symmetry of the system, axi-
symmetric model was developed to save the computational time. Also, the outer portion
of semi-infinite medium used infinite elements to reduce the computing time. Two
different types of elements, four-node bilinear, reduced integration with hourglass control
element (CAX4R) and four-node linear one-way infinite element (CINAX4), were used.

Figure 11(a) shows the effect of multilayered FG Ti/TiC/DLC coating system on von
Mises Stress distribution during the nanoindentation for indenter displacement, 6 = 50 nm
and friction coefficient, u = 0.0. Figure 11(b) describes the schematic of FG multilayered
coating system design used for this study. Figure 11(a) illustrates the von Mises stress
profiles along the depth direction on the plane of symmetry at the center of contact. The
dotted line represents the von Mises stress profile along the depth direction for the no
coating system case. It shows the smooth variation of von Mises stress distribution along
the depth direction. However, for the multilayered FG Ti/TiC/DLC coating system case,
the discrete variation of von Mises stress profile at the interfaces exists. Inside the DLC
coatings and FG TiC coatings, higher von Mises stresses were generated than the no
coating case because of the higher moduli of elasticity for the DLC and TiC coating
materials. If more distinct layers are used for the FG multilayered FEA model, the von
Mises stress profile along the depth direction would be smoother, that is, Tigs, Ti.7s and
Ti g5 are used.

Figures 12(a) through 12(d) show contour plots of the von Mises stress distributions for
various indenter displacement depths, & = 40 nm, 80 nm, 120 nm, and 160 nm at the end
of loading stage. The indenter displacement, & = 40 nm, generates the maximum
Hertzian pressure, Py, = 4.5 GPa, at the contact for no coated elastic 440C stainless steel
substrate. The indenter displacement, 56 = 160 nm, generates the maximum Hertzian
pressure, P, = 9.0 GPa, at the contact for no coated elastic 440C stainless substrate.
Figure 12 (a) depicts the contour plot of von Mises stress distribution inside the FG
multilayered coating system generated at the indenter displacement depth, & = 40 nm.
The maximum von Mises stress, 3.64 GPa, occurs inside the FG TiC/DLC coating
system. Figure 12 (b) displays the contour plot of von Mises stress distribution inside the
FG multilayered coating system generated at the indenter displacement depth, 8 = 80 nm.
The increase of the indenter displacement moves the maximum location of von Mises
stress further below the contact surface. The wider contact width is generated due to the
increase of the indenter displacement. The maximum von Mises stress, 4.89 GPa, occurs
inside the FG TiC/DLC coating system. Figure 12 (c) demonstrates the contour plot of
von Mises stress distribution inside FG multilayered coating system generated at the



indenter displacement depth, 6 = 120 nm. The maximum von Mises stress, 5.93 GPa,
occurs inside the FG TiC/DLC coating system. Figure 12 (d) illustrates the contour plot
of von Mises stress distribution inside FG multilayered coating system generated at the
indenter displacement, 8 = 160 nm. Due to the magnitude of the yield strength of the
440C stainless steel substrate, plastic deformation of the substrate occurs. The maximum
von Mises stress, 6.57 GPa, occurs inside the FG TiC/DLC coating system. Although the
indenter displacement increases from & = 40 nm to 6 = 160 nm, the location of maximum
von Mises stress generated at the contact remains inside DLC coatings. Also, as the
indenter displacement increases, wider contact width and higher von Mises stress occur.

Figures 13(a) and 13(b) show the von Mises stress distribution for the contact condition,
d =80 nmand pu=0.0. Figure 13(a) depicts the von Mises stress distribution generated
below the center of the contact along the depth direction on the plane of symmetry.
Width-axis corresponds to the later surface distance. Depth = 0 representes the surface
position. This indicates that the maximum von Mises stress occurs below the center of
the contact inside DLC multilayered coating. Due to the distinct material properties for
each coating layer, the von Mises stress distribution displays sharp stress changes at the
interface. Figure 13 (b) illustrates the contour plot of von Mises stress distribution
generated inside the multilayered FG Ti/TiC/DLC coating system.

