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Background & Motivation

• Surface coatings critical in biomedical &
structural applications

• Gradient structures mimic biological
systems (e.g. fish armor, bone, nacre shell)

• Aim: Improve mechanical performance of 
biocompatible composites.
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TÜBİTAK 3501-119M042

Fracture Toughness:18 kJ/m2

Strength: 11 MPa

Elastic Modulus: 153 MPa 

Patent 2024/003959 TR –Kandemir A. C. and 
Can H. K 2024.



Background & Motivation

5

TÜBİTAK 3501-119M042

• Matrix:

Polyvinylpyrrolidone (PVP)

• Reinforcement:

Halloysite nanotubes (HNTs)

• Fabrication:

Solvent mixing + spin coating

• Characterization:

AFM, TEM

• Mechanical Behavior:

Instrumented-indentation



Coating Configurations

• Gradient: HNT wt% increases top-
down (e.g., 5/15/30)

• Reverse Gradient: HNT wt% 
decreases top-down (e.g., 30/15/5)

• Thickness: 

✓ Thin:15 µm (3-layer) 

✓ Thick: 30 µm (6-layer)

6



Pristine Coatings

• Glass substrate:

E=70 GPa

Thickness: 15 µm (3-layer)

• Composite Substrate:

E=150 MPa

Thickness: 15 µm (3-layer)
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Pristine Coatings
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TEM AFM



Pristine Coatings
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Glass substrate

Composite substrate

Instrumented-indentation
Maximum Load: 2 mN
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Instrumented-indentation
Maximum Load: 2 mN
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Instrumented-indentation
•Rigid (glass) substrates:

• Hardness increases up to 3.15 ± 0.54 GPa

• Elastic modulus reaches 44.05 ± 8.81 GPa

•Soft composite substrates

• Hardness remains nearly constant across HNT concentrations

• Modulus peaks at 19.31 ± 4.87 GPa for 30 wt% HNT

✓ Despite lower values on soft substrates, indentation depths (400–500 nm) are similar across both surfaces at 2 mN

load.

✓ Indicates force is well-distributed even in compliant substrates without severe deformation.

✓ Emphasizes need to co-optimize filler distribution and substrate compatibility for effective nanocomposite design.
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Coating Compositions Cyclic-instrumented-indentation
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Cyclic-instrumented-indentation
Gradient/ Reverse Gradient Coatings
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Thin Coating-3 layers-15 µm

Gradient Reverse Gradient

High concentration difference 

Gradient/ Reverse Gradient Coatings
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Thin Coating-3 layers-15 µm

High concentration difference 

Gradient/ Reverse Gradient Coatings

•Mechanical performance varies significantly based on filler gradient direction and layer configuration.

•Reverse gradient (30→15→5 wt%) shows superior surface mechanical properties:

• Elastic modulus: 3.6 GPa

• Hardness: 990 MPa at 0.52 µm depth

•In contrast, the standard gradient (5→15→30 wt%) yields:

• Elastic modulus: 1.85 GPa

• Hardness: 266 MPa at similar depth

•Enhanced response in reverse gradient arises from:

✓ Stiff bottom layers acting as load distributors

✓ Efficient stress transfer toward surface without excessive compliance

•Indicates reverse gradients outperform in surface reinforcement even at minimal coating thickness.
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Thin Coating-3 layers-15 µm

Gradient Reverse Gradient

Low concentration difference 

Gradient/ Reverse Gradient Coatings
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Thin Coating-3 layers-15 µm
Low concentration difference 

Gradient/ Reverse Gradient Coatings

In low concentration difference designs, performance trend reverses:

•Gradient (5→10→15 wt%) shows superior surface mechanics.

At 1.25 µm depth, gradient coating achieves:

❑ Elastic modulus: 3.02 GPa

❑ Hardness: 583 MPa

•In contrast, reverse gradient (15→10→5 wt%) yields:

❑ Elastic modulus: 1.13 GPa

❑ Hardness: 176 MPa at At 1.25 µm depth

•Gradient design better distributes mechanical performance when concentration steps are smaller.

•Results imply more integrated reinforcement and uniform stress distribution in subtle gradient configurations.
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Thin Coating-3 layers-15 µm

Low concentration difference High concentration difference 
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Thick Coating-6 layers-30 µm

Gradient Reverse Gradient

High concentration difference 
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Thick Coating-6 layers-30 µm
High concentration difference 

•Reverse gradient (30→15→5 wt%) coatings deliver superior surface mechanical performance:

❑ Elastic modulus: 2.92 GPa

❑ Hardness: 237.65 MPa at 1.55 µm

•Gradient (5→15→30 wt%) coatings show:

❑ Elastic modulus: 0.33 Gpa

❑ Hardness: 59.18 MPa at similar depth (1.90 µm)

✓ Reverse gradients effectively transfer stress from rigid sublayers to the surface, boosting performance.

✓ Thicker top layers in gradient systems suppress sublayer contributions, causing:

❑ Lower mechanical performance

❑ Greater indentation depths

✓ Supports the rigid body hypothesis: overly thick stiff top layers reduce effective stress distribution across the coating.
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Thick Coating-6 layers-30 µm

Gradient Reverse Gradient

Low concentration difference 
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Thick Coating-6 layers-30 µm

Low concentration difference High concentration difference 



Conclusions
• Gradient nanocomposite coatings with polyvinylpyrrolidone and halloysite nanotubes were designed for soft 

composite substrates (150 MPa modulus).

• Gradient coatings with large particle differences (5/15/30 wt%) restricted stress redistribution, intensifying 
substrate effects and reducing sublayer contributions.

• Thinner (15 μm) gradient coatings with smaller concentration variations (5/10/15 wt%) improved stress 
distribution and mechanical transitions, reducing stress concentrations.

• Reverse gradient coatings (30/15/5 wt%) exhibited superior surface properties, particularly in thicker (30 μm) 
coatings, where stiffer sublayers enhanced stress transfer and minimized substrate effects.

• Gradient coatings are ideal for functional interfaces and load-distributing layers, while reverse gradient 
coatings are better suited for protective and structural applications requiring mechanical stability.
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