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Marking of titanium dioxide-containing ABS polymeric
samples was accomplished using a UV laser that induces
a white to grey color change with only a minor alteration
of the plastic material. The characterization of this mark-
ing process has been conducted by different techniques
to determine the quality of the UV-laser marking and to
gain an insight into how the plastic material is affected by
laser irradiation. Surface characterization was performed
and tests were conducted to evaluate the potential appli-
cations of this UV-marking process. POLYM. ENG. SCI.,
00:000–000, 2017. VC 2017 Society of Plastics Engineers

INTRODUCTION

The applications of laser technology usually involve processes

such as welding or cutting, mostly on metals, surface treatments

such as drilling or marking surfaces, mainly on plastics, and cur-

ing of paints and inks. Processing with lasers takes advantage of

the characteristics of laser light, in particular, the high energy

density and directionality achieved with lasers allows strongly

localized heat- or photo-treatment of materials with a spatial reso-

lution better than 100 nm [1]. Furthermore, laser technology

offers different advantages as it is a noncontact process that is

compatible with computer numerical control with a high flexibil-

ity. However, the disadvantages of this approach, e.g., the high

costs and possible material damage, should be considered.

In reference to marking processes are concerned, lasers are par-

ticularly useful because they can be safely integrated into assembly

lines, applied to products with various geometries and be controlled

by a computer, thus resulting in high reproducibility, high speed,

and high throughput. This technology provides rapid customization

in mass production. In addition, laser marking avoids the use of inks

and pretreatment of the surface material. Applications range from

product recognition and identification to the printing of alphanu-

meric characters, symbols, and logos [2].

The legibility characteristics of a mark, such as contrast and

minimum width, depend on the material properties, e.g., absorp-

tivity, as well as on the laser marking parameters: power den-

sity, focal position, and marking speed. CO2, Nd:YAG and

excimer lasers are the three most widely available commercial

lasers used for industrial laser-marking applications [3]. Laser

irradiation can give rise to different effects in plastic materials,

such as engraving, ablation, foaming, carbonization, photoreduc-

tion, bleaching, and color formation [4]. Most of the previous stud-

ies performed on polymers were conducted using excimer laser

sources [5–14]. It has been reported that thermal effects and photo-

chemical reactions coexist during ablation [15, 16] and, on operat-

ing with laser fluences below the material ablation threshold, the

original polymer surface is modified by UV photons [17, 18],

which result in photolytic modification and activation [19].

ABS (acrylonitrile–butadiene–styrene) is a thermoplastic

copolymer with a high impact resistance and toughness. This

polymer is widely used to produce home appliances amongst

other applications. Furthermore, it is a material of interest to

study the enhancement of aesthetical markings involving a

change in color, for instance from a white pigmented polymeric

material to a grey color in the selected polymer matrix [20].

The majority of resins, including polyolefins and styrenic poly-

mers, are not easy to mark using laser technology. Plastics with

a low absorption level of laser light show practically no reaction

to laser irradiation. The incorporation of pigments makes the

plastic receptive to laser light and, as a consequence, high con-

trast and visible marks can be achieved at relatively low laser

intensity in the range of IR wavelengths [21]; however, the

quality of the marks is not sufficient for aesthetical applications.

A widely used additive is the TiO2 that is primarily employed

as a whitener in polymers [22] because to its light scattering

properties and good thermal and chemical stability. This mole-

cule absorbs UV-radiation [23] and it has been described as a

powerful photocatalyst [24].

In the present study, a frequency-tripled Nd:YAG laser emit-

ting at 355 nm (UV laser) was selected to produce aesthetical

marks on white ABS. Different superficial analyses were con-

ducted to describe the characteristics of the affected surface,

including the microstructure, roughness and color to characterize

the quality of the mark. Furthermore, the way in which the

chemical structure of the polymer is affected by the UV-laser

marking was investigated. For this purpose, several spectro-

scopic and microscopic techniques were employed. Finally, pre-

liminary quality tests were performed to analyze the resistance

of the marks to climatic conditions and common chemicals.

EXPERIMENTAL

The laser used in this work was the Powerline E20 UV com-

mercialized by Rofin. This laser system operates at a wave-

length of 355 nm in the nanosecond pulsewidth range. The

pulse work energy of the laser is 125 lJ. In this study, 1 cm 3

1 cm square areas were marked using galvanometric mirrors

that were large enough to perform the superficial and chemical

characterization. The number of spots per area (N) or dots per

inch (DPI) is a function of the pulse frequency, the scanning

speed and the hatch, i.e., the distance between consecutive
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tracks made by the laser scanning, according to Eq. 1. There-

fore, differences in the appearance of marks can be achieved

through variations in the number of DPI by simply modifying

the other parameters while keeping the pulse frequency constant,

see Supporting Information Figure SI.1.

