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ABSTRACT 

SURFACE PATTERNING ON ZIRCONIA DENTAL IMPLANTS VIA LASER-INDUCED 

SHOCKWAVE IMPRINTING 

Zirconia is rapidly becoming a preferred alternative to titanium in dental applications, primarily 

due to its aesthetic resemblance to natural teeth. This material’s tooth-like color avoids the 

aesthetic issues associated with the grey metal tint of titanium implants. Additionally, zirconia is 

hypoallergenic, making it an ideal choice for patients with metal sensitivities or allergies. Despite 

these advantages, zirconia generally exhibits lower biocompatibility and osseointegration 

compared to titanium implants. This study investigates laser-assisted, controlled imprinting 

technique on zirconia surfaces to enhance these properties. Our research used zirconia pellets, 

produced from powdered monoclinic zirconia pressed in a pellet press machine. Two methods 

were employed to achieve suitable pattern depth and fidelity using a 1064 nm Nd-YAG laser 

operating at a 10 Hz frequency. Patterning methods were applied to monoclinic, pre-sintered, and 

tetragonal (sintered) zirconia samples. Each experimental parameters were controlled to achieve 

high precision in the pattern formation. Produced patterns were analyzed using Scanning Electron 

Microscopy (SEM), Atomic Force Microscopy (AFM), and X-ray Diffraction (XRD). These 

analyses provided comprehensive insights into the morphology, topography, and structural 

characteristics of the patterned zirconia surfaces. We were able to produce patterns ranging in size 

from 7 µm to 50 µm in mesh size and depth of up to 2 µm. XRD analysis shows primarily 

monoclinic zirconia in powder form, primarily tetragonal at 1450 oC sintering and 50-50 

monoclinic and tetragonal phase for zirconia at 1200 oC sintering. In addition to morphological 

analysis, the impact of the patterned surface on protein adsorption was also assessed. Protein 

adsorption has risen by 1.92, when 27% of the surface was patterned. Adsorption increased by 
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2.69, with 36% of surface patterned. Direct proportionality of adsorption to surface patterns, 

suggests enhanced bioactivity. This is particularly relevant for improving osseointegration, as 

higher protein adsorption can facilitate better cell attachment and growth. This study illustrates the 

potential for the use of laser technology for enhancing dental material properties, contributing 

effectively to developing zirconia implants that offer better aesthetic and functional characteristics.  

Keywords: Dental implant, Laser-assisted surface patterning, Shockwave propagation, zirconia 

sintering, 3D shockwave imprinting 
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Chapter 1 

INTRODUCTION 

1.1 Dental Zirconia Implants 

Zirconia has gained significant popularity in the past decade as a material for dental 

implants, serving as an alternative to traditional titanium implants1–3. This trend is driven by 

zirconia's superior aesthetic qualities and its robust physical properties. Zirconia implants are 

preferred for their natural tooth-like color, which avoids the aesthetic issues associated with the 

grey metal tint of titanium implants, particularly in patients with thin or receding gums4. 

Additionally, zirconia is hypoallergenic, making it an ideal choice for patients with metal 

sensitivities or allergies5,6 . 

A biocompatible implant would not only reduce the risk of an allergic reaction, but it will 

also enhance osseointegration, the process in which the implant and the bone integrate with each 

other7–9. This integration is crucial for the stability and longevity of an implant. Osseo integrative 

properties of zirconia implants are inferior compared to titanium ones10–12. Though zirconia is 

resistant to corrosion and plaque formation, which helps oral hygiene and prevents risks of gum 

disease, it will not offer the same level of longevity and sturdiness as titanium. We are working to 

produce improvements in this area of dental zirconia implants, through laser-assisted controlled 

patterning. It has been shown that patterning on the surface of implants increase bone to implant 

adhesion. By increasing surface area and creating uneven surface texture, the cells have a better 

grip and more area to adhere13,14.  

Laser-assisted surface micro structuring has been shown to yield positive outcomes, as it 

demonstrated improvement in osteoblast cell adhesion15. Additionally, improvements in implant 
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adhesion and integration were observed with femtosecond pulsed laser micro structuring of 

zirconia surface16.  In a more recent study, the laser-assisted patterning on dental zirconia implants 

highlighted the enhancements in surface damage resistance and surface hardness17. Although all 

of these studies have shown improvement in key characteristics of dental zirconia implants, 

scalability is still a challenge. Laser ablation, Laser-Induced Periodic Surface Structures (LIPSS), 

and Laser Interference Lithography (LIL) are methods commonly employed in these studies. Due 

to the uncontrolled nature of the micro structuring being conducted, localized properties of the 

material would vary, as the patterns are never the same. In this study, we aim to utilize laser-

assisted imprinting to produce controlled surface patterns and to control the surface characteristics 

of zirconia implants18. In this way, we will be able to control and replicate the properties of zirconia 

implants on a wider scale. The findings from this research could be used in a plethora of fields in 

homeland security, ranging from aerospace to microelectronics. Surface modifications of aircraft 

components, improved aerodynamics, decreased friction, and increased resistance to wear and 

corrosion. At the same time micropatterning the surface of an aircraft makes it hydrophobic and 

improves the thermal management of the aircraft19. Additionally, laser patterning can be utilized 

in creating intricate, hard-to-duplicate patterns on currency, passports, ID cards, and other critical 

documents to enhance their security and reduce counterfeiting risks20. 

