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Abstract: In this work experimental results of a research aimed to provide the assessment of the ability of
chemical modification to prepare polylactide (PLA) surface for autocatalytic metallization are presented.
Chemical modification of PLA was performed using two solutions (1 and 2). Analysis of PLA samples
was performed by means of goniometry, atomic force microscopy (AFM), scanning electron microscopy
(SEM) and photoelectron spectroscopy (XPS). Results of contact angle measurements and surface energy
calculations were presented. Qualitative and quantitative analysis of elemental composition of PLA sur-
face layer was performed. Based on the experimental results, it was found that the proposed method can
be successfully applied to prepare PLA surface for metallization. Autocatalytically deposited copper
layer exhibited good adhesion to PLA and electrical conductivity.

Keywords: polylactide, chemical modification, autocatalytic metallization.

Autokatalityczne metalizowanie polilaktydu

Streszczenie: Zbadano mozliwo$¢ wykorzystania modyfikacji chemicznej w procesie przygotowania
powierzchni polilaktydu (PLA) do procesu autokatalitycznego metalizowania. Modyfikacje chemiczna
PLA przeprowadzono za pomoca dwoch roztworéow (1i2). Préobki PLA zbadano metodami: goniometrii,
mikroskopii sit atomowych (AFM), elektronowej mikroskopii skaningowej (SEM) i spektroskopii foto-
elektronowej (XPS). Wykonano tez pomiary katéw zwilzania oraz obliczenia swobodnej energii
powierzchniowej, a takze przeprowadzono jakosciowa i ilosciowgq analize sktadu chemicznego warstwy
wierzchniej PLA. Wyniki badan wskazuja, Zze zaproponowana metoda moze by¢ wykorzystana w proce-
sie przygotowania powierzchni polilaktydu PLA do metalizowania. Uzyskana warstwa metaliczna cha-

rakteryzuje sie dobra wytrzymaloscia adhezyjna i dobrymi wtasciwos$ciami elektrycznymi.

Stowa kluczowe: polilaktyd, modyfikacja chemiczne, metalizowanie autokatalityczne.

In metallization process of polymeric materials a
metal layer is usually deposited by chemical reactions be-
tween metal ions and a reducer compound present in
metallization bath. This process occurs in the presence of
a catalyst. If the catalyst is the deposited metal, autocata-
lytic process occurs, and the deposited layer may have
theoretically unlimited thickness. This is crucial in practi-
cal application of electroless metallization, which under
these conditions is termed as autocatalytic metallization
[1].

Properties of the surface layer (SL) of polymeric mate-
rials, such as chemical composition, molecular structure,
surface geometrical structure, wettability and surface
energy significantly affect the metallization process, ad-
hesion of deposited metal to the polymer substrate, as
well as the material structure and its electric conductivity
[2]. Most of polymer materials are unreactive, hydropho-
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bic and have low surface energy [3]. These features sub-
stantially hinder metallization process. Thus, adhesion
strength can vary within a relatively wide range depend-
ing on the types of materials forming polymer/metal in-
terface. In the metallization process of polymeric mate-
rials a necessary step of SL modification is required in or-
der to deposit catalyst and to improve adhesion of the de-
posited metal layer to the polymer substrate [4]. This
modification causes chemical and/or physical alterations
improving chemisorption of catalyst and adhesion
strength of the metal/polymer interface [5—7].
Chemical, corona discharge, flame, plasma, ozone,
electron and laser surface treatments are the most
well-known methods of SL modifications. In the case of
polymers, chemical, plasma or laser surface treatments
are most commonly applied to prepare the surface for
metallization [8—12]. Generally, chemical modification
methods consist in treatments of polymer SL with strong
oxidizing compounds, acids or solvents. Solutions of so-
dium dichromate(VI) or potassium dichromate(VI), and
potassium manganate(VII) in dilluted sulfuric(VI) acid
are most commonly used for that purpose [9, 13, 14],
however, phenol, sodium hydroxide, sodium chlorate(I)
and sodium metal are also used [1, 11]. SL of polymer
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material is cleaned, partially etched and chemically
altered as a result of chemical treatment.

New polymeric materials derived from renewable re-
sources as an alternative for polymers derived from pe-
troleum are increasingly wanted. Polylactide is an impor-
tant example of such a polymer [15], being a subject of
numerous investigations and applications. It is consi-
dered to be one of the most promising polymers able to
replace polymers of petroleum origin. Two main bran-
ches of its application can be distinguished. The first en-
compasses medical applications such as sutures, im-
plants and drug carriers, while the second relates to con-
sumer products, mainly in the form of packaging mate-
rials and disposable products. An increasing interest in
application of PLA to manufacture electronic printed cir-
cuit boards and carriers was recently noticed [16].

Development of new autocatalytic metallization tech-
nologies for PLA would broaden the applicability of this
polymer. It would also reduce consumption of petroleum
and the burden on the natural environment. It is expected
that an increase in production of PLA would also lower
the price of this polymer, thus making it competitive with
regard to the polymers derived from petroleum.

With this aim in mind, studies on chemical and
plasma modifications of PLA in order to prepare its sur-
face for autocatalytic metallization were undertaken in
this work. This paper presents the results of chemical
modification of PLA surface layer. It was found that che-
mical treatment was the most effective method in prepa-
ration of the surface to be metallized. Selected properties
of the copper layer deposited on PLA were also pre-
sented.

EXPERIMENTAL PART
Materials

The study involved application of the following mate-
rials:

— polylactide (PLA) type 2002 D (Cargill Down LLC,
USA) with weight-average molecular weight of about
155 500, containing 3.5 % of structural units D and 96.5 %
of structural units L;

— distilled water Aqua purificata (Maggie Co., Poland);

— sodium hydroxide (pure p.a., POCh, Poland);

— ethanol 96 % retail (PPS Polmos Warszawa, Poland);

— potassium manganate(VII) (pure p.a., POCh, Po-
land),

— nitric acid (65 % pure p.a., POCh, Poland) with den-
sity 1.40 g/dm?;

— palladium(II) chloride (pure p.a., POCh, Poland);

— tin(II) chloride (pure, Chempur, Poland);

— hydrochloric acid (35—38 % pure p.a., Chempur,
Poland) with density 1.19 g/dm?;

— autocatalytic copper plating bath M-Copper 85
(MacDermid, USA);

— formaldehyde (36 % pure, POCh, Poland);

— diiodomethane (99 % pure p.a., Sigma-Aldrich,
Germany).

Preparation of samples

Samples were manufactured using the injection mold-
ing machine type Tederic TRX 