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Abstract: This paper describes the study for investigations of laser matter interaction with Poly-methyl-meta-

acrylate (PMMA) material which is a transparent medium being used in number of scientific and industrial 

applications. Damage assessment studies were conducted due to interaction of laser with this material. CO2 

lasers at the different power range have been utilized in the study. The results of its damage due to interaction 

with laser were compared. Temperature during interaction of laser on target was recorded using IR 

thermometer and thermal imager camera (FLIR). The damage on samples was studied by LYNX Dynoscope. 

Due to low thermal conductivity of the PMMA samples, conduction losses have been neglected. Experiments 

were carried out for both surface and bulk damage in samples. Damage is caused by photochemical 

disintegration process and material is removed from samples by mass ablation. The experimental result 

confirms process of ablation due to vaporization of material. 
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I. Introduction 

Poly-methyl-meta-acrylate (PMMA) is an important material used in the everyday life in the wide variety of 

applications. It is a transparent material and is useful in various applications like in making boxes, toys, CD, 

DVD, different type of housing etc. It is a worthy replacement of glass in industry. It is also useful in the 

electronics, medical, vehicle and other important industries. Poly-methyl-meta-acrylate polymer exhibits very 

good optical properties. A typical PMMA grade allows 93% of visible light to pass through it, which is more 

than in glass or other plastics. This outstanding clarity enables the use of PMMA in many optical and related 

applications like in fabricating lenses and magnifying glasses [1-2]. Combined with its good degree of 

compatibility with human tissue, it can also be used for transplantation of intraocular lenses in human eyes and 

for making contact lenses[3]. Due to its scratch resistance and favorable physical properties, it finds number of 

applications in protective coatings and as a prototype material for structural components in micro devices [4]. The 

mechanical and thermal properties of PMMA exhibit suitable characteristics for the items being made of it [5-

6].The study of damage assessment in PMMA samples due to interaction of laser has relevance to directed 

energy military laser system as many military targets and equipments utilizes PMMA as material of fabrication 

for them. For example, PMMA is being utilized in fabricating protection hoods for troops, canopy of fighter 

aircrafts, bombers etc.  

 

In the process of interaction of materials with lasers, many processes like heating, melting, boiling, evaporation 

etc will take place. Damage of target depends on the optical and thermo physical properties of target material 

such as absorption at laser wavelength, thermal conductivity, melting temperature, latent heat of 

melting/vaporization etc. The quantum of damage and disintegration of mass is dependent on laser power 

density, beam size and the exposure time of laser. The disintegration effects of laser on transparent and opaque 

(non-transparent) materials are different. Experimental data [7] are useful in analyzing such effects in transparent 

amorphous and crystalline materials.  

 

II. Material Properties 

PMMA is one of the most widely used amorphous thermoplastic materials. The chemical structure of PMMA 

consists of three main functional groups as (CH)X  (0≤X≥3), C=O and O. The melting-temperature of PMMA is 

like glass-transition temperature (softening point).PMMA is a rigid plastic. It is also known as Plexiglas, Lucite 

that starts to decompose at 500 K. By the photo-chemical mechanism it is decomposed due to heat in the form of 

toxic gas and ions like carbon dioxide (CO2), carbon mono oxide (CO), methyl oxide (CH3O) and methyl ion 
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(CH3
+) and evaporates into the atmosphere. The schematic of polymer photo destruction process is presented in 

Fig. 1. 

 
Figure 1: Chemical Structure and Disintegration process of PMMA  

 

The thermo physical properties of the material are given in table 1. It is assumed that material properties do not 

change with temperature.  

 
Table 1: Thermal Properties of PMMA 

 

 

 

 

 

 

 

 

 

 

The behavior of Poly-Methyl-Meta-Acrylate varies with types of laser depending on their wavelength. 

Transparent PMMA generally have high transmission of laser beam near IR wavelength (1.06 μm). However, it 

has good absorption in ultraviolet and mid infrared range (10.6 μm) [11-13]. In the study a cast acrylic (PMMA) of 

5 mm thickness was used. The transmission and reflection spectra of material are shown in figure-2[18]. The 

transmission and reflection corresponding to wavelength of 10.6 μm are nearly 0.3% and 5 % respectively. It 

shows that 95 % of total CO2 laser power is absorbed for bulk damage in material and the remaining 5% is lost. 