1.2 Laser - Material Interactions 

Understanding the physical phenomena taking place during laser-material interaction will 

allow for determining suitable techniques for laser-assisted patterning. Laser-material interaction 

under different pulse lengths of a given laser and material can lead to different results. Depending 

on the duration of a laser pulse, the mechanism involved in the interaction of a laser with materials 

could be photothermal, photochemical, hydrodynamical, or ultrafast laser interaction. 
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Photothermal laser interaction heats the material, causing melting or vaporization, while 

photochemical laser interaction causes chemical reactions without significant temperature shift21–

23. Hydrodynamical laser interaction causes fluid-like behavior in materials due to intense heating, 

and ultrafast laser interaction uses a femto-picosecond pulsed laser to induce precise modifications 

without thermal diffusion. The different routes of processing have their advantages and 

disadvantages, making them suitable for different applications based on the required precision, 

accuracy, and thermal effects24. 

In nanosecond laser-matter interaction, the ablated material is formed in the plume of a 

plasma. The visible and near-infrared laser radiation mean free path is only up to hundred 

nanometers in metals; therefore, it represents a very thin layer of material that absorbs the energy 

of the laser pulse. The rapid deposition of energy confines thermal diffusion to just a few hundred 

nanometers in the interaction zone, producing a steep temperature gradient that heats and vaporizes 

the material. After the ablation event, the material vaporized gets ionized by the following laser 

pulses, creating a highly dynamic plasma plume25,26 (Figure 1). 

Properties of a laser-produced plasma, such as ionization degree and temperature, change 

rapidly depending on several aspects: laser wavelength, repetition rate, pulse duration, material 

Figure 1. Formation of plasma plume over time via laser-matter interaction 
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composition, and laser fluence27. The plasma continues further to absorb laser energy, raising its 

temperature to an extremely high value in an extremely short time due to inverse-Bremsstrahlung 

absorption. As a result of this process atom ionizes and forms the plasma28. 

The solid to vapor transition point in the material generates a shock wave that travels 

through the sample. A further transparent overlay can increase surface pressure up to 9-fold and 

help avoid losses from gas breakdown26, Figure 2. When the shockwave interacts with the surface 

and is of higher magnitude than the Hugonoit Elastic Limit (HEL) of the material, it plastically 

deforms it. HEL is a measure of the maximum stress a given material can withstand without any 

structural modifications29.  Since zirconia ceramic has a large HEL value compared to metals, it 

will need a higher-pressure buildup30: 

P = 0.01[
𝑍∗𝐼o∗𝛿

2𝛿+3
]1/2   Equation 1 

Io (GW/cm2) ~ Incident laser power density,  

P (GPa) ~ Pressure 

Z (g cm-2s-1) ~ Reduced acoustic impedance between a target and medium 

Figure 2 (a) Unconfined and (b) confined shockwave generation. 
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δ ~ Efficiency of plasma material interaction. 

An increase in Io, laser intensity, leads to higher pressure buildup. The two other factors 

namely, δ and Z, are intrinsic properties by themselves. We found that copper has a higher rate of 

shockwave attenuation, relative to other metals. Z is an acoustic impedance, which depends on the 

material density and speed of sound in the medium, affecting the shockwave propagation in it. 

Higher acoustic impedance would suggest more pronounced patterns31. Due to this effect, using 

glass, a higher acoustic impedance material, would be better than water. However, the drawback 

of using glass is the inability to completely vacuum seal it on the surface. Air has 0.002% acoustic 

impedance of water, thus it will distort the final pattern if not fully removed32–34.  

1.3 Laser-Assisted Surface Imprinting 

Laser-assisted surface imprinting is a transformative technique that utilizes laser 

technology to create precise and controlled patterns on various materials, including zirconia. This 

technique involves using a pulsed laser to imprint a template onto the surface of a material, altering 

its surface properties. In our research, we utilized an Nd-YAG laser operating at a wavelength of 

1064 nm, with a frequency of 10 Hz and fluences ranging from 1 J/cm² to 12 J/cm². The pulsed 

laser interacts with the surface of the material creating an upward-shooting plasma plume35. This 

plasma plume is confined using a glass slide, pressed firmly against the surface. Due to plasma 

being confined in a tight space, localized high pressure and temperature buildup were observed, 

with T being upwards of 6500 K and P upwards of 8 GPa at 2J/cm2. 6500 K temperature buildup 

is hotter than the surface of the sun, while 8 GPa is equivalent to an elephant on a stiletto heel36. 

These extreme conditions result in plastic deformation of the material and the imprinting of the 

template, also called laser-induced shockwave imprinting. This method allows for the formation 
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of patterns with specific dimensions and depths, proportional to the template utilized, critical for 

applications that require high precision and control. By adjusting parameters such as fluence, 

exposure time, and beam size, we can achieve patterns with different shapes and sizes, ranging 

from 7 µm to 40 µm in mesh size and up to 2 µm in depth. These precise patterns are crucial in 

allowing us to reproducibly alter and enhance the biocompatibility of dental zirconia implants. 