N5
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speedscan3hatch
5

DPIx3DPIy

6:4516
(1)

The total energy deposited on the surface (Et) was calculated by

multiplying the laser energy per pulse (Ep) by the number of

spots (N). So, the DPI number is directly correlated to the total

energy deposited on the surface.

Injected discs of titanium dioxide-containing ABS from Elix

Polymers (reference number: P2H-AT LNS 202) were used for

laser marking. The color changes were measured using a Konica

Minolta spectrophotometer and SCI (specular component

included) values are reported. The spot diameter for measure-

ments was 6 mm. Optical confocal microscopy was conducted

using a Nikon Sensofar Plm2300 system. Environmental scan-

ning electron microscopy (ESEM) measurements were per-

formed using a QUANTA FEG 250 system. The sample was

directly observed without coating. Attenuated total reflectance-

infrared spectroscopy (ATR-FTIR) was performed using a Ver-

tex 70 Bruker FTIR spectrophotometer equipped with a Golden-

Gate Specac ATR accessory. Thermogravimetric analysis (TGA)

was performed on a TGA Q5000IR system from TA Instruments

at a rate of 108C/min under an air atmosphere up to 7508C.

Inductively coupled plasma optical emission spectroscopy (ICP-

OES) to determine the percentage of titanium dioxide was per-

formed on an IRIS ADVANTAGE system from Thermo Jarrel

Ash. ABS pellets were first calcinated at 5008C for 5 h before

ICP-OES analysis. X-ray Photoelectron Spectroscopy (XPS)

measurements were performed on a Kratos AXIS ultra DLD

(Mono Al Ka, Power: 120 W (10mA, 15kV).

Scratch tests were performed with an Erichsen pen having a

linear movement. After the tests, the scratch width was mea-

sured by confocal microscopy and compared with the scratch in

unmarked material and pad printing samples used as a reference

(pad printing is widely used in the decoration of plastic materi-

als). The force in this device can be changed from 2 to 10 N.

The scratch speed was 28 mm/s. Climate tests were conducted

on five samples in an ATLAS SUNTEST XXL1 climate cham-

ber with a Xenon Lamp. The standard method applied was

UNE-EN ISO 4892 standard and this involved a cycle of 102

min irradiation at 65 6 38C, 20 6 10% humidity and 0.51 6 0.02

W (m2 nm) of irradiance followed by 18 min of condensation.

The test was performed for 200 h. Taking as reference the solar

energy per year in Northern Spain, i.e., 188.28 MJ/m2 for a

wavelength range from 300 to 800 nm, it could be estimated

that the test is equivalent to approximately 70 days under envi-

ronmental conditions.

Chemical resistance tests were performed by immersing the

samples in different agents (bleach, olive oil, vinegar, 0.1 M

sodium hydroxide, 0.1 M hydrochloridric acid). Color properties

were monitored further to detect macroscopic changes. After

24 h at room temperature, the samples were removed and dried.

Specimens were cleaned using paper soaked with ethanol.

RESULTS AND DISCUSSION

Laser Marking Process

A UV laser was selected for the laser marking process in

order to decrease thermal effects associated with marking by an

IR laser [20] and to enhance possible photochemical reactions.

The different irradiated areas (1 cm 3 1 cm) are shown in

Fig. 1. The marks are macroscopically homogeneous, and only

when the sample was analyzed under the microscope could the

dotted structure resulting from the experimental conditions be

observed.

The marks can be optically characterized by the CIELab

parameters L*a*b*. Coordinate L* is defined as luminosity and

it ranges from L* 0 (black) to L* 100 (white). For black and

white materials the a* and b* coordinates are 0 or close to 0, so

they will not be considered. The evolution of L* for different

FIG. 1. Different marks made with the UV-laser in the ABS sample at different DPI ranging from 100 to 1,200.

Right: Detail of the sample marked at 400 DPI.

FIG. 2. Luminosity, L*, coordinate (CIELAB system) for the unmarked

(0 DPI) and marked regions as a function of the DPI parameter.
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samples marked with different DPI values is represented in

Fig. 2. A minimum L* value is reached at 300 DPI, and it

remains approximately constant at higher DPI values (although

it increases slightly). The optimum deposited energy on the

surface is therefore approximately 1.7 J/cm2 (calculated from

Eq. 1) and this corresponds to 300 DPI. Higher DPI values do

not improve the contrast, and in order to select the best mark,

low DPI values are preferred to minimize surface damage. It is

important to note that for 300 DPI the surface of the polymer is

not fully covered by the laser spots (see Supporting Information

Figure SI.1), an effect that can be observed microscopically but

not macroscopically. Taking this into account, further analysis

was conducted on the 400 DPI mark having a more covered

area.

Surface and Structural Characterization

The depth of the mark was studied by confocal microscopy

and optical microscopy. The evolution of the depth of the

marked area measured by confocal microscopy is shown in Fig.

