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Abstract 

This is a multi-disciplinary paper focused on the preliminary results of deploying laser shock 

treatment (LST) to ZrO2 ceramics. This work has significance in several industrial sectors for 

components that will benefit from strengthening. These components are, namely: dental 

implants; cutting and drawing tools; valves, bearings, pressure vessels, heat exchangers and 

high-performance scissors and knives, where modification of hard, brittle materials properties 

such as that of a ZrO2, can yield a performance boost. To elucidate the influence of LST on 

ZrO2 ceramics, an Nd: YAG laser was used, exhibiting (operating at discrete) laser energies of 

17 mJ, 85 mJ and 170 mJ, a 2 mm spot size, a pulse repetition rate of 5 Hz and pulse duration 

of 10 ns was deployed at 532 nm wavelength. Investigation of ZrO2 ceramic surface integrity 

revealed a transition from a crack-free topology to a surface dominated by fractures, as the 
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laser energy increased from 85 mJ to 170 mJ. Residual stresses obtained by incremental hole 

drilling (IHD) were measured to be tensile in the upper layer and the sub-surface layer. 

However, compression of -595 MPa was found in the sub-surface of the ZrO2 ceramic to a 

depth of 350 µm after LST, particularly in the transverse direction. Biological analysis 

metabolic activity measurements, indicated a rise in activity for all samples as the contact 

time increased (24 h, 3 d and 7 d). The as-received surface revealed a more limited change in 

metabolism, retaining similar biochemical levels during the first 3 days followed by a slight 

increase after a week of cultivation, bringing about significant increase in activity in all LST 

surfaces, relative to the as-received condition. This suggested that a ZrO2 LST exhibited 

enhanced cell response, particularly, after 7 days of contact-time. The overall outcome of this 

introductory paper, not only showed that ZrO2 ceramics, can be laser shock treated/peened, 

to induce some possible beneficial mechanical and physical effects, microstructural and 

surface topography changes, but also showed that LST can facilitate improvement in cell 

response to the ZrO2 ceramic. This opens-up, new prospects for treatment of ZrO2 based 

ceramics for biological applications such as tooth implant screws, where avoiding fractures 

from mechanical loading, strength enhancement, as well as biocompatibility are all important.  

Keywords 

Laser shock treatment; peening; zirconia; ceramics; mechanical behaviour; biological 

response 

 

1. Introduction 

Zirconia (ZrO2) is a compound of a metal called Zirconium. Pure metallic Zirconium is somewhat 

soft and flexible (Young’s modulus ~95 GPa) in its original form [1]. Zircon is a shiny mineral based 

on Zirconium. ZrO2 oxide is the most common compound of Zirconium. The engineering applications 

of ZrO2 ceramic are wide and varied [2]. They range from advanced ceramic tube bearing 

technology, compressors, cutters, pumps, valves and filters, thermal barrier coatings to name a few. 

ZrO2 was predominantly used for refractory applications, but it is now widely known for being an 

excellent material for biological applications, namely: dental implants, dental frameworks, crowns 

and bridges implant prosthesis [3], as well as hip and shoulder replacements. It has excellent 

biocompatibility, high strength, with high fracture toughness and slow crack growth characteristics 

compared to other ceramics. It has high wear resistance, low thermal conductivity and it is also 

chemically inert. The ability of ZrO2 to transmit light is also very good [4].  

However, problems still exist with these materials, namely: brittle fractures, due to their low 

resistance to fracture. In clinical applications such as tooth implants, the ZrO2 ceramic has been 

known to fail after operating for 2 to 5 years [5], subject to cyclic loading. ZrO2 ceramics, particularly, 

deployed in the clinical industry are treated with surface treatments, such as porous coating, large 

grit alumina particle sandblasting, zirconia sandblasting, alumina sandblasting followed by acid-

etching [5]. The sand blasting would enhance the surface properties [6], and these tend to last 

longer, particularly, sand blasting followed by acid etching (108 months at max) [5]. However, the 

depth of penetration of sand blasting is not enough and better surface properties are needed that 
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are induced deeper, thus, long-lasting. This all-in-all, indicates that mechanical properties of zirconia 

would still requires optimising and clinical application protocol is still not fully known and 

controllable [3]. In addition, the failure of ZrO2 implant for instance, require significantly involved 

surgical procedure to retrieve the failed, but completely osseointegrated implant. This is 

considerably distressing and painful for the patient as it often includes bone grafting, time for 

healing, and additional expense. Moreover, reduction in grain size, towards nano dimensions and 

improved chemical composition can benefit ZrO2 to become far superior with respect to its 

properties, that will benefit aforementioned applications in both the engineering and biomedical 

sectors. Significant number of surface technologies have been deployed to modify the implant 

morphologies [7]. These are: acid etching, grit-blasting, laser treatment, UV light, CVD, and PVD. 

Previous work has shown that modification of ZrO2 ceramic surfaces rendered a significantly rapid 

osseointegration compared to those that are untreated [7]. With that said, there is limited 

knowledge as to which surface treatment consequently enhances ZrO2 ceramic to boost 

osseointegration, bacterial properties and at the same time, mechanical strength from these 

specific treatments [7]. Some of the surface treatments adopted are somewhat outdated and 

involve considerable waste such as grit-blasting [7]. None of these surface treatments have been 

weighted better over others, in order to enhance osseointegration, but, it has been suggested that 

roughness, wettability, and surface energy are recommended to enhance the adhesion, 

proliferation, and differentiation of osteoblasts cells. However, it is suggested that optimisation of 

surface treatments such as grit blasting, acid etching, and heat treatment should not negatively 

affect the mechanical properties of ZrO2 such as fracture toughness and flexural strength and induce 

micro-cracks. Surface treatment such as grit blasting are preferred to avoid micro-crack formation 

and additional excessive application of techniques such as acid etching could degrade the ZrO2 so 

controlled measures have to be applied [7]. Therefore, the work in this paper explores a laser-based 

techniques that is cleaner, greener, faster, effective and more advanced. Much work has been 

conducted, however, using laser surface texturing technology [8], and with the use of continuous 

wave lasers to modify surface morphologies of ZrO2 ceramics [9, 10]. However, laser shock 

treatment applied herein, was inspired by “laser peening”, has not been adopted for this sector. We 

have therefore explored the laser-ZrO2 ceramic interaction in this study the direct effects of LST 

which is a new technique for surface strengthening ceramics. In particular, this method was 

deployed without pre-or post-heating which tends to increase the complexity and the cost of the 

process.  