By laser micro structuring dental zirconia implant surface using a pre-selected template, 

we aim to achieve improvements in its dental properties, including osseointegration, biofilm 

resistance, and longevity. In this study, we explored two methods for laser-assisted surface 

patterning of monoclinic (non-sintered), pre-sintered, and tetragonal (sintered) zirconia. The first 

method involves graphite as the sacrificial layer, placed in between the material surface and the 

ablative layer. The second method uses aluminum as an ablative layer, placing it over the material 

surface and copper grid.  

Post-processing of zirconia involved a two-stage sintering process: pre-sintering at 1200°C 

followed by a gradual cooling to 300°C, and then final sintering at 1450°C37. This controlled 

approach ensured the patterns remained intact and uniform, avoiding issues such as melting and 

deformation during the sintering process38. The resulting patterns suggest improvements in surface 

properties of zirconia, which may facilitate better osseointegration. Thus, the integration of laser-

assisted surface imprinting with advanced sintering techniques has shown to be a promising 

approach to enhancing the performance of zirconia dental implants. We aim to provide a 

comprehensive understanding of the parameters influencing laser patterning, paving the way for 

innovations in the field of surface micro structuring. 
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Chapter 2 

Materials and Methods 

2.1 Zirconium oxide 

Monoclinic zirconia pellets were produced from MSE PRO Monoclinic Zirconium Oxide 

Nanoparticles, 20 nm to 40 nm, >99.9% purity. The powder would be mixed with PVA 5 wt%, 

acting as a binding agent. A binding agent is a substance that holds or draws other materials 

together to form a cohesive whole, providing the necessary adhesive properties to ensure that the 

mixture remains intact. The resulting mixture was put inside a 13 mm diameter hardened steel dry 

pressing die set for pellet press under max 8 MPa pressure. The produced zirconia pellet weighed 

1 g and 13 mm in diameter in monoclinic form. After being patterned the sample was then sintered 

in the furnace (MTI KSL-1500x) at 1450 oC. The diameter of the pellet would shrink to 10 mm 

during the pre-sintered and sintered stages. Before patterning on pre-sintered and tetragonal 

zirconia samples, the surface roughness was reduced to 0.05 µm using a Buehler EcoMet 250 

Grinder-Polisher with an AutoMet 250 Power head39. In addition, we have used commercially 

available aluminum foil (Reynold Wrap) to serve as an ablative layer. While graphite dry lubricant 

(Blasters) was used as a sacrificial layer for the first method of patterning. We have used 100 to 

2000 mesh size TEM grids made of copper as a template for patterning. A clean micro slide 

(Sargent Welch), with transmittivity of 84% at 1064 nm, was used as a confinement medium40. 

The laser used for the patterning is an Nd-YAG pulsed laser with 1064 nm fundamental 

wavelength, 10 Hz frequency, pulse width of 5 nanoseconds, and 6 mm diameter unfocused 

Gaussian-shaped beam (at 1/e2).  
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2.2 Laser-assisted surface imprinting of zirconia. 

We have implemented two different pathways to achieve the surface patterning. Firstly, a 

thin 10 µm layer of graphite was sprayed using graphite dry lubricant, which would act as a 

protective layer for the sample, preventing melting and ablation. On top of the graphite layer, a 3 

mm diameter copper grid was placed as a template and an ablative layer. As shown in Figure 3a, 

the whole system was sealed using BK7 glass, that confines plasma generated from the laser-

ablative layer interaction12 (details in Appendix A2). 

The second method uses aluminum foil (Reynold Wrap – Heavy duty) as a sacrificial layer, 

to protect the material surface from melting and direct laser interaction41.  A 3 mm diameter copper 

grid was placed on the surface of zirconia, covered by 16 µm thick aluminum foil (single sheet). 

As shown in Figure 3b, a BK7 glass was used to seal this system and confine the generated plasma 

(refer to Appendix A3.).  

In the next step, prepared samples were irradiated using selected laser fluences with a 

focused beam diameter of 3 mm. The expansion of plasma created on the ablative layer was 

confined using glass slides, which effectively pushed the grid onto the zirconia surface. This 

(b) 

Figure 3. Laser assisted template imprinting experimental setup using (a) “Graphite Method” and (b) “Aluminum Method 
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dynamic force induced plastic deformation, resulting in surface patterns that mirrored the holes of 

the copper grid template42. Following irradiation, the copper grid was peeled off, and for samples 

patterned via the first method, the graphite layer was removed using acetone43. Conversely, the 

second method did not require washing, as the ablation occurred mainly on the aluminum 

sacrificial layer, leaving the patterned surface clean and undamaged. Additionally, we explored 

two variations of the original methods for creating patterns. First, using the second method, we 

placed a copper grid over aluminum foil instead, to serve as an ablative layer. Aluminum foil 

proved too thick, as copper template was imprinted on it, instead of zirconia. Secondly, using the 

aluminum method, we applied two layers of aluminum foil as an ablative layer to prevent direct 

ablation of the material by the laser. The copper template was imprinted on the aluminum foil as 

it was the softer of the two surfaces and had more to push against.   