Therefore, in case of CO2 laser, lower loss factor increases quantum of damage.  

 
 

Figure 2: Transmission & Reflection of PMMA [18] 

 

 

 

 

Melting Temperature ( softening point), Tm 400 K 

Decomposition Temperature 500 K 

Specific Heat cp 1600 J/(kg K) 

Density (mass)ρ 1180 kg/m3 

Thermal Conductivity, k 0.19 W/(m K) 

Emissivity (hemispherical, bolometric),  0.9 

Refractive Index 1.49 
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III. Theoretical Background on Disintegration 

Generation of experimental data is useful in analyzing damage effects in this type of transparent materials8- 11. 

The direction of interaction of beam on sample was assumed along x axis for surface damage studies and along 

z axis for bulk damage in sample at a single point. The interaction scheme is shown in Fig- 3. 

 

 
 

Figure 3: Interaction Scheme 

 

The intensity of a Gaussian laser beam in (x, y) plane perpendicular to the direction of beam propagation is 

given by [1, 4]: 

 

𝐼(𝑥, 𝑦) = 𝐼0𝑒
−2(𝑟2) 𝜔2⁄        (1) 

 

Where, I is laser beam intensity at a point r in (x, y) plane, is the beam radius and I0 is the peak intensity of 

laser beam given by: 

 

𝐼0 = 2𝑃 (𝜋𝜔2)⁄         (2) 

 

P is the laser power. If laser beam is incident on target for the time of t sec and α is absorption coefficient of the 

PMMA sample, the laser energy absorbed in the material is given by: 

 

𝐸𝑙𝑎𝑠𝑒𝑟 = 𝑃 ∗ 𝑡 ∗ 𝛼       (3) 

 

As the conduction and radiation energy losses are negligible and PMMA quickly vaporizes without undergoing 

significant melting, it can be assumed that the laser energy is fully utilized for material removal from the 

sample. If dA is the heat affected area on sample due to laser beam interaction on target, the equation (3) may 

also be written as: 

𝐸𝑙𝑎𝑠𝑒𝑟 = 𝐼𝑑𝐴 ∗ 𝑡 ∗ 𝛼       (4) 

 

If m is the mass ablated from sample due to laser irradiation, the energy dissipated for mass ablation due to 

vaporization is given by:  

 

𝐸𝑙𝑎𝑠𝑒𝑟 = 𝑚𝐶𝑝𝑑𝑇 + 𝑚𝐻𝐿        (5) 

 

Where Cp is the specific heat, dT is the vaporizing temperature and HL is the latent heat of vaporization for 

PMMA sample. The above equations may be used in determination of melting depth for study of laser effect [18]. 

 
IV. Experiments 

The following experimentation were conducted for studying laser effects on PMMA samples: 

Case-I:    Sample irradiated with5 W CO2 laser producing power density of 50 W/cm2 on sample 

Case-II: Sample irradiated with 100 W CO2 laser producing power density of 500 W/cm2on sample 

Case-III:  Sample irradiated with 90 kW CO2-GDL producing power density of 1 kW/cm2 on samples 

 

In the above experiments, two commercial SYNRAD CO2 laser at power level of 10 W and 100 W with power 

densities 50 W/cm2 and 500 W/cm2 respectively were used to investigate low power laser effects in the bulk of 

samples for studying pattern formation. For studying surface and bulk damage in samples at higher power 

levels, Gas Dynamic Laser (GDL) with an output power of 90 kW generating power density of 1 kW/cm2 at 

target was utilized and the experiments were conducted with both raw and focused beam on samples at distances 
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up to 50 m. All the lasers are continuous (CW) wave in nature. The figures 4(a) & (b) shows commercially 

available5 W and 100 W CO2 laser sources from SYNRAD. The beam size for the 5 W and 100 W CO2 was 1.5 

mm and 3.5 mm respectively. In case of GDL, the beam shape is annular with inner and outer ring diameters 

88mm&150mm respectively.Fig-5 shows 90 kW GDL source mounted on trailer. 