Laser shock peening (LSP) is an advanced process, widely used in industry to enhance the 

mechanical properties of the treated material. Its basic working principle is pre-stressing the 

material by directing controlled laser pulses at the material surface in order to improve 

performance, quality and longevity [11, 12]. Pre-stressing materials is well-known for strengthening 

engineering components, whereby, high-speed particles/balls are imparted at the material to 

compress the top-layer and introduce residual stresses capable of improving the materials 

performance. This process is mainly used on ductile metallic materials such as steels, aluminium 

alloys and titanium alloys for the medical, automotive and aerospace industries [13]. Laser shock 

peening is an evolution of traditional shot peening in which high-speed balls are replaced by a pulsed 

laser to generate shock-waves and induce plastic deformation and residual stress within the 

material [13-15]. Compared to traditional shot peening, LSP ensures induction of higher residual 
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stresses, greater penetration depths, flexibility and control, resulting in a more effective treatment, 

albeit, with higher economic costs involved [16]. 

Laser Shock Peening has been widely used in the industry for the treatment of metallic alloys 

with many studies elucidating its effect on these (traditional engineering) materials. The ability of 

LSP to modify the internal stresses of the selected surface is known to enhance many properties 

such as fatigue resistance [17], fracture toughness [18], hardness or corrosion behaviour [19, 20]. 

However, the effect of LSP or LST on engineering ceramics is not well understood with only a few 

published studies available in the literature [11]. The main rationale behind this preference for 

metallic alloys esteems from the brittleness, low fracture toughness and inability to induce plastic 

deformation inherent to ceramics, which inhibits their more wide-scale use in many high 

performance applications that their otherwise desirable mechanical and thermal properties would 

enable, thus, preventing a more widespread use of ceramics in high-performance applications [9]. 

Using a controlled laser shock based technique could provide a practical technique to address the 

inherent (vulnerability) of ceramics to brittle fractures, by enhancing their local surface fracture 

toughness and reduce their crack sensitivity to expand diverse range of commercial applications.  

Recent studies [21-23] have shown that moderate levels of plastic deformation may have been 

induced in ceramics (under specific conditions) [24-26], leading to better tensile behaviour and 

enhanced mechanical properties (KIC and hardness) [16, 27]. Other studies [28, 29] confirmed the 

observation crack length under Vickers micro hardness indentation response, and corresponding 

reduction after LSP confirming the increase in ductility caused by the introduction of residual stress 

within the ceramics. Koichi et al. [22], performed analysis of LSP strengthening of silicon nitride 

(Si3N4) through a Nd: YAG laser with a 532nm wavelength and has hinted as to plastic deformations 

induction in the material, resulting in compressive residual stresses. Wang et al. have also reported 

several studies on laser shock processing polycrystalline alumina ceramics and Silicon Carbide 

Ceramics [30, 31] and demonstrated dislocation movement, compressive stresses and enhanced 

fracture strength. Studies conducted by Shukla et al. [31], showed improvements in surface 

roughness, fracture toughness and hardness in laser shock treated Al2O3. Further works on silicon 

carbide conducted by Shukla et al., also confirmed the aforementioned findings and indicated that 

laser parameters should be properly controlled to prevent an excessive cracking and a beneficial 

mechanical response. Another study conducted by the same authors [32], has focused on residual 

stresses in Al2O3, revealing an increase in surface roughness and compressive residual stresses, as 

laser energy was increased. In addition, the density of dislocation increased after LSP, showing 

plastic or micro plastic deformations [26]. Our more recent studies [32] showed improvements in 

surface toughness, fracture toughness and hardness in Al2O3. Later works on silicon carbide also 

confirmed these findings and showed that, the right parameters were crucial as with too much laser 

energy, input the material was damaged. Another study [32] focused on the study of residual stress 

in Al2O3 and showed an increase in surface roughness and compressive residual stress when the 

laser energy is increased. The dislocation density measured by Cr+3 fluorescence increased after LSP, 

inferring plastic or micro plastic deformation directly under the surface and within the sub-surface 

of an alumina armour ceramic. Our recent study also explored laser shock treatment of a Si3N4 

ceramic with a multiple-layer, square-beam [33]. Surface topography, hardness, fracture toughness 

(KIc), residual stresses, and microstructural changes were observed. The results showed an increase 

in KIC of 60%, a maximum of -289 MPa of compressive stress at 50 µm depth and using multiple 

layers of LST had induced beneficial residual stresses to a maximum measured depth of 512 μm 
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[33]. Other than that, there has been no published work on the influence of LSP on ceramics, 

particularly, on ZrO2 ceramics. This study intends to understand how ZrO2 behaves under LST and 

more specifically, regarding hardness, fracture toughness and the change in residual stresses. This 

work reveals the viability of LST/LSP to overcome the natural limitations of ceramic materials, 

expanding their use more widely in the industry. It also encourages other researchers to dwell 

deeper into the topic, as well as expanding the usage and applicability of these materials in the 

wider industrial sectors with this new capability suitable for brittle materials.  

The rationale for the undertaking the biological work is due to the fact that ZrO2 ceramic is a 

heavily deployed materials for dental [34, 35], as well as other medical applications [36]. 