Morphological properties of the surface were thoroughly investigated using Scanning 

Electron Microscopy (SEM, Jeol 6510LV) and Atomic Force Microscopy (AFM, Nanosurf Flex 

AFM). The laser parameters were meticulously adjusted to optimize the protrusion heights, 

ensuring the patterns achieved the desired depth and uniformity. These analyses provided detailed 

insights into the pattern fidelity and surface modifications induced by the laser-assisted imprinting 

process, contributing to a comprehensive understanding of the technique's effectiveness in 

enhancing the functionality of zirconia implants.  
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Chapter 3 

Results and Discussion 

3.1 Patterning on Copper and Nickel plate 

As a proof of concept, we applied patterning process on nickel and copper plate. Both the 

nickel and copper plates used were 1 mm thick. We used the second method with aluminum for 

patterning, which involves placing a mesh grid between the sacrificial layer and the surface of the 

sample. The successful imprinting of a hexagonal copper grid on the copper plate was achieved 

with a single pulse at a fluence of 11.6 J/cm². The resulting pattern exhibited high fidelity and 

uniformity, with a hexagonal grid featuring 698 lines per inch, a hole width of 29 μm, a pitch width 

of 37 μm, and a bar width of 8 μm, covering a diameter of 3 mm, Figure 4a. Generated patterns 

were clearly outlined, proportional to the grid dimensions, and visible under both optical 

microscope and SEM. Although some pieces of the melted copper grid were observed on the 

surface, they are of no direct importance for this trial. 

The images demonstrate that a uniform pattern can be created over a larger area using this 

method. In the case of the nickel plate, the pattern was also created with a single pulse at 11.6 

J/cm² using a square mesh copper grid, Figure 4b. The size, shape, and uniformity of the patterns 

on both materials using both methods, illustrate the potential for expanding this method to create 

(a) (b) 

Figure 4 Laser assisted template imprinting with 1 pulse shot at 12 J/cm2 fluence. (a) Nickel plate. 
(b) Copper plate 

(a) (b) 
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patterns over large areas with good reproducibility. By scanning the surface with the laser beam, 

it would be possible to pattern over a larger area. Additionally, increasing the number of pulses 

and intensity could produce patterns with greater depth. These trial samples validate the 

plausibility of producing patterns by imprinting a template and our ability to recreate the given 

experiment. 

3.2 Patterning on Zirconium oxide. 

In Figure 5, we can observe three different magnifications of a square grid pattern on the 

surface of a zirconia pellet. Initially, the zirconia surface was smooth and unblemished. The 

patterning was attempted using Method 1, which employed a graphite sacrificial layer between a 

mesh grid and the zirconia surface, Figure 5. After setting up the experimental setup for the first 

method, we administered 20 laser shots at 1.2 J/cm2 fluence. The goal is to achieve a uniform, 

clean, and reproducible surface pattern with high fidelity.  

At a lower magnification of up to 250X, SEM images show a clean imprint of the template 

grid. Only at a much higher magnification, as can be seen 1.4kX magnification image from Figure 

5, small sedimentation on the surface was observed. After elemental analysis of the surface of the 

square and the pitch, it yielded a similar elemental composition to each other. Zirconia and oxygen 

content were to be expected, but vast amounts of carbon could only be explained by the presence 

of graphite. Even though we tried many solvents, including acetone, the graphite was not washed 

Figure 5 Sintered zirconia surface patterned via “Graphite method.” 
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off completely. At the same time, the AFM image shows some unusual irregularity in the patterned 

region, Figure 6. Although the data was not conclusive enough, the combination of SEM and AFM 

images led us to believe that the graphite sacrificial layer was ablated instead of zirconia. The 

patterns observed using SEM and AFM are the remnants of graphite layer, that was not washed 

off. 

 

 

 

 

 

 

These images collectively demonstrate the shortcomings of the first method, primarily due 

to the use of a graphite sacrificial layer. The graphite layer, with an average thickness of 15 µm, 

Elt. Line Intensity 
(c/s) 

Atomic 
% 

Conc. Units Error 
2-sig 

MDL 
3-sig 

  

C Ka 1.76 37.72 11.32 wt.% 2.93 2.550   
O Ka 4.10 27.62 11.04 wt.% 1.66 0.933   
Mg Ka 0.39 0.17 0.11 wt.% 0.19 0.278   
Si Ka 1.19 0.35 0.25 wt.% 0.20 0.291   
Ca Ka 0.06 0.02 0.02 wt.% 0.20 0.303   
Ti Ka 0.38 0.12 0.15 wt.% 0.24 0.345   
Mn Ka 0.34 0.13 0.17 wt.% 0.28 0.407   
Fe Ka 0.58 0.24 0.33 wt.% 0.32 0.451   
Zr La 114.22 33.63 76.63 wt.% 2.12 0.951   
   100.00 100.00 Wt.%   Total 

Table 1.EDS analysis of zirconia surface from Figure 5. 

Figure 6 AFM image for patterned zirconia using graphite. 
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poses significant challenges for the mesh grid to penetrate and accurately transfer the pattern onto 

the zirconia surface. This limitation results in uneven patterns, as evidenced by the imperfections 

and irregularities observed in the images. 

Given these challenges, we explored an alternative approach to improve the patterning 

outcomes. Consequently, we propose transitioning to the second method of patterning, which 

utilizes aluminum as an ablative layer. Aluminum, with its distinct material properties, was 

anticipated to offer better performance in terms of pattern transfer and resolution. Unlike graphite, 

aluminum can provide a more effective ablative layer, facilitating a clearer and more precise 

imprint of the pattern onto the zirconia surface. 