Figures 14(a) through 14(d) show the effect of applied load on von Mises stress profiles
at various indentation depths for the contact condition, u = 0.0. Figure 14 (a) depicts the
von Mises stress profiles along the depth direction at the center of the contact for
indentation depth, 6 = 40 nm, for both FG coated system and 440C stainless steel
substrate. Without any coating on the 440C stainless steel substrate, the substrate has a
smooth transition of von Mises stress profile along the depth direction with maximum
2.37 GPa located below the surface. However, the mutilayered FG Ti/TiC/DLC coating
system has a drastic transition of von Mises stress profile along the depth direction.
Especially maximum von Mises stress, 3.64 GPa, occurs at the TiC/DLC interface. Also,
the minimum von Mises stress occurs at the bond layer with 1.46 GPa. Figure 14 (b)
displays the von Mises stress profiles along the depth direction at the center of the contact
for indentation depth, & = 80 nm. Without any coating on the 440C stainless steel
substrate, the substrate has a smooth transition of von Mises stress profile along the depth
direction with maximum 3.41 GPa below the contact surface. Due to the higher moduli
of elasticity for TiC/DLC materials than 440C stainless steel, the von Mises stress
generated inside the FG TiC/DLC coating system has much higher values than no coating
case. The FG Ti/TiC/DLC coating system has a drastic transition of von Mises stress
along the depth direction. Especially maximum von Mises stress, 4.89 GPa, occurs at the
TiC/DLC interface. Also, the minimum von Mises stress occurs at the bond layer with
1.46 GPa. The stress generated at the bond layer interface does not exceed the yield
strength of the o - Ti bond layer because of the elastic-perfectly plastic stress strain
relationship assumption. As the indentation depth increases from & = 40 nm to Figure
14(c) shows the von Mises stress profiles along the depth direction at the center of the
contact for indentation depth, 6 = 120 nm. Without the FG Ti/TiC/DLC multilayered
coating system, the maximum von Mises stress, 4.00 GPa, occurs in the substrate and
causes the plastic deformation inside the substrate. The FG TiC/DLC coating system has
maximum von Mises stress, 5.93 GPa, at the DLC/TiC interface. At the a-Ti bond layer,



the von Mises stress was limited to 1.46 GPa because of the material properties of a-Ti
layer. Figure 14(d) depicts the von Mises stress profiles along the depth direction at the
center of the contact for indentation depth, & = 160 nm. Without the FG Ti/TiC/DLC
multilayered coating, the maximum von Mises stress, 4.00 GPa, occurs in the substrate
and causes the larger plastic deformation region inside the substrate. Although there is
the FG Ti/TiC/DLC multilayered coating system, von Mises stress, 4.00 GPa, occurs
inside the substrate and causes the plastic deformation region inside the substrate. The
FG TiC/DLC coating system has maximum von Mises stress, 6.57 GPa, at the DLC/TiC
interface. At the a-Ti bond layer, the von Mises stress was limited to 1.46 GPa because
of the material properties of o-Ti layer. This indicates the effect of bond layer on the von
Mises stress distribution, that is, there are significant changes of von Mises stress
magnitude at the bond layer. Generally stress profile shape remains the same. However,
the magnitude of von Mises stress increases as the indenter displacement increases.