Fundamentally, both the mechanical properties and biocompatibility hold significance spanning 

biomaterial to medical or dental applications [34]. The state of the surface post any processing 

technique dictates the biocompatibility of the ZrO2. In addition, the mechanical strength is dictated 

by elastic, plastic, thermal, chemical, and kinetic properties as well as tensile residual stresses 

induced from its processing technique. Thus, surface treatments such as sand blasting, machine grit-

blasting, machining, plasma spraying, acid etching, and anodising are desirable to not only enhance 

the strength, but also influence its biocompatibility [26, 34, 37, 38]. One of the biggest issues with 

these applications is that surface treatment such as shot peening for example or alternative 

technology for enhancement are not so superior compared to a laser shock based process, namely: 

laser shock peening and so it could; a) render benefits not only from a view point of surface and 

sub-surface enhancement and; b) the effect of topographical changes that may enhance the 

biological response of the ZrO2; c) it is selective, advanced and can be faster, greener, and cost-

effective in the long run as (high capital cost) laser technology will in turn pay for itself and render 

a competitive advantage. Laser shock treatment will also enable better performance from the ZrO2 

part being treated, but will also enhance the longevity and end-user satisfaction, facilitate pain and 

cost saving by needing less replacement (second surgery). 

2. Methodology 

2.1 Background of the Zirconia Advanced Ceramic 

The material used was commercial grade zirconia (ZrO2) ceramic, having been cold isostatically 

pressed to a dimension of 50 × 10 × 5 mm (length × width × thickness), provided by Shanghai United 

Technology. The mechanical properties and characteristics are shown in Table 1. The calculated 

Hugoniot Elastic Limit (HEL) was 4.55 GPa using established methodologies from previous work [34], 

with a yield strength and Poisson’s ratio of 2.87 GPa and Poisson’s ratio of 0.27 for Zirconia. This 

meant that for plastic deformation to occur in the surface, sub-surface of the material, the laser 

shock pulse pressure has to exceed this threshold value range (4.55 GPa or 2.87 GPa), if it is assumed 

that the yield model developed (for the onset of metal plasticity is still valid for ceramics, an area of 

some conjecture). Table 1 shows the properties of the ZrO2 ceramic.  

Table 1 The mechanical properties of ZrO2 ceramics used in this work. 

Item Unit ZrO2 

Density g/cm3 6.05 

Thermal expansion coefficient 10-6/k 10.5 
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Modulus of elasticity GPa 210 

Poisson’s ratio  0.30 

Hardness 

 

(HV) 1200 

(HRC) 70 

Flexural strength (700°C) MPa 300 

Compressive strength (700°C) MPa 2100 

Fracture toughness MPa. m1/2 10.0 

Thermal conductivity (500°C) W/mk 2 

Specific resistance (600°C) Ωmm2/m 1015 

Maximum operation temperature °C 550 

Anti-chemical corrosion  Strong 

Stress cycle (50% damage probability) Times 105 

Size stability (temperature)  -- 

Operating centrifugal force  Highest 

Unlubricated friction  Low 

Magnetism  No 

Rolling contact fatigue failure mode  Fragments 

2.2 Microstructural Analysis 

Both the high and low magnification images were taken of the ZrO2 ceramic, before and after 

laser shock treatment. The low magnification images were taken using a Lyca (Milton Keynes, UK) 

microscope at ×10 and ×20 magnification. These images are important to observe any major micro 

cracks and the surface morphology. Thereafter an SEM was used to observe the microstructure at 

high resolution. The Scanning Electron Microscope (SEM) used was a Hitachi, TM4000 table top 

microscope). Samples were first sputter coated with gold so they become electrically conductive for 

SEM analysis. 

2.3 Topographic Analysis 

The surface topography of the ZrO2 before and after laser shock treatment was investigated to 

understand the effect of plasma-driven shock waves. This in turn, is a by-product and a consequence 

of the laser shock processing techniques. A focus variation technique with Infinite Focus Veriation 

(IFM 2.15; Alicona) was used to analyse the topography. This evaluated a three-dimensional (3-D) 

surface, producing 3-D surface profiles and roughness characteristics of the laser shock treated 

ZrO2. The process utilised a laser beam of 2 mm diameter. This travelled to length of 8 mm across 

the width of the substrate. The scanning speed used was 33.33 μm.s-1. 

2.4 Laser Shock Treatment Set-up 

The laser shock treatment was conducted with a 2.7 J, Q-Switch, Nd: YAG laser (LPY7864-30, 

Litron Laser Ltd., Rugby, England). The wavelength used for was 532 nm at a pulse repetition rate 

of 5 Hz and a laser pulse duration of 10 ns. The laser energies used were 17 mJ, 85 mJ and 170 mJ. 

The spot size was constant at a diameter of 2 mm and these conditions yielded a laser intensity 

varying from 0.057 GW/cm-2 to 0.54 GW/cm-2, respectively, for all the conditions and a shock pulse 
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pressure detailed in Table 2, alongside more detailed laser properties. Figure 1 (a) showed an optical 

image of the experimental set-up, (b) is the schematic of the process effects.  

Table 2 Experimental parameters used in the current study for the laser shock treatment 

of ZrO2. 

Parameters Values 

Pulse energy (J) 17 mJ, 85 mJ, 170 mJ 

Laser power intensity (GW.cm-2) 

0.054 GW/cm-2 @ 17 mJ (Crack-free surface) 

0.270 GW/cm-2 @ 85 mJ (micro-cracking) 

0.54 GW/cm-2 @ 170 mJ (Cracking) 

Radiance Density (W/mm2/Srt/µm) 

0.48 @ 17 mJ  

2.40 @ 85 mJ  

4.81 @ 170 mJ  

Shock Pulse Pressure (GPa) 

0.40 GPa @ 17 mJ 

0.90 GPa @ 85 mJ 

1.27 GPa @ 170 mJ 

Spot diameter (mm) 2 mm 

Pulse repetition rate (Hz) 5 Hz 

Pulse duration (ns) 10 ns 

Wavelength (nm) 532 nm 

Pulse over-lap 40% 

Ratio of thermal to internal energy [30] 0.1 

 

Figure 1 Details of the laser shock treatment including (a) an image and a (b), the 

schematic of the experimental set-up and (c) the laser shock treatment strategy 

deployed.  
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The laser treated area was 9 mm × 40 mm in a rectangular pattern as shown in Figure 1 (c). The 

shock pulse pressures were calculated using Equation mentioned elsewhere [33]. The LST work was 

conducted on a 45 × 10 mm patch for the 3 different energies following a zig-zag pattern. The 

absorbent coating used as the transparent confinement overlay was a layer of permanent black-ink 

coating. This black-ink was measured to be about 5 µm thick and was removed with the LST. The 

transparent polymer was used as a tampering with a thickness of about 1.5 mm. 