Using the second method, we attempted to pattern on tetragonal zirconia, but no discernible 

pattern emerged. Understanding that zirconia is ceramic and extremely hard, we opted for pre-

sintered zirconia, searching for a suitable material that was both soft enough for patterning and 

sturdy enough to avoid breaking. Unfortunately, the results were underwhelming. We then 

Figure 7 Zirconia surface patterned via “Aluminum method”. First row Cu (400) square mesh. Second row Cu (400) 
hexagonal mesh grid. 
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experimented with monoclinic zirconia immediately after pressing, before any sintering, which 

yielded more promising results. The patterns were clear and exhibited a notable degree of 

uniformity, although some unevenness was present. 

The challenge lies in zirconia's inherent hardness and brittleness, making it difficult to 

deform under pressure. Unlike metals, which can be deformed, zirconia tends to fracture rather 

than deform. This is highlighted by its Hugonoit Elastic Limit (HEL) of 20-25 GPa, making it 

nearly as hard as diamond44. The HEL measures the maximum stress that a material can withstand 

under shock-loading conditions before it undergoes plastic deformation. For zirconia, this high 

HEL indicates significant resistance to deformation, further complicating the patterning process.  

For the aluminum method patterning, we conducted experiments that involved creating 

both square and hexagonal patterns on monoclinic zirconia, which were subsequently subjected to 

a sintering process. The resulting patterns demonstrated clear delineation and commendable 

uniformity, which are essential qualities for practical applications, Figure 7.  

 

Figure 8. Sintering process for monoclinic zirconia. 

Monoclinic zirconia 50-50 Mono& Tetragonal Tetragonal zirconia 

Patterning 
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The sintering process required careful control to prevent the patterns from degrading or 

melting. To address this, a two-stage sintering procedure was implemented. Initially, a pre-

sintering stage was conducted at 1200°C, followed by a gradual cooling phase to 300°C. This step 

was crucial as it allowed the patterns to stabilize and adhere more firmly to the zirconia surface. 

The process for the pre-sintering stage of monoclinic zirconia was developed after numerous trials 

and errors. Following this, the final sintering was carried out at 1450°C, Figure 8.  

This controlled approach ensured that the patterns remained intact and uniform throughout 

the sintering process. The pre-sintering phase played a vital role in preventing the deformation of 

patterns, making it possible to achieve the desired quality in the final tetragonal zirconia. Managing 

the sintering temperatures and cooling phases was critical in maintaining the structural integrity 

and visual clarity of the patterns. Given these observations, patterning zirconia requires careful 

consideration of the material's phase and the techniques employed. The success with monoclinic 

zirconia suggests that patterning at this phase may be the most effective approach, although further 

optimization is necessary to achieve the desired consistency and precision.  

The Atomic Force Microscopy (AFM) images provided offer a detailed examination of the 

zirconia surface post-patterning. The images include a 2D topographic view, a 3D surface profile, 

and a depth profile graph, each contributing to a comprehensive analysis of the patterned zirconia, 

Figure 9. 

The 2D topographic image reveals a well-defined hexagonal pattern on the zirconia 

surface. The hexagons are uniformly distributed, indicating that the imprinting process was 

executed successfully. Within the hexagonal patterns, the surface roughness appears consistent, 

which is essential for ensuring the mechanical stability and functional performance of zirconia. 
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This uniformity is crucial for applications requiring precise surface structuring, such as in the fields 

of photonics and catalysis. 

The 3D surface profile further elucidates the surface topography by providing a perspective 

on the depth variations within the hexagonal patterns. The color gradient in the 3D image, ranging 

from dark brown to yellow, indicates depth variations from -1.6 µm to 2.0 µm. The uniformity in 

depth and shape of the hexagons is particularly notable, as it underscores the efficiency of the 

method employed. This detailed topography is beneficial for enhancing surface interactions in 

applications such as surface-enhanced Raman spectroscopy (SERS) or other surface-sensitive 

techniques. 

The depth profile graph offers a quantitative analysis of the surface features along a specific 

line scan. The x-axis represents the lateral distance, while the y-axis indicates the height. The graph 

Figure 9.  AFM image of a patterned zirconia via aluminum method. 
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shows distinct peaks and valleys corresponding to the hexagonal pattern, with the deepest points 

reaching approximately -1.0 µm. This consistency in depth across the pattern suggests a high level 

of precision. Such uniform depth is vital for reproducibility and reliability in functional 

applications of the patterned zirconia. 

Overall, the images demonstrate that the patterning process on monoclinic zirconia 

followed by sintering was successful. The patterns are clear, well-defined, and exhibit excellent 

uniformity. The implementation of a pre-sintering stage at 1200°C, followed by cooling to 300°C 

before final sintering at 1450°C, appears to have been critical in preventing pattern melting and 

maintaining the integrity of the imprints. This stepwise sintering process ensures that the patterns 

remain intact and uniform, crucial for achieving high-quality results. 