3a. The mean depth is below 5 mm for samples marked up to

500 DPI. However, for higher DPIs, the depth increases sharply

as a consequence of the engraving produced by laser irradiation.

Figure 3b and c represent the depth profile of marks made at

400 DPI and 1,200 DPI, respectively. The quantity of material

removed by laser ablation may be roughly associated to the

mark depth since the mark area is in all the cases 1 cm2. The

material began to be clearly ablated at dpi above 500 DPI. Fur-

thermore, laser DPI parameters above 300–400 DPI do not

improve the contrast. Consequently, the optimum parameter

seems to be around 400 DPI because of the contrast of the

marks with minimum ablation and also the process time since a

higher DPI value implies a higher processing time.

The cross section was also studied. Samples were first

immersed in liquid nitrogen and then fractured. Optical observa-

tion of marks made at 400 DPI showed that the color change

was not regular and was detected up to 70 mm from the surface

(see Supporting Information Figure SI.2.a). Optical observation

of marks made with 1,200 DPI showed a color change up to 15

mm (see Supporting Information Figure SI.2.b), although it

should be considered that in this case some material is removed

by laser ablation (engraving detected by confocal microscopy).

The surface and the cross section were observed by ESEM.

Thus, when the sample marked with 400 DPI was tilted by 108,

several valleys were observed with a depth of ca. 10 lm (see

Fig. 4). In the sample made with 1,200 DPI, differences along

the mark were found (see Supporting Information Figure SI.3).

Valleys were observed at both edges; however, at one edge

depth measurements were approximately 40 lm and at the other

edge they were approximately 15 lm, which is related to the

marking direction of the laser and the subsequent accumulated

material. In addition, in this sample, an affected region within

the marked area was detected with a depth of approximately 7–

10 lm, see Supporting Information Figure SI.3 green square.

Attenuated total reflectance (ATR)-FTIR was used to charac-

terize the chemical structure of the sample surface. The IR spec-

tra of the marked areas, with different laser parameters, were

FIG. 3. (a) Mean depth of the marked zone as a function of the DPI parameter, (b) depth profile of a sample

marked at 400 DPI, (c) depth profile of a sample marked at 1,200 DPI.

FIG. 4. ESEM image of a sample marked with 400 DPI.
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recorded and compared with those of unmarked regions. The

ATR-FTIR spectrum of an unmarked region (continuous line) is

shown in Fig. 5. The peaks are consistent with an ABS polymer

spectrum. The spectra of a marked sample with 400 DPI

(dashed line) and 1,200 DPI (dotted line) are also shown in Fig.

5. In the marked samples, signals corresponding to ABS are

also clearly identified with no significant evidence of degrada-

tion, which indicates that the UV marking does not have a criti-

cal influence on the chemical structure of the plastic material.

Significant changes were not observed between samples marked

with the different parameters used for laser marking. In some

cases, minor changes (in intensity) can be appreciated depending

on the measured area, although this finding can be attributed to

a change in the roughness of the marked area. Nevertheless, a

shoulder at approximately 600 cm21 is observed in the

unmarked samples and this is related to the rutile form of TiO2.

As can be seen, this shoulder decreases in intensity when the

sample is marked with the UV laser, which seems to indicate

that this additive is affected by laser irradiation.

TiO2 is an additive that absorbs UV radiation and under

intense UV laser irradiation, a visible change in color can be

observed for this additive [25–27]. It has been reported that this

change could be associated with the generation of reduced spe-

cies of titanium [25, 26]. The amount of TiO2 added to the

material can play an important role in the mark quality in terms

of significant depth of color change and low reflectivity [21,

28]. TGA was performed in order to determine the inorganic

residues of the material. Thermal analyses were reproducible

and the final solid residue detected was approximately 6.5 wt%,

which can be mainly assigned to the white pigment (see Sup-

porting Information Figure SI.4 for an example). The titanium

content was also determined by inductively coupled plasma

atomic emission spectroscopy (ICP-OES). The data obtained

indicate that the percentage of titanium dioxide in the ABS

polymer is approximately 6%.

X-ray photoelectron spectroscopy (XPS) provides information

about the elemental composition and electronic state of the ele-

ments presented in the material surface. This technique allows

FIG. 5. ATR-FTIR spectra of unmarked ABS and marked samples with

different DPI parameters (solid line—unmarked ABS sample, dashed line—

400 DPI, dotted line—1,200 DPI).

FIG. 6. High-resolution titanium XPS spectra of (a) unmarked ABS sample, (b) sample marked with 1,200 DPI,

and (c) sample marked with 400 DPI.
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small changes in the superficial irradiated area to be detected.

The spectra and detected atomic composition were reproducible

within the same area and the elements detected in the surface of

the unmarked sample were similar to those detected in marked

ABS samples (see Supporting Information Figure SI.5). High-

resolution experiments were carefully conducted, first on the

original unmarked ABS sample (see Fig. 6a) and also in the

marked materials (see Fig. 6b and c) in an effort to understand

how laser irradiation influences the Ti composition. In the origi-

nal unmarked ABS samples, peaks for Ti 2p3/2 and Ti 2p1/2

were detected at 458.9 and 464.4 eV, respectively, and these

correspond to titanium dioxide [29]. In marked samples, other

peaks for Ti were observed in addition to those mentioned

above at 454.5 eV for 2p3/2 and 460.4 eV for 2p1/2 and these

correspond to a reduced state of titanium (see Fig. 6b and c).

According to these data, the presence of reduced titanium in the

marked samples seems to be related to photoinduced processes

that occur during the laser marking, which affect the pigment

included in the white ABS. It can be considered that UV-

marking does not essentially affect the chemical structure of the

polymer but that the white titanium dioxide pigment is affected.

Resistance Behavior of Laser Marked Regions

Three different tests were performed in order to study the

resistance behavior of the laser marked regions and these were a

scratch test, a climate test, and resistance to chemical agents.

The scratch width made by the Erichsen pen is not dependent

on the DPI (see Supporting Information Table SI.1). Further-

more, this width on the laser marked samples is very similar to

that measured in pad printing samples, and both are slightly

higher than the width of the reference material. The laser mark-

ing, therefore, seems to show similar behavior in terms of

scratch resistance to the traditional printing techniques.

Furthermore, many plastic materials intended for home, offi-

ces, or commercial environments must be tested for resistance

to environmental conditions. For instance, photodegradation can

cause aesthetic defects or product failures. For this reason, we

aimed to check the climate resistance of laser marked materials

and evaluate possible changes in color. Marked samples were

compared before and after performing the test. At first glance,

drastic changes were not observed and the laser marks had a

good resistance to the test. However, once the climate tests

were completed, yellowing of the ABS plastic samples

(unmarked ABS regions) was still not detected but bending,

probably because to the condensation cycles, was observed. It is

important to note, however, that this effect is associated with

the mechanical properties of the bulk material and not to the

laser marks. In addition, the L* values measured by spectropho-

tometry for the unmarked material were lower after the test, i.e.,

the unmarked sample was slightly darker after performing the

test (see Supporting Information Figure SI.6). This effect is

probably because to the darkening of the unmarked material and

it was more appreciable for the lowest DPI values where the

laser affected the polymer to a lesser extent. This result denotes

the resistance of laser marks to the simulated climate conditions

tested.

Contact with chemical reagents may also lead to modifica-

tions in the properties of the laser-marked material. The chemi-

cal resistance test was performed by immersion of specimens

into different agents. Five different chemical agents were tested

and these were related to common products (bleach, olive oil,

vinegar, 0.1 M sodium hydroxide, 0.1 M hydrochloridric acid)

and color properties were monitored to detect macroscopic

changes. Marked samples were compared before and after per-

forming the test (see Supporting Information Table SI.2) and

marked changes were not found by direct observation of the

samples. The differences in the L* coordinate, before and after

performing the test, are less than 1.5 (absolute value) and this

corresponds to excellent color tolerance. An exception to this

behavior is the sample marked with 1,200 DPI immersed in vin-

egar, where the differences in L* were approximately 2.0. The

laser marks have a good resistance to the chemical agents

evaluated.

CONCLUSIONS

Different studies were conducted to evaluate the UV-marking

process in white ABS samples. According to the results, the

best experimental laser parameters to give marks at approxi-

mately 400 DPI provide images with good contrast and the

roughness or mark depth properties are in the order of 10 lm.

Furthermore, the effect of laser marking on the chemical struc-

ture of the irradiated surface was studied. It was found that the

UV laser marking did not have a significant influence on the

overall chemical structure but the titanium dioxide did appear to

be modified under irradiation, as deduced from the presence of

reduced Ti by XPS on the marked area. Laser marks also had

good scratch resistance, which was similar to that of pad painted

marks. Additionally, laser marks have a good resistance to

chemical agents and climate tests. Laser aesthetical marking on

white polymers in the UV range gives rise to quality marks

compared to those obtained with other lasers and this approach

could be implemented for industrial purposes.
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ABBREVIATIONS

ABS Acrylonitrile-butadiene-styrene

ATR-FTIR Attenuated total reflectance-infrared spectroscopy

DPI Dots per inch

ESEM Environmental scanning electron microscope

ICP-OES Inductively coupled plasma atomic emission

spectroscopy

IR Infrared

Nd:YAG Neodymium-doped yttrium aluminium garnet

SCI Specular component included

TGA Thermogravimetric analysis

UV Ultraviolet

XPS X-ray photoelectron spectroscopy
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