Figures 15(a) through 15(d) show the contour plots of equivalent plastic strain
distribution generated for FG multilayered coating system from the FEA model at various
indentation depths. Figure 15 (a) illustrates contour plot of the equivalent plastic strain
distribution generated inside the FG multilayered coating system at the end of loading
stage. The figure indicates that the maximum equivalent plastic strain occurs at the o-Ti
bond layer for the indenter displacement, 3 = 40 nm. The plastic strain was initiated at
the o-Ti bond layer below the center of the contact with the maximum magnitude of
9.875 x 107, Figure 15 (b) depicts the contour plot of equivalent plastic strain
distribution generated inside the FG multilayered coating system for the indenter
displacement, & = 80 nm. As the indenter displacement increases, the magnitude of the
equivalent plastic strain is increased to 6.133 x 102 at the o.-Ti bond layer. The location
of the maximum equivalent plastic strain moves from the center of the contact to the
edges of the contact. Figure 15 (c) demonstrates the contour plot of equivalent plastic
strain distribution generated inside the FG multilayered coating system for the indenter
displacement, 6 = 120 nm. As the indenter displacement increases, the magnitude of the
equivalent plastic strain is increased to 1.611 x 10™. The location of the maximum
equivalent plastic strain moves further from the axis of symmetry to the edges of the
contact. Figure 15 (d) displays the contour plot of equivalent plastic strain distribution
generated at the o-Ti bond layer for indenter displacement, & = 160 nm. As the indenter
displacement increases, the magnitude of the equivalent plastic strain is increased to
2.598 x 10", The location of the maximum equivalent plastic strain moves further from
the center of the contact to the edges of the contact, i.e. the half contact width.

During the nanoindentation process, the multilayered FG Ti/TiC/DLC coating system
still experiences the residual stress after the nano indenter tip is unloaded from the FG
multilayered coating system. Figures 16(a) through 16(d) show the contour plots of
residual von Mises stress distribution generated inside the multilayered FG Ti/TiC/DLC
coating system obtained from the FEA model. As the indenter tip displacement
increases, the multilayered FG Ti/TiC/DLC coating system shows the higher residual von
Mises stresses generated inside the coating system. Figure 16 (a) depicts the contour plot
of residual von Mises stress distribution after the indenter displacement, & =40 nm, is
applied and removed. The maximum residual von Mises stress, 8.178 x 10° Pa, is
generated below the center of the contact. The location of the maximum residual stress is



at the a-Ti bond layer. Figure 16 (b) demonstrates the contour plot of residual von Mises
stress distribution inside the Ti/TiC/DLC coating system after the indenter displacement,
d =80 nm, is applied and removed. The maximum residual von Mises stress generated
below the contact is 1.460 x 10° Pa around the a.-Ti bond layer. As the indentation depth
increases, the larger region below the contact surface is influenced by the residual stress.
Figure 16 (c) illustrates the contour plot of residual von Mises stress distribution inside
the Ti/TiC/DLC coating system after the indenter displacement, & = 120 nm, is applied
and removed. The maximum von Mises stress generated below the contact is 1.748 x 10°
Pa around the o-Ti bond layer. Figure 16 (d) displays the contour plot of residual von
Mises stress distribution inside the Ti/TiC/DLC coating system after the indenter
displacement, & = 160 nm, is applied and removed. The maximum residual von Mises
stress generated below the contact is 2.244 x 10° Pa around the - Ti bond layer. Larger
area of the coating system has the residual von Mises stress inside the Ti/TiC/DLC
coating system after the indenter tip is load and removed from the contact for the indenter
displacement, 6 = 160 nm.

Figure 17 shows the effect of coating system design on von Mises stress profiles inside
the coating systems along the depth direction at the center of the contact on the plane of
symmetry under the contact condition, & = 200 nm and p = 0.0. The dashdot line
describes the von Mises stress profile variation from the substrate surface to 0.55 x 10°®
m below the substrate surface for the no coated substrate. The magnitude of the von
Mises stress increases upto 4 GPa as the depth inside the substrate increases and remains
constant due to the yield strength of 440C stainless steel. The dashed line represents the
von Mises stress profile variation from the thin DLC coating surface to the substrate. The
maximum von Mises stress, 5.67 GPa, occurs at the DLC coating and substrate interface.
Also the maximum von Mises stress for the substrate is limited to 4.00 GPa. The dotted
line reveals the stress profile variation across thickness of the thick DLC coating and
substrate system. The maximum von Mises stress of 10.1 GPa occurs at the DLC coating
and substrate interface. Drastic stress profile change occurs at the interface due to the
different material properties. The solid line shows the von Mises stress profile variation
generated for the multilayered FG Ti/TiC/DLC coating system. The Ti/TiC/DLC coating
system has relatively moderate stress variation across the thickness of the coating system
compared to the thick monolayered DLC coating because of the gradually variation of
material properties across the thickness of the coating system.