 

   
(a) 5 W                          (b) 100 W 

 

Figure 4: Commercial CO2 Lasers from SYNRAD 

 

 
Figure 5: 90 kW Gas Dynamic Laser source 

 

In all the above cases, PMMA sample size used for laser interaction was 300mm300mm with thickness of 

5mm.It was assumed that laser beam is completely absorbed into the material. The surface temperature of target 

was measured by thermal camera. 

 

V. Results and analyses: 

CO2 laser has been extensively used to create micro channels on PMMA[18]. Figure- 6(a) shows the results of 

experiment performed on PMMA sample due to laser irradiation for case-I. Surface temperature was measured 

during interaction by IR FLIR Camera. The peak temperature was recorded at 7600C (1400F). At this 

temperature evaporation of material starts from surface. A conical shaped channel is produced in the bulk of 

sample during the interaction of beam in z-direction as shown in Fig-6(b). The dimensions of channel measures 

cone height of 8 mm and base diameter of 3.2 mm. The interaction time of laser beam on sample was measured 

and found 15 sec. Calculations utilizing equation [5] confirms that the entire energy of laser beam is dissipated 

for mass ablation by vaporization from the samples.  
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(a) FLIR Camera recording                               (b) Fine conical channel 

 

Figure 6: Interaction with 5 W CO2 laser 

 

For case-II, the laser is incident on target in x direction (along thickness of sample). A through hole of diameter 

3.5 mm was made on the PMMA sheet as shown in Fig-7. Since the material is non-conducting and melting is 

negligible in PMMA material, the beam retains its shape during interaction and traverse through the sample. 

Experimental observation and surface temperature measurements confirms this view [fig-6(b)].  

 

 

 
 

Figure 7: Interaction with 100 W CO2 laser 

 

For case-III, PMMA sheet of same thickness is used and the beam propagation is considered in x direction. Fig-

8 represents shape of annular beam on the sample. In this case laser affected zone (LAZ) is less than heat 

affected zone (HAZ).Both the zones in PMMA are less as compared to HAZ observed in metallic targets.  
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Figure 8: Interaction with 90 kW GDL 

 

A Cassegrain telescope was used for focusing of beam on target. Focusing of beam produced a power density of 

3 kW per sq.cm on samples. The exposure time of laser beam on target was kept at 2sec. The peak temperature 

was found at 7400C (1364 F). A through hole of diameter ~18 mm is observed on the sheet. Area of heat 

affected zone (HAZ) was found at 20cm2. The Cracks were observed after interaction of beam on target due to 

thermal expansion and contraction effect. The bending of sample was also observed due to stress generation. 

 

VI. Conclusion 

This paper represents the study of laser induced damage effects on PMMA samples due to interaction of CO2 

laser beam @ 10.6 µm at different power densities.The damage of material is caused due to thermo chemical 

changes in the bulk of material during irradiation of beam on samples. Material is directly evaporated after 

thermo chemical changes.  

The damage in PMMA samples at low power levels is caused mainly due to disintegration of material by the 

process of mass ablation. Both surface and bulk damage effects in samples were investigated. The process of 

channels and pattern formations in the bulk of material was studied by focusing low power laser beam on 

samples. In a series of experiments, it was concluded that the process of channel formation in the samples is 

distortion free and burr free due to negligible melting of material. The phenomenon may be utilized in formation 

of fine micro channels and pattern formation for number of industrial applications. 

The process of hole formation in PMMA sheets was investigated at both low and high power densities of laser 

irradiation. In both the cases, phenomenon of hole formation in the samples is due to heat based material 

removal process. For hole formation in sheets, lower power density is preferred as the laser effected zone is 

more pronounced in comparison to the heat effected zone due to low thermal conductivity of material. Lower 

surface roughness and higher dimensional tolerance can be achieved for hole drilled on samples. At higher 

power densities other effects such as crack formation in sheets were observed due to thermal expansion and 

contraction effects. Moreover the bending of samples was also observed due to stress generation. Damage due to 

thermo chemical changes of PMMA are more readily seen in bulk samples than in thin sheets because 

polymerized material does not carbonize in small spots. It directly evaporates the material after thermo chemical 

changes. In all these process, the process of mass ablation is mainly due to vaporization of PMMA material as 

confirmed in the experiments.   
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