2.5 Hardness Testing and Fracture Toughness Measurements (KIC) 

Hardness was measured using a classic Vickers hardness tester with a load of 98.1 N. The 

hardness test was performed 10 times with an average and standard deviation reported. Fracture 

toughness (K1c) was determined using indentation technique mentioned elsewhere [39]. From all 

available methods [32], Antis et.al’s [40] technique was selected to carry out the present work, 

following the detailed review of work by Shukla et al. [10, 41]. The Equation specifically used was 

for the deermination of KIc was of Anstis, Chantikul, Lawn & Marshall’s Equation (K1c = 0.016 

(E/Hv)1/2 (P/c3/2)) [40], where, E is the Young’s Modulus, HV is the hardness, P is the load (N), c is the 

crack lenth. 

2.6 Residual Stress Measurements 

2.6.1 Incremental Hole Drilling 

A custom made incremental hole drilling (IHD) machine (Stresscraft, UK) was used for residual 

stress measurement of both the laser shock treated and the as-received ZrO2 surface. Each sample 

was prepared for the incremental hole drilling experiments using the standard procedures. The 

strain gauge used was a type EA-XX-031RE-120 from Vishay Ltd. (Sunderland, UK) as shown in Figure 

2. Due to small pattern size, measurement error can be magnified by slight miss-location of drill 

hole, however, this was a specialised application and the sample size demanded that only this strain 

gauge was to be deployed as other gauges were not suitable being too large. The position of the 

strain gauge was located as shown in Figure 2 for both the untreated and the laser shock treated 

ZrO2. A diamond drill of 1.66 mm in diameter was used to produce the incremental hole drilling. The 

depth of drilling was 1.86 mm and the data obtained for 1.24 mm depth of residual stress values. 

Strain was measured in X-and Y-axis and then tabulated into stress values using the stress craft 

software package.  
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Figure 2 A schematic images of the location of the strain gauge adhered to both the 

untreated and laser shock treated ZrO2 surfaces. 

2.6.2 Residual Stress Measurement by Indentation  

Residual stresses at the surface were calculated using an indentation crack-based approach as 

proposed by Marshall et al. [42]: 

𝜎𝑟 =
√𝜋𝜒

2𝑚√𝑐
[
𝐾1𝑐
𝜒

−
𝑃

𝑐
3
2

] (1) 

With 𝜒 a material and indenter dependent constant given in [43]: 

𝜒 = 0.016 (
𝐸

𝐻
)
0.5

(2) 

where the correction m is set to 1 which means a neglect of free surface-effects and a homogeneous 

residual stress field [44]. H is the hardness in GPa and E is the elastic modulus (GPa); P = indentation 

load (N), c = crack length (µm). E is the Young’s modulus in GPa and H is the hardness in HV.  

2.6.3 Biological Testing 

Influence of laser shock treatment on the cytotoxicity of ZrO2 ceramic was studied using a human 

osteosarcoma cell line (Saos-2, P13). SAOS-2 was selected based on the common use of ZrO2 in 

dental implants, dental frameworks, crowns or implant prosthesis. While other tissues will be in 

contact with these devices, their main objective is to procure a strong and stable union between 

bone and implant. For this reason and as a first step in understanding the effect of peening in this 

material, the established human osteosarcoma cell line SAOS-2 was selected. Before the inoculation 

samples were degreased with pure ethanol in an ultrasound bath for 10 min, disinfected by 

autoclaving, immersed in pure ethanol for 5 min and dried under UV light. Samples were inoculated 

with 20000 osteoblastic cells and incubated for 40 min (37°C and 5% CO2), to allow initial cell 

adhesion to the substrate. Subsequently, samples were covered with Dulbecco's Modified Eagle 
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Medium (10% Fetal bovine serum, 12% L-Glutamine and 1% penicillin/streptomycin) and cells 

cultured for up to 7 days at 37°C and 5% CO2. Media exchange was carried out every two to three 

days. To analyse the viability and proliferation of cells deposited on the samples, Alamar Blue (Fisher 

Scientific UK Limited) and fluorescence imaging were performed. A 10% of the medium amount of 

Alamar Blue was inoculated and left in an incubator for 4 hours at 37°C. 100 μL was taken onto a 96 

well and fluorescence read at 570 nm excitation and 590 nm reading wavelengths. Measurements 

were developed in triplicate with mean and standard deviation reported. For fluorescence imaging, 

each sample was washed gently three times with 10 mM PBS, stained with 200 μL of 5 mM calcein-

AM (VWR International, USA) and 1.5 mM propidium iodide (Thermo Fisher scientific, USA) solution 

and incubated for 30 minutes. Imaging was carried out using an EVOS M5000 Imaging System 

(Thermo Fisher Scientific, UK) with ×5 and ×20 magnification. ANOVA analysis was performed on 

the metabolic activity measurements after 7 days of seeding with the figure and text changed 

accordingly. The statistical analysis for the biological assays was conducted with SPSS (IBM Corp. 