Summary
Nanoindentation technique has been used for the mechanical characterization of coating
materials. The finite element analysis model extends the usage of nanoindentation
technique to the calculation of material property such as yield strength from the
experimental nanoindentation data such as hardness and modulus of elasticity.
Therefore, nanoindentation simulation by the finite element analysis model has been
performed to determine the yield strengths for the multilayered FG Ti/TiC/DLC coating
materials based on the measured nanoindentation data. Using the measured and
calculated material properties for the coating system, FEA model has been developed to
investigate the stress distribution and elastic-plastic deformation generated inside the
multilayered FG Ti/TiC/DLC coating system due to the nanoindentation.
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The superiority of the multilayered FG Ti/TiC/DLC coating system at high load
applications was shown and discussed. The multilayered FG Ti/TiC/DLC coating system
improves the system integrity under the heavy loading condition. It significant reduces
the magnitude of the maximum von Mises stress generated and the drastic stress profile
variation across the thickness of the coating system than monolayered DLC coating
system due to the moduli difference of the coating materials. Also, it improves the wear
resistance and load support mechanism compared to both no coating system and
monolayered DLC coating system. To improve the adhesion between the DLC/TiC
coating system and substrate, the bond layer is used. However, due to the material
properties of the bond layer materials, bond layers become the prime location of the
plastic deformation under the severe high loading condition. The residual stress should
be considered as a key design factor when the multilayered FG coating system is
developed.
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Figures and Tables

Samples Material Properties
DLC at 2x10-1 Pa E =350 GPa, H = 33 GPa
Ti19Cs1 E =230 GPa, H = 13 GPa
TigC7 E = 280 GPa, H = 22 GPa
TisCar E =240 GPa, H = 14 GPa
TigCa0 E = 145 GPa, H = 4.5 GPa
440C stainless steel E =220 GPa, H = 9 GPa, oy = 4 GPa (FEA)

Table 1. Mechanical material properties such as modulus of elasticity (E) and hardness
(H) for TiC/DLC coating samples

DLC | TiC,

Figure 1. Ti/TiC/DLC functionally gradient coating system that shows the gradual
composition variation across the thicknesses of the layers.
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Figure 2. A schematic of point contact for multilayered semi-infinite medium.
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Coating

1um

440C steel

Figure 7. A schematic of nanoindentation with a Berkovich indenter tip on coating
samples such as Ti, Ti1.xCx, and DLC on 440C stainless steel to measure the
material properties.
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Elastic Yield

Material Hardness  nodulus Poisson’s

Thickness

Strength Ratio

DLC at 10° Pa 70 GPa 650 GPa | 45 GPa
DLC at 2x10™" Pa W 33 GPa 350 GPa M 28 GPa
Ti10C 90 14 GPa 180 GPa

TisCozs 21 GPa 260 GPa 14 GPa
TizoC 70 24 GPa 290 GPa 16 GPa

Ti7oCas0 11GPa  200GPa  7.5GPa 100 nm 0.25
TigoC 10 5 GPa 145 GPa 25 GPa 50 nm 0.25

o-Ti 2 GPa 136 GPa 1.5 GPa 50 nm 0.25
440C steel 9GPa  220GPa  4GPa 0.30

Figure 9. A schematic of the functionally gradient Ti/TiC/DLC coating design with
variation of composition, dimension, and mechanical properties.
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Figure 10. (a) a schematic of nanoindentation on multilayered coating system with a
spherical indenter tip, (b)two dimensional axi-symmetric finite element analysis
model developed for nanoindentation simulation on a functionally gradient
Ti/TiC/DLC multilayered coating system with a spherical indenter tip.
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Figure 11. Effect of multilayered FG Ti/TiC/DLC coating system on von
Mises stress distribution for the indentation depth, 6 = 50 nm, and

coefficient of friction, pn = 0.0.
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Max. Von Mises Stress occurs
inside Multilayered Coating
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Figure 13. (a) Von Mises stress distribution on the plane of symmetry
generated inside the multilayed FG Ti/TiC/DLC coating system for the
indentation depth, & = 80 nm and coefficient of friction, u = 0.0 and (b)

contour plot of Von Mises stress distribution.