The success of the patterning, as evidenced by the AFM images, indicates that the process 

parameters were well-optimized. The hexagonal patterns created using Method 2, involving 

aluminum, show clear fidelity and structural integrity, making them suitable for various advanced 

applications. The validation provided by these images supports the hypothesis that pre-sintering 

stabilizes the patterns, preventing deformation during the final sintering process. This approach 

has potential implications for the efficient production of patterned ceramic surfaces in both 

research and industrial settings. 

3.3 XRD analysis 

The XRD analysis of zirconia at different stages of sintering gives us insight into the nature 

of phase transition and the structural alteration taking place at different temperatures. This analysis 

is rooted in the understanding that zirconia exhibits polymorphism, with different phases stable at 

distinct temperature ranges. Cubic zirconia (c-ZrO2) is stable at temperatures above 2370 °C, 
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tetragonal zirconia (t-ZrO2) between 1170 °C and 2370 °C, and monoclinic zirconia (m-ZrO2) 

below 1170 °C30. 

 

Figure 10. XRD image for Monoclinic zirconia 

Figure 10 shows the XRD patterns of zirconia in three forms: monoclinic (powder), 

monoclinic-tetragonal (pre-sintered), and tetragonal(sintered). The analysis reveals that in its 

powder form, zirconia predominantly exhibits the monoclinic phase with minor tetragonal phase 

presence, as indicated by the characteristic peaks in the XRD pattern, Figure 10. This observation 

is consistent with the fact that the synthesis and storage conditions of the nanopowder did not 

involve high temperatures that would favor the tetragonal phase. 
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Figure 11. XRD image for pre-sintered zirconia 

Upon pre-sintering the zirconia sample, significant changes in the XRD pattern are 

observed. Some peaks associated with the monoclinic phase decrease in intensity, while others 

associated with the tetragonal phase become more pronounced, Figure 11. This shift indicates a 

partial transformation from the monoclinic to the tetragonal phase as the temperature during the 

sintering process approaches the range where t-ZrO2 is stable. The presence of both phases in the 

pre-sintered state highlights the incomplete phase transition, which is expected as the thermal 

treatment has not yet reached the optimal temperature for complete transformation30. 
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Figure 12. XRD image for Tetragonal zirconia 

When zirconia sample is fully sintered at 1450 °C, the XRD pattern reveals the dominance 

of the tetragonal phase with the disappearance of monoclinic peaks, Figure 12. This transformation 

aligns with the known phase stability of zirconia, where the tetragonal phase is the most stable 

form at temperatures between 1170 °C and 2370 °C. The complete phase transition observed in 

the fully sintered sample demonstrates that the sintering process at 1450 °C provides sufficient 

thermal energy for the zirconia to transform entirely from the monoclinic to the tetragonal phase. 

The high intensity and sharpness of the tetragonal peaks in the XRD pattern confirm the 

crystallinity and phase purity of the tetragonal zirconia45. 

These observations are supported by the theoretical background of zirconia polymorphism. 

Monoclinic zirconia transforms to the tetragonal phase when heated above 1170 °C, undergoing a 

martensitic transformation that is associated with significant volume change and shear strain. This 
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transformation is critical in applications where the mechanical properties of zirconia, are 

particularly valued, such as in structural ceramics and thermal barrier coatings45. 

The XRD analysis of zirconia in monoclinic, pre-sintered, and tetragonal states elucidates 

the phase transformations that occur with increasing temperature. The transition from monoclinic 

to tetragonal zirconia is demonstrated, with the fully sintered sample at 1450 °C exhibiting pure 

tetragonal zirconia. These findings not only validate the theoretical phase stability of zirconia but 

also underscore the importance of controlled thermal treatments in achieving the desired phase 

composition and properties for dental applications.  

3.4 Bioanalysis via Protein Adsorption.  

In this study, we aim to improve the osseointegration of zirconia implants. Osseointegration 

is a process by which a bond is formed between living bone tissue and the surface of an implant7. 

To have a better understanding of osseointegration, we have conducted a protein adsorption 

experiment. We have used Bovine Serum Albumin (BSA) as the adsorbed protein46. A 24-well 

Figure 13. Absorbance vs Time(hours). Zirconia adsorption at different pattern 
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plate was used to contain all the samples. To prevent BSA adsorption on untreated surfaces, such 

as the side or the bottom of the pellet, we have used candle wax to cover them. We have done the 

adsorption at 3 different mediums. 36% pattern coverage, 27% pattern coverage and non-patterned 

as reference. The concentration of the protein will change over time, due to evaporation and 

adsorption. To minimize uncertainties, we had 2 identical samples to compare to each other. Every 

12 hours, an aliquot of the protein was taken and kept aside. At the end of the experiment, the 

absorbance spectrum of each aliquot taken was analyzed using a spectrophotometer at 562 nm and 

the concentration shift was studied against the reference sample. The absorbance slopes for the 

36% coverage area of the pattern, 27% coverage area of the pattern, and untreated surface are 

0.0026, 0.005, and 0.007, respectively. The 27% surface pattern coverage exhibited a 92% increase 

in adsorption relative to the reference sample, while the 36% surface pattern coverage exhibited a 

169% increase in adsorption. As we can see from the data, the percent surface pattern coverage 

and adsorption rate are directly proportional. Thus, our results prove the theory that a treated 

surface would have better protein adsorption. This result is also indicative of a better 

osseointegration for a patterned surface. Having higher protein adsorption on the surface would 

lead to an assumption that osseointegration on that surface is more favorable.  