Released 2015. IBM SPSS Statistics for Windows, Version 23.0). Similarity of variances was checked 

with Levene’s test and, if not violated, ANOVA-I was performed followed by Turkey’s post-hoc with 

alpha level 0.05. In case that similarity of variances cannot be assumed, mean comparison was 

analyzed through Welch’s test and Games-Howell’s post-hoc. 

3. Results and Discussions 

3.1 Macroscopic Evaluation of the Surface after Laser Shock Treatment 

Observations were conducted over a range of magnifications using optical microscopy, to 

understand the microscopic effect over the surfaces of the ZrO2 ceramic at low resolutions, to 

evaluate if the laser shock treated brittle ceramic is free from laser-shock induced defects. An initial 

visual inspection of the samples after LST was first carried out to determine the presence and length 

of cracks induced in the ZrO2 substrates. Figure 3 illustrates an optical image of a plan view of the 

samples whilst, Figure 4 shows clearly the effects of laser energy upon the surface of the ZrO2 

ceramic from the optical images. The effects become more apparent as the selected laser energy 

rises to 85 mJ, beyond which visual macroscopic signs of burning were readily observable.  
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Figure 3 Optical image of the ZrO2 Ceramic samples treated by different laser energies. 
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Figure 4 Optical images of the ZrO2 surfaces in the as received (a), and laser shock 

treated surfaces at 17 mJ (b), 85 mJ (c), and 170 mJ (d). 

These marks (as-received striations) are still apparent in the different samples after LST due to 

higher LST energy, but they become less prominent as the laser power increases, particularly in the 

85 mJ (Figure 4 (c)) and 170 mJ (Figure 4 (d)), peened samples. The surface of the lower energy 
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treated sample (Figure 4(a)) consists of cracks but, further rise in power to 85 mJ revealed the 

presence of small cracks at different locations. These cracks become more apparent on the 170 mJ 

sample where big cracks homogeneously distributed on the peened surface can be observed (Figure 

4 (d)). Laser shock peening is known to cause the disappearance or attenuation of the as-received 

machining marks which could reduce the surface properties of the material. The surface integrity 

obtained from the as-received and laser treated samples indicated that the striations were reduced 

through laser shock peening. This effect was especially relevant for the 85 mJ and 170 mJ samples, 

although, such high laser energies were unable to be completely absorbed by the base material, as 

indicated by the higher presence of cracks as the laser power was increased. To enhance the surface 

finish of the base material while preventing crack generation; it was found that laser energies 

between 17 mJ to 85 mJ are sufficient. For future studies it is recommended that the very top of the 

laser shock treated ZrO2 ceramic, should be removed post LST with sand blasting/micro-shot 

peening (or chemical/acid etching) to remove the initial cracked layer from the as machined surface 

condition. Once this operation performed, the top surface will have lesser defects and susceptibility 

for fracture when exposed to laser shock driven pressure pulse. 

Based on observations from optical microscopy presented in Figure 4, machining sourced 

striations were diminished via LSP treatment, particularly, at higher laser peening energies (85 mJ 

and 170 mJ). It is suggested that surface cracking produced at the highest laser energy tested is due 

to the higher magnitude of mechanical shock induced into the substrate surface at higher laser 

energies/intensities beyond applying 17 mJ. To obtain a crack-free laser peened surface, further 

studies with energies between 17 and 85 mJ need to be conducted. Figure 5 shows SEM images of 

the untreated (a) and crack-free laser shock treatment in (b) at 17 mJ of laser energy. What this 

indicates is that, the surface integrity is slightly enhanced and there is an effect of striation removal 

and flattening as well as the surface integrity being enhanced possibly through some surface 

cleaning, other surfaces treated with 85 mJ and 170 mJ rendered increase in porosity and surface 

micro cracking respectively. 

 

Figure 5 Scanning electron micrograph of the as-received surface of the ZrO2 in (a) and 

(b) the laser shock treated surface. 
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3.2 Surface Roughness and 3-D Profiles  

Following the SEM images are the 3D scan mapping images of samples using the Alicona infinite 

focus variation system (see Figure 6). These compare the optical images with what is seen on 3D 

profile maps, as well as line profiles traversing across the samples.  

 

Figure 6 Topographical Analysis showing the roughness characteristics before and after 

LST; (a) as-received; 17 mJ (1%) in (b); 85 mJ (5%) in (c); and 170 mJ (10%) in (d) of ZrO2 

ceramic.  

Figure 7 presents a graph of surface roughness (Ra), with respect to the applied conditions of as-

received surface and the laser shock treatment at 17 mJ, 85 mJ and 170 mJ respectively. It is evident 

that the roughness reduces with increasing laser energy, where the as-received surface (Ra) was 

measured to be 1.84 µm, 1.20 µm at 17 mJ and 0.77 µm at 85 mJ and 0.84 µm at 170 mJ respectively. 

There is a slight dip in the roughness between 85 mJ of energy applied compared to 17 mJ. This can 

be attributed to the removal of distinct striations and the surface flaws that were present on the as-

received surface. As the energy increased the removal and flattening of the machining marks and 

striations rendered a decrease in the Ra value, and resulted in laser shock treated surface becoming 

significantly smoother. This appears to be a general trend in the results observed in Figure 7 

compared to the as-received surface which was measured to be the roughest. After 85 mJ, the 

results of 170 mJ treated surface was slightly increased. Given to the increase in surface cracking at 

170 mJ, the roughness rose higher than the 85 mJ surface, however, it was still considerably lower 
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than that the as-received surface. This indicated the laser shock treatment was producing a 

smoother surface.  

 

Figure 7 Surface roughness characteristics of the laser treated and the untreated 

surfaces of the ZrO2 ceramic. 

