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ABSTRACT: Laser etching of carbon black–loaded polypropylene compounds was stud-
ied by using a Nd : YAG laser of 532 nm wavelength. A mathematical equation was
developed to describe the etching process. The etching experiments showed that, under
certain laser conditions, the width and depth are only affected by the carbon black.
There was quantitative agreement between the theoretical prediction and the experi-
mental results. q 1998 John Wiley & Sons, Inc. J Appl Polym Sci 67: 2119–2123, 1998
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INTRODUCTION When small amounts of photosensitive fillers are
added to these polymers to form polymer com-
pounds, black–white and color-marking effectsPhoto ablation of polymers was first investigated
can be generated under a laser.3,4

in 1982 by Srinivasan.1 Much work has been fo-
We present in this article a mathematicalcused on the photoablation of polymethylmeth-

model for carbon black (CB)-loaded PP underacrylate (PMMA) and polyethylene terephthalate
long wavelength laser radiation in order to de-(PET), which have special characteristics under
scribe the etching process. Comparison of experi-the action of lasers. In these polymers, a photo-
mental results with the theoretical values gavechemical process dominates the photo ablation
quantitative agreement.when a pulsed laser of short wavelengths (Ç 200

nm) is used, and the thermal process becomes im-
portant at long wavelengths (Ç 500 nm). Kim and
Postlewaite investigated the ablation of PMMA THEORETICAL MODEL
under a 532-nm laser.2 They concluded that the
ablation process was accompanied by abrupt heat- For most polymers, photo-absorption of laser
ing, whereas the photochemical process had little follows Beer–Lambert’s law. However, it has
effect, and ablation is thus the result of thermal been rarely studied whether or not the law holds
decomposition. also for CB-filled polyolefin. For these com-

Reaction of polymer compounds under pulsed pounds, we assume first that (1) for the base
laser with a long wavelength is just beginning materials, there is only one absorption coeffi-
to attract attention. In fact, some polymers (for cient; (2 ) the surface reflection is neglected; (3 )
example, polypropylene (PP) and PE) are trans- the filler particles ( for example, CB) are spheri-
parent to a quite wide range of wavelengths. cal and uniformly dispersed in the sample; and

(4) the photons are absorbed by CB particles
when they collide with the CB particles.
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pulse of laser radiation with fluence above a
threshold value, for instance of 1 mJ cm02 , falls
on the polymer compound, the material at the ir-
radiation site, for example, on the surface, is spon-
taneously etched away to a depth of some microm-
eters. The etching depth depends strongly on the
parameter K . K takes into account the effects of
r, r , and R . In general, r and R are constants;
thus, a large K value is in agreement with large
r, showing the sample is densely filled with CB
particles. Adjacent CB particles make the light
difficult to disperse into further regions. There-
fore, it can be easily understood why the value of
l decreases with increasing K .

Figure 1 Theoretical curve of the etching depth ver- The same l–Fl tendency also appears in Figure
sus the fluence for different K for PP–CB compounds: 2 for parameter a. Under the same loading level,

the depth will decrease with the increase of ab-Fl Å Fth
exp(a.l )
1 0 Kl

, Fth Å 1 mJ.cm02, a Å 0.05 mm01.
sorption coefficient. Experimental spectral analy-
sis gave a low value of absorption coefficient of
pure PP; thus, the most light can transmitwhere Fth is a threshold values for the fluence,
through the PP film and comes into collision withat which the hole formation just starts or stops,
CB. Heat is spontaneously produced, leading torespectively. Fth is also defined more precisely
a surface ablation. The extreme rapidity of thehereafter as the fluence value at which the etching
process excludes the transfer of light and heatwidth is equal to the laser beam diameter R . a is
beyond the dimension of the first ablated thinthe absorption coefficient of the compound, which
layer.describes the attenuation rate of the light.

Suppose the probability of photons absorbed by
CB particles is P ,

EXPERIMENTAL
P Å rV Å p(r / R )2lr Å Kl

A Nd : YAG laser was used in this work emitting
K Å p(r / R )2 r (2) a pulse of 12-ns half-width at a wavelength of

Here, r stands for the particle number per unit
volume. Hence, the empirical eq. (1) of the light
attenuation in the sample is changed to

Fth Å Fl (1 0 Kl )exp(0a.l ) (3)

or

Fl Å Fth
exp(a.l )
1 0 Kl

(4)

In this equation, K is related to the number
(for example, density), the size, and the distribu-
tion of the fillers. Fl is the initial value of input
laser fluence, which leads the final etching depth
to be l.

Figure 1 shows the theoretical curve of etching Figure 2 Theoretical curve of the etching depth ver-
depth 1 versus Fl drawn according to eq. (4) with sus the fluence for different a for PP–CB compounds:
respect to K . All the l curves tend to their own Fl Å Fth

exp(a.l )
1 0 Kl

, Fth Å 1 mJ.cm02, K Å 0.05 mm01.
limits, respectively, demonstrating that when a
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Figure 3 The etching depth versus the fluence of PP for different cooling rates.