CONCLUSION 

This study demonstrated the potential and challenges of laser-assisted template imprinting 

on various materials, including copper, nickel, and zirconia. Using the graphite method, we 

successfully imprinted hexagonal patterns on copper and nickel plates with a single pulse at a 

fluence of 11.6 J/cm². The resulting patterns, clearly defined and visible under both optical 

microscopy and SEM, validate the effectiveness of this method in creating precise and uniform 

patterns over large areas. However, attempts to pattern tetragonal zirconia using the first method, 
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which involved a graphite sacrificial layer, yielded unsatisfactory results with irregular and poorly 

defined patterns. Transitioning to the second method, with an aluminum ablative layer showed 

more promise. Despite zirconia's inherent hardness and brittleness, patterning on monoclinic 

zirconia before sintering, produced clear and uniform patterns. The implementation of a two-stage 

sintering process, with pre-sintering at 1200 °C followed by final sintering at 1450 °C, proved 

critical in maintaining pattern integrity, highlighting the importance of controlled thermal 

treatment. 

XRD analysis provided further insights into the phase transformations of zirconia under 

different thermal treatments. Powdered zirconia predominantly exhibited the monoclinic phase, 

with minor tetragonal presence. Upon pre-sintering, a partial transformation to the tetragonal phase 

was observed. Fully sintered zirconia at 1450°C displayed pure tetragonal zirconia, confirming the 

theoretical phase stability and underscoring the significance of precise thermal management to 

achieve the desired phase composition and properties. 

In addition to structural analysis, our bioanalysis using protein adsorption experiments with 

Bovine Serum Albumin (BSA) indicated that patterned zirconia surfaces exhibited higher protein 

adsorption rates compared to non-patterned surfaces. The absorbance slopes for the 36% surface 

pattern coverage, 27% surface pattern coverage, and untreated surfaces were 0.0026, 0.005, and 

0.007, respectively, suggesting that surface patterning enhances protein adsorption. This finding 

is indicative of improved osseointegration potential for zirconia implants. 

Overall, this research demonstrates the feasibility and effectiveness of laser-assisted 

template imprinting, particularly the method involving aluminum as an ablative layer, in creating 

precise and uniform patterns on various substrates. However, further optimization is necessary to 

refine the patterning process, especially for challenging materials like zirconia. Future work should 
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focus on fine-tuning the parameters and exploring additional materials to expand the applicability 

of this technique, ultimately enhancing its potential for advanced technological and biomedical 

applications. 
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APPENDIX A: Sample Preparation 

A1. Zirconia sample preparation 

We have prepared sintered zirconia discs of 1 cm diameter, from powdered monoclinic zirconia.  

1. Place MSE PRO Monoclinic Zirconium Oxide Nanoparticles in a beaker.  

2. Add 50 µl 5 wt% PVA solution per 5 g of zirconia powder. Mix it well. The time interval 

between this step and the next, should not be more than an hour.  

3. Set up the dry press die set for the pellet press.  

4. Place the steel sleeve on the steel support plate.  

5. Insert a single die in the hole of a steel sleeve. 

6. Weigh 1 g of the mixture and pour it in. 

Steel support plate 
Core dies 

Pellet ejector 
Push rod 

Steel sleeve 

Figure 14. Individual parts of a pellet press and the outline of a setup 
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7. Place the second die over it.  

8. Insert the push rod and gently press on it. 

9. Place this setup inside the hydraulic pressing machine (Carver), Figure 15. 

10. Close the hydraulic press valve and start pumping. Make sure the hydraulic press door is 

closed for safety purposes.  

11. Stop after reaching 8 MPa pressure. Wait for 10 mins.  

12. Very slowly open the valve to decrease the pressure.  

13. Remove the system from the hydraulic press. 

14. Replace the support plate with the pellet ejector.  

15. Flip the system on its head and put it inside the hydraulic press. 

16. Close the valve and start pumping, slowly.  

17. This is needed to push the pellet out of the lower half of the system, thus make sure to hold 

the body. It will drop suddenly, once the samples are out.  

18. Remove the sample using tweezers and open the valve. 

19. Clean the pellet press die set using ethanol and sanding paper, very thoroughly. 

20. If continuing, repeat the process. 

21. If finished, clean the die set and let it dry. After it is dry place it back into its case. 

 
Figure 15. The die set inside the hydraulic pressing machine. 
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22. Sinter the produced pellet at 1450oC for full sintering.   
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A2. Sample Preparation using Method 1 

1. Place the pellet on a paper towel. Spray the graphite by moving it in a single direction, 

once. Hold the spray approximately 10 cm away and it will produce a graphite layer of 

around 10 µm on the sample.  

2. Let the graphite dry on the surface and place the mesh grids on top. 

3.  Place the sample on a piece of transparent heavy-duty tape. Remove the static charge on 

the tape beforehand. 

4. Cut a 2x2 cm square piece of glass from pre-cleaned glass slides from Sargent Welch. Make 

sure the glass doesn't have any cracks, as it would sabotage the pressure buildup. Clean it 

with acetone and kimwipes. Place it on a piece of transparent heavy-duty tape.  