3.3 Hardness and Fracture Toughness 

To further expand the surface analysis previously presented, the influence of laser peening on 

the hardness of ZrO2 was studied graphically (Figure 8). The hardness measurements showed a 

decrease after laser shock peening which corresponds with previous findings. This is attributed to 

the surface fractures that were found onto the ZrO2, particularly, when exposed 170 mJ energy and 

to somewhat 85 mJ laser energy. The hardness of the as-received zirconia is 14.07 GPa, immediately 

decreasing to 13.37 GPa for 17 mJ, 13.51 GPa for 85 mJ and dropping to a minimum of 12.94 GPa 

for 170 mJ. This represents a decrease of respectively 5%, 4% and 8% respectively compared to the 

baseline hardness obtained in the as-received sample, suggesting to the introduction of tensile 

residual stresses in the upper layer of the sample. A drop in fracture toughness would be more 

indicative of tensile residual stresses- drop in hardness could be related to re-configuration of the 

surface dislocations sub-structure from the plasma-induced shock wave. The as received sample 

(machined surface) may have a dislocations sub-structure that is re-configured (reduced akin to a 

traditional recovery process) by the LSP induced shock wave. The presence of tensile stress is indeed 

a factor [30] favouring the penetration of the indenter deeper into the material, thus leaving a larger 

and deeper depression and correspondingly longer hardness test (Hv) generated crack lengths. The 

reduction of the surface hardness due to the laser shock peening is an unexpected phenomenon 

that occurred even at low laser energy (17 mJ) without any visible influence of LSP. Previous work 

has shown that LSP tends to improve surface hardness [32]. ZrO2 is a polymorphic ceramic and can 

adopt different crystal structures as a function of temperature. However, laser generated shock 

waves may be able to modify the crystal structure, so a meta-stable structure can be generated at 

room temperature due to the mechanical provocation of the laser sourced shock wave. 
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Figure 8 A graphical representation of mean hardness and standard deviation obtained 

from ZrO2 ceramic substrates in the as-received-untreated condition and laser shock 

treated at the three laser energies indicated. 

The calculated surface fracture toughness of the different samples is depicted in Figure 9. 

Fracture toughness values obtained via the hardness testing technique are influenced by harness 

testing generated crack lengths shown in the previous section. The as-received sample’s fracture 

toughness is calculated as 4.20 MPa.m1/2. When the laser energy is 17 mJ (and when the crack length 

- induced from the hardness testing indentation has decreased) the calculated fracture toughness 

increases to 4.37 MPa.m1/2. This represents an increase of 4% of the fracture toughness compared 

to the as-received sample. When the laser energy is 85 mJ, the fracture toughness calculated is 4.28 

MPa.m1/2 as expected, it is lower than in the 17 mJ sample, but higher than the as-received one as 

the average crack length is in between that from the 17 mJ and as-received sample (see Figure 10). 

This represents an increase of 1.9% in fracture toughness compared to the as-received sample. For 

the 170 mJ laser shock treated sample the fracture toughness drops heavily down markedly to 3.58 

MPa.m1/2 which is a decrease of 14.7% in regard to the as-received sample. This occurred naturally 

due to the onset of larger surface cracks from the laser shock treated region of the 170 mJ laser 

energy shock treatment.  
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Figure 9 Surface fracture toughness of the as-received, untreated and laser shock 

treated ZrO2 ceramics for various laser energies, calculated from the Anstis, Chantikul, 

Lawn & Marshall Equation shown in section 2.5.  

 

Figure 10 Shows the crack lengths of laser shock strengthened ZrO2 with 17 mJ, 85 mJ, 

and 170 mJ and the as-received surface. 

3.4 Residual Stress Measurements 

3.4.1 Residual Stress Profile by Incremental Hole Drilling Method 

Calculated values of both axial (σ1) and transverse (σ3) direct stress were represented in Figure 9 

(this gives fracture toughness values not values of σ1 and σ3) for the as-received (untreated) and all 

the laser shock treated ZrO2 ceramics. A profile for the residual stress was obtained for each sample 

using the incremental hole drilling method depicted in Figure 11. The main goal (as widely known) 
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of LSP is to introduce compressive residual stresses on the surface and sub-surface, in order to, 

enhance mechanical response and improve surface integrity and resistance to crack initiation from 

the surface. As shown in Figure 11, on the surface/sub-surface residual stress for the as-received 

surface was revealed to be a pseudo-sinusoidal, single cycle around a mean value = 0 MPa (with an 

approximate amplitude of + 50 MPa through the bulk, to a depth of ~1000 μm).  

 

Figure 11 Residual stress on the Laser Shock peened ZrO2 ceramic with as-received, 17 

mJ, 85 mJ, and 170 mJ laser energy measured using incremental hole drilling, σ1 = axial 

direction in (a) and σ3 = transverse direction in (b).  

Tensile residual stresses are introduced in the surface layer of all three samples (i.e. those treated 

at 17 mJ, 85 mJ and 170 mJ) after LSP. This is most likely the reason why the hardness test indent 

size has increased in all three samples after laser shock treatment as a surface tensile stress is a 

factor contributing to the increased penetration of the indenter in the material [45]. It is therefore, 

the main factor accounting for the decrease in surface hardness observed in Figure 8. The presence 

of tensile stresses, especially within the 17 mJ treated sample; where the surface was not damaged 
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could possibly be attributed to the fact that the lower intensity shock-waves induced by the plasma, 

produced by the laser shock treatment bounces back to the surface, hence, introduced tensile 

stresses along the way [41]. However, the likelihood of this is scares and a more likely cause for the 

presence of tensile residual stress near the surface is that the surface is damaged due to high 

brittleness and crack sensitivity after being exposed to the laser shock.  

As shown in Figure 11 (a) and Figure 11 (b), compressive residual stresses have been introduced 

to greater depths within the samples to 85 mJ and 170 mJ of laser energies. For the 17 mJ laser 

energy treated sample, compressive residual stresses, are mostly found on the transverse direction 

reaching residual stress (σ3) values around -270 MPa at a depth of 135 μm as shown in Figure 11 

(b). This was not the same for the axial direction (σ1) for the 17 mJ sample as compressive stress 

was found at the surface up to +375 MPa which then relaxed and reduced in magnitude through 

the sub-surface (0 MPa at 900 µm depth).  

On the 85 mJ treated sample, the compressive residual stress was mainly found to follow the 

axial direction (σ1) with values nearly -400 MPa in the vicinity of the surface (see Figure 11 (a)), 

whilst in the σ3 graph (for 85 mJ) showed the tensile stress of 275 MPa on the surface which 

eventually showed compression of -100 MPa at 75 µm depth.  

As for the 170 mJ sample, the compressive residual stress were over -600 MPa at a depth of 350 

μm as illustrated in Figure 11 (b) in the transverse direction (σ3). Comparatively, for the σ1 direction, 

the residual stress for 170 mJ was 575 MPa, at a depth of 350 µm. It is obvious that the residual 

stress measured in with 170 mJ treated samples was somewhat similar in both axial and transverse 

direction which was not the case for the curves for 17 mJ and 85 mJ. With that said the curve for as-

received samples was also similar in both the measured directions. 

The results displayed by those measurements in the transverse direction are more promising: 

compressive residual stresses are being introduced inside the material with LST and the amount 

increases with the applied laser energy and the stress seems to be introduced deeper as the energy 

of the laser increases. So, except for the upper layers, the results showed material sub-surface 

compressive strengthening particularly with 170 mJ in both the measured directions. These results 

in turn have not been found before, thus, open an avenue for further research. Repetition of the 

results herein, will verify the findings. Regards to the upper layer in residual tension; this can be 

removed with another surface treatment for example blast cleaning – which would bring to the 

compressed region that will be more resistant again the onset of a potential load. This can be done 

with the use a micro shot peening treatment as demonstrated by Shukla et al. [6], were the micro 

shot peening of ZrO2 ceramic resulted in the removal of the upper layers of the material. Upon using 

this kind of process would be beneficial as the material retains the improvements induced by the 

laser shock treatment, while the problematic areas would be removed by micro shot peening. 

Although, it can be noted that removing the surface tensile region may cause a re-distribution of 

the residual stress profile.  

The fact that compressive residual stresses are present hints to a degree of plastic or micro-

plastic deformation inside the material, even when the shock pulse pressure generated by the 

different parameters was not high enough to overcome the HEL of the ZrO2 ceramic. The theory 

behind the HEL and how plastic deformation is induced by LSP is well known, and well suited for the 

laser shock peening of metals [12]. However, there are a lack of studies dealing with such theory in 

ceramics, thus, the process of plastic deformation in these materials is relatively unknown and 

currently not well understood. Therefore, the theory used is the same as the one suggested for 
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metals (which obviously is a potential source of discrepancy when applied to ceramics), but better 

understanding and further studies are needed in order to conclude if the use of HEL and metal 

plasticity theory is applicable for brittle ceramic materials.  

3.4.2 Residual Stress by Indentation Method 

The residual stress method based on indentation is an estimate of stress fields at the depth of 

the indent (see measured values in Figure 12, for laser shock treated ZrO2 in this work). Considering 

the differences between the different depth, we can assume that all the residual stresses measured 

where conducted at a depth of 16.5 μm in order to compare them to each other. 

 

Figure 12 Residual stresses estimated through the indentation method for the as-

received, untreated and laser shock peened ZrO2 ceramics surfaces for various laser 

energies. 

Comparison between hole drilling and indentation methods reveals vastly different results. 

Residual stresses obtained through indentation at a depth of around 16.5 μm are -70. 72 MPa for 

the as-received ZrO2 sample, indicated that compressive residual stresses are already present inside 

the sample. The amount of compressive residual stresses increases to -73.99 MPa for the 17 mJ 

laser shock treated sample, which represents a 4.6% increase over the as-received condition. 

However, a rise in laser energy to 85 mJ leads to a slight change in residual stresses to -72.06 MPa 

or a 1.9%, increase in compressive residual stress over the as-received sample. Further increase in 

laser energy, 170 mJ, results in a large drop in compressive residual stress to -56.48 MPa or a 20% 

decrease compared to the as-received sample. 

An increase of compressive residual stress can be observed in the 17 mJ and 85 mJ sample, but 

the increase is quite small compared to the change observed with the hole drilling method. This is 

somewhat explained by the equation used for this calculation (K1c = 0.016 (E/Hv)1/2 (P/c3/2), as it is 

heavily tied in with crack length and fracture toughness and therefore, may follow the same trend 

as those two parameters. If these values are correct, the increase in compressive residual stress 

near the surface in the 17 mJ and 85 mJ samples could explain why the crack length and the fracture 

toughness improved in those samples. Compressive residual stress will indeed restrain crack growth 

and, thus, improving the fracture toughness. However, this would also improve hardness, which 

was not noticed.  
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An explanation on the disparity of results between the two methods is because done at vastly 

different scales. The hole drilling method measures the residual stress around a hole with a 2 mm 

diameter, whereas, the indentation method measures the residual stress around an indent of 

around a hundred micrometre span. This disparity in scale means that the two measures are quite 

unrelated and that they cannot be truly compared. Further studies at both macro and microscopic 

level should be done in order to obtain a better understanding of the residual stress behaviour 

inside ZrO2 after LST. 