25



‘wu 09T = Q (p) pue ‘wu 0zZT =<2 (9) ‘wu 08 =< (q) ‘wu o = Q (B) ‘0’0 = M ‘JUaID1}B02 UOIIDLIY 10} Syldap uoleIuspUl

SINOLIBA Je 10B1U09D 83U} JO J3JUad 8y} e uonoalip yidap ayl Buoje saji4oad sassans sasiA UOA uo peoj paljdde Jo 10843 4T ainbi4
() ()
mo_‘ % (ed) ssai1g sasi|y Uop, mo_‘ x (ed) ssang sasijy UOA
L 9 S 4 € Z _‘m 9 S 4 > 4 I cm
“Buneon mz -—- | _ | iy Buneo) o_.z _ i _ / 4
lefeminy —— me.w__.ﬂ.__.._.__,._.,_. — |
L 1s - / 18
3 / 1 3 1
9 9
= =
! 1% ‘ Iy
3 2
L 4z - / 1€
r . e r e SV SRS S 1
\ | .|I.|_...|.|I|_I.I|I|__|.| 0 _IIIII|_I||I|_|I|.IJ|_I||||r 0
LOLX LOLX
(e)
OFX (ed) 550135 SASIA UOA Ok X (ed) Ssens oS UOA
S ¥ € Z b om |4 SE € o4 4 Sl L S0 om
Buijeon oz_ : _ _ m Bueos oN I ! ' ’ ! |
Lm‘_ﬂm._._.:.._.i. — m lafeynpy ___
- .‘____\ 1S 3 __‘h —HS
- 1% . v
2 9
= =
3 €5 - €5
3 - {2 - - {e
B S |.Iu“.|.w|.||.||. — 1+ i e \.” — 1+
_ _ — ox° _ _ _ _ — Lo’

26



“wu 0971
=Q (p) pue ‘wu ozt =< (9) ‘wu 08 =< (q) ‘wu oF = Q () ‘syidsp uolrIUBPUI SNOLIBA Je WaISAS Bulleod D1A/DIL/IL
94 paJaAe|njnw ayy apisul AnawwAs Jo auejd ay1 uo paresausb uonngrisip urens ansejd juajeainba Jo sjojd Jnojuo) "G aunbi4

(p) (0)

[

[T
[
[T}

1 1
[T T T}
1

Tuow

[
Lwouw
| 1

[
1
[T T T}

o
o

(@) (e)

ajelsqns

sbuneo)

27



"wu 09T = Q (p) pue ‘wu
02T =< (9) ‘wu 08 = Q (q) ‘wu o = Q (e) ‘syidap uoneuspul SnoteA woly diy J8juspul oueu Jo Buipeojun ay) Jsye
wialsAs Buneod H1A/ILL/IL 94 pataAe|nnw apisul paretausab uonngrIsIp ssas Sasi|\l UOA [enpisal Jo s1ojd unojuo) 9T ainbi4

(p) ()

[T T}
[T}

[T}

[T T}

Fr+r+r+r+r++r+r++T+
~ 15

[T T T ]

B o o

[T O]

28

(a) (e)

VUULULULUD

+
+
n
n
n
n
+
+
+
+
+
+
+




x10° DLC -2

Or— : .
DLC -1
0.2+ il
Ti10C 00
0.4 4 _
Ti2sCrs
08 i TizoC 70
Ti50C 50
€ L e ST S e 4 50%.
§, ‘Q hl'“"‘.;:h Ti7oCa0
PR | e e, i e b Ti_gocllo
g o-Ti
1.2 - 1 | 440C steel
1.4 Il
1.8r | — Multilayer
==== Monolayer(THIN)
181 wn Monolayer(THICK)
=== No Coatin
2 L 1 L 1
0 2 4 6 8 10 12
Von Mises Stress (Pa) < 10°

Figure 17. Effect of coating system design on von Mises stress distribution generated
inside the coating system for the contact condition, 3 = 200 nm and u = 0.0.
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