5. Using a razor blade, cut and remove a piece of tape, that would be covering the surface to 

be patterned. Laser beams will be interacting at those spots and having a tape, will add 

unnecessary variables.  

6. Take the tape with a glass piece and slowly place it on the tape with the sample. Make sure 

the sticky sides are facing each other and firmly press them together. The resulting system 

must be airtight and have minimal separation of the sample surface and glass piece. The 

sample is ready for patterning under Method 1.  
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A3: Sample preparation using Method 2 

This sample preparation uses aluminum as an ablative surface instead of the mesh grid. In 

this design, we have used aluminum foil as both the sample and the ablative surface.  

1. Cut a suitable-sized glass piece (glass slides from Sargent Welch). This glass will be 

the confinement medium. Clean the glass piece before use using acetone and kimwipes. 

2. Place the mesh grid on the pellet sample. If the sample is thinner than 5 mm, use a 

second piece of glass as the base. 

3. On top of the sample with the mesh grid on it, place the aluminum foil (heavy-duty 

Reynolds).  

4. Put the sample pellet with the mesh grids on transparent tape. 

5. Put the glass piece on the piece of transparent tape, as well. 

6. Place the glass piece on the sample pellet. Stick it together and make airtight.  

7. Cut out the tape piece that covers the area of laser mesh grid interaction. The sample is 

ready for patterning using the second method. 
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APPENDIX B: Nd-YAG Laser Operation 

Turn ON Procedure: 

1. Laser Safety Protocol 

• Before turning ON the laser, everyone in the lab must wear laser protective goggles and be 

aware that the laser is being turned on. 

2. Turning On the Laser 

• Rotate the key counterclockwise to turn on the laser, Figure 16. Wait 10 seconds for the 

water flow to start.  

3. Shutter Safety 

• Ensure all laser shutters are closed before starting. Close the shutter in front of the laser; 

the laser light should be off, Figure 17. 

Figure 16. Initial turn on procedure of a laser. 

Figure 17. Shutter on the laser head (left) and the shutter button on laser controller (right) 
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4. Laser Settings 

• Use the SELECT button to toggle between laser settings. Adjust the Q-switch value: 

increasing the Q-switch decreases power and vice versa. The Q-switch must not go lower 

than 200 to avoid detrimental effects. For most laser patterning experiments, set the Q-

switch to 250. 

5. Starting the Laser 

• Press the START button located near the shutter button on the laser controller. The light 

will turn on and blink, indicating the laser has started, accompanied by a continuous 

clicking sound. 

6. Operating Modes 

• For continuous pulse (P01) or single shot (P00) mode, press the SELECT button until the 

P01 reading appears on the laser controller screen, Figure 18, indicating continuous pulse 

mode. 

 

Figure 18. Summary of the procedure for single shot mode, a) press the SELECT button multiple times until b) 
P01 appears, c) press the single shot button once, d) P01 will change into P00. Single shot cable 
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7. Changing Modes 

• To switch from continuous pulse to manual single shot mode, press the button on the single 

shot cable once, changing the P01 to P00, Figure 18. Starting the laser in P00 mode is 

always safer. 

8. Warm-Up Period 

• Allow about 15 minutes for the laser to warm up and stabilize. 

9. Safety Check 

• STOP! Ensure everyone is wearing safety goggles. 

10. Opening the Shutter 

• Open the shutter at the front of the laser by sliding it to the left, Figure 19. 

 

11. Path Check 

• STOP! Follow the expected path of the laser beams to ensure safety and that the laser does 

not hit any equipment in the lab. 

12. Adjusting Laser Energy 

Figure 19. Opening the shutter on the front of the laser. 
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• To adjust the laser energy, use the half-wave plate and polarizer, Figure 20. Rotate the half-

wave plate to adjust energy levels, decreasing energy for one beam while increasing the 

other. 

13. Beam Management 

• The beam will split into two components by the polarizer: one in the direction of the initial 

beam and one perpendicular. Block the unused beam with a beam dump. 

 

14. Power Meter Adjustment 

• Position the power meter on the side of the polarizer to be used. Adjust its height so the 

laser hits the center. 

15. Activating the Laser 

• Ensure safety, then open the shutter by pressing the shutter button on the laser controller, 

Figure 17. The shutter button light will turn on. 

16. Laser Control 

Figure 20. Beam dump, Polarizer and Halfwave plate. 
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• The laser is now on and controlled by the single shot button (P00 mode). Press the button 

once for a single laser beam; press and hold for 5 seconds for continuous beams at the 

preset frequency (P01 mode). 

17. Energy Adjustment 

• Adjust the laser energy to the desired value by rotating the half-wave plate either 

counterclockwise or clockwise. 

18. Stopping the Laser 

• After adjusting the energy, press the single shot button to stop the laser (P00 mode). Align 

the laser to hit the target. 

Turn OFF Procedure: 

1. Press the single shot button to stop the laser (P00 mode). 

2. Press the SHUTTER button to turn off the laser. The laser light should turn off as well. 

3. Slide the shutter in the front of the laser to close it. 

4. Turn off the laser by pressing the START/STOP button. The clicking should stop 

afterward. 

5. Rotate the key switch clockwise to turn off the laser. 

6. Cover the optics with plastic bags to prevent dust formation. Continuously change the 

plastic bags to prevent any dirt buildup.  
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