3.4.3 Biological Test Evaluation  

To analyse the potential application of laser peened ZrO2 as a biomedical material, cell viability 

of SAOS-2 cells was studied (Figure 13). Metabolic activity measurements through the use of the 

reagent AlamarBlue (Figure 13 (a)) indicated a rise in activity for all samples as the contact time 

increases (i.e. 24 h, 3 d and 7 d), however, these changes are dependent on the base material and 

treatment. Control polymeric slides where used to provide a comparison baseline with a non-toxic 

material, revealing a rapid rise in activity after 3 days followed by stagnation. The as-received 

surface reveals a more limited change in metabolism, retaining similar biochemical levels during the 

first 3 days followed by a slight increase after a week of cultivation. In contrast, more prominent 

changes could be detected on the laser shock treated substrates with all samples revealing a steep 

rise in metabolic activity as the incubation time increased. More interesting is to notice the 

significant increase in activity in all laser peened samples relative to the as-received condition, 

suggesting that this surface treatment enhanced cell response.  
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Figure 13 Biological response to human osteosarcoma cells (SAOS-2), including a) 

metabolic activity and Life/dead fluorescence images of cells after seven days of contact 

with b) control plastic slides and ZrO2 ceramics in the c) as-received or laser peened, d) 

17 mJ, e) 85 mJ and f) 170 mJ conditions where * signifies p-value <0.05 for alamar blue 

measurements after 7 days of seeding. Fluorescence images result from the merging of 

both GFP and Texas red channels. 
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This seems to be linked to the laser power as maximums of 47563 ± 3529 a.u. (where a.u. 

corresponds to arbitrary units in terms of fluorescence intensity) 47255 ± 3309 can be seen for the 

17 mJ and 85 mJ samples with a slight reduction to 44428 ± 2426 a.u. as the laser power reached 

170 mJ. Nevertheless, only statistical differences where observed between the as-received and all 

other groups, indicating that all laser shock treatment conditions significantly enhanced SAOS-2 

metabolic activity. Moreover, SAOS-2 cells have been shown to continuously proliferate attaining 

full confluence and maturity after 7 or 14 days of seeding [44]. Given the large affinity for cell 

proliferation of the samples and the growth kinetics of SAOS-2 it seems likely that no influence on 

apoptosis may have resulted from the analysed surfaces. 

Metabolic activity provides information about cell biochemical processes which can be 

correlated with cell viability, however, caution should be taken when linking metabolic activity with 

cell proliferation, growth and death [45]. To fully explore cell behaviour, live/dead staining was used 

on cells in all aforementioned samples after 7 days of contact (Figures 13 (b) to 13 (f)). Non-toxic 

controls (Figure 13 (b)) revealed homogeneously distributed cells divided in a lower confluent layer 

with branched and spread cells developing a top layer characterized by more circular cells. A similar 

bilayer can be observed in all the laser treated samples (Figures 13 (b) to 13 (f)), but the new top 

layer seems to be more developed on the 17 mJ and 85 mJ lower power substrates. This could 

explain the lower metabolic activity previously discussed. Similarly, the as-received ZrO2 surface 

does not show a completely confluent initial monolayer, with some spaces of the base material 

visible and limited growing cells on top of the early monolayer. In all cases studied, no cells could 

be found red stained, suggesting that no loss in permeability and, consequently, damage was 

induced after 7 days. This coupled with the rise in metabolic activity indicates that all surfaces 

analysed are non-cytotoxic, suggesting that laser peening does not have any detrimental effect on 

the initial stages of cell proliferation. 

4. Conclusions 

This manuscript focused, on the effects of laser shock treatment/peening of ZrO2 ceramics that 

has not previously been observed or reported in literature. Laser intensity was modified to map a 

processing window of laser shock treatment (LST). Through an increase in laser energy from 17 mJ 

to 170 mJ, we have found the damage threshold for ZrO2 ceramics, correlating processing 

parameters with material microstructure and mechanical properties. More specifically, hardness, 

crack length and fracture toughness were analysed alongside the effect of LST treatment on the 

biological response of SAOS-2. The main findings of this work are summarized as:  

‐ Metabolic activity measurements illustrated a rise in activity for all samples with increasing 

contact time from 24 h, 3 days and 7 days. The as-received surface reveals a more limited 

change in metabolism, but significant increase in cell activity in all laser peened samples 

relative to the as-received condition, suggested that this surface treatment enhanced cell 

response. As the laser energies increased, so did the cell response with 47563 ± 3529 a.u., 

47255 ± 3309 observed for the 17 mJ and 85 mJ samples with a slight reduction to 44428 ± 

2426 a.u., for the surface laser shock treated with 170 mJ. Results were more prominent with 

the same set of samples for metabolic activities. In all cases, no cells could be found “red 

stained”, which suggested that no loss in permeability and, consequent, damage was induced 

after 7-days. This was supported by a rise in metabolic activity indicated that all laser shock 
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treated surfaces were non-cytotoxic, meaning that laser shock treatment such as peening did 

not have any detrimental effect on the initial stages of cell proliferation.  

‐ Optical microscopy revealed that surface of two of the three laser shock treated samples were 

cracked. The energy used was too high in those cases and it is proposed that the optimal laser 

energy to be used to obtain a crack free surface should be between 17 mJ and 85 mJ. The 

mechanically induced shock wave and corresponding detrimental effects over the surface 

with laser shock treatment at 170 mJ were far too intense, thus, lead to cracking. The effects 

under 17 mJ were not measurably, significant to undertake a detailed and timely 

investigation.  

‐ The hardness was reduced in the three laser shock treated samples, with a reduction as high 

as 8%. 

‐ Surface roughness was lowered for all laser shock treated surfaces with particularly lowest 

being with the highest laser energy applied and was attributed to material removal and 

flattening of the striations.  

‐ Surface Fracture toughness (KIC) was measured to be 4% higher for the 17 mJ, but was 

drastically decreased in the most damaged sample (170 mJ treated sample). These findings 

were not substantial over the top most surface, the material was not affected as much as it 

was within the deeper sub-surface as evidence from the incremental hole drilling 

measurements suggests.  

Study of the residual stress induced in the material was also conducted by both incremental hole 

drilling method and hardness indentation method. The results from of the incremental hole drilling 

measurements showed the introduction of tensile residual stress at the surface in the three 

samples. . Furthermore, the depth at which the compressive residual stresses are located seem to 

also increase with the increase in laser energy. The observed measurement of tensile stress at the 

surface explained the measured reduction in degradation of the hardness, but the compressive 

residual stress induced deeper in the material indicate a level of micro-plastic deformation, in line 

with observations found in previous work on other ceramics.  
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