532 nm. The laser beam was focused by a 45-mm ergy was monitored by a LPE-1A numerical en-
ergy gauge.aperture. The diameter of the beam was 0.27 mm.

The pulses had Gaussian characteristics. The en- Polypropylene (MFI Å 11.6 g/10 min, 2307C/

Figure 4 The fluence threshold versus the CB weight fraction for PP–CB compounds.
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2.16 kg; Yanshan Petrochemical Co., China). matically from 699.00 to 17.48 mJ cm02 due to the
strong light absorption of the CB particles (Fig.Both pure PP and the PP–CB samples, which

were previously shear-milled on a double-roller 4). The higher the weight fraction of the CB
added, the lower the threshold. The dominatingmachine, were hot-pressed to plate samples of

3 mm thickness at 1707C for 10 min. The samples function of CB particles in PP in the case of the
laser etching made it indifferent to the crystallin-were exposed to such pulses, respectively, and

scanned by the laser at 0.33 mm/s. The etching ity of the base polymer, caused by different cooling
conditions.depth and width were measured by a XJZ-6 micro-

scope produced by Jiangnan Optical Instrument Figure 5 shows the change of the etching width
Plant, China. and depth of the compounds versus the fluence

for two loading levels, respectively. Both width
curves increase with the fluence: the more the
CB filler, the wider the etched pit. The level lineRESULTS AND DISCUSSION
indicates the beam diameter of the laser. The
etching depth being smaller than the diameter isFigure 3 shows how the etching depth of the pure
predicted by the theoretical model, the bothPP increases with the fluence for two cooling
curves tend to their own limits, respectively, forrates, which influence the crystallinity and grain
the two loading levels.size of the polymer. The depth rises steadily, al-

However, the depth curves differ significantlymost linearly, for the sample prepared at a lower
from each other. The theoretical model predicts acooling rate of 17C/min; whereas for that cooled
decrease of the depth with increased CB loading,at 107C/min, it increases rapidly in the first range
as well as the absorption coefficient. But in theof the fluence, reaching a maximum at 1800 mJ
experiment, when the sample was highly filledcm02 , then it falls slightly.
with 10 wt % CB, etching depth leveled out withIt is obvious that both curves for the semicrys-
the fluence and remained constant thereafter,talline PP cannot be fitted by Beer–Lambert’s
with a steady dip at 35 mJrcm02; then it fell evenlaw, in contrast to many other polymers, such as
into the negative range. The l–Fl curve for thePMMA, PC, PET, and PI, where this law is
sample with low filler content (0.1 wt %) appearsobeyed.5 Experimentally, it was very difficult to
to follow the theoretical curve approximately. Theetch polymers with higher crystallinity.
maximum depth limit was against 28 mm up toBy adding 0.10 wt % CB as a laser absorbent

into the PP, the fluence threshold decreased dra- 42 mJrcm02.

Figure 5 The etching width and depth versus the fluence for PP–CB compounds.
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Why does the pulsed 532 nm wavelength radia- pulsed laser with a long wavelength. The main
tion cause a thin and wide etch region for the factors affecting the process were analyzed. Etch-
highly filled sample, while results for the low filler ing depth increases exponentially with the laser
content give a deep and narrow region? One rea- fluence, depending significantly on parameter K
sonable possibility is thermal ablation. During and a, related to the size, density, distribution,
such a short pulse, the temperature DT produced and the absorption ability of the laser absorbent
is as high as filler in the polymers. The deviation between the

theoretical and experimental results is attributed
DT Å Fl.p.r2

4
3
p.r3.r.CP

4.2
12

É 50007C to the boundary conditions.
When PP–CB compounds were exposed un-

der the laser, photons were immediately ab-
sorbed by CB particles, leading to surface abla-where Fl Å 1 mJ/cm2, r Å 1 mm, rCB Å 2 g/cm3,
tion. The process was dependent on the mannerCp Å 2.038 cal/(mol. 7C). The high temperature
in which the CB dispersed in the base polymer.decomposes the polymer around the CB particles,
Interaction of high temperatures in a shortleading to an explosive volume expansion of the

irradiating areas. Since the lifetime of the excited pulse produced polymer decomposition, explo-
CB is so short, the first layer quickly thermolyses sive expansion, and high back pressure, which
the absorbed light energy, and is immediately ab- dictated the etching results. Quantitative agree-
lated. ment between the theoretical prediction and ex-

The process depends on the location of CB parti- perimental results was shown.
cles. For low filler content compound, photons
may collide with the particles over a greater
depth; whereas for highly filled one, the opposite The authors thank the Cao Guangbiao Science Founda-
is true. This behavior has qualitatively been pre- tion of Zhejiang University and the National Doctoral
dicted by eq. (2) shown in Figures 1 and 2. More- Research Foundation of the State Education Commis-

sion of China for the financial support.over, when the sample was densely filled (e.g.,
with 10 wt % CB), the exposed surface was found
to be foamed. An interaction among heat flow, vol-
ume expansion, and back pressure may be respon-
sible for the foam. The ablation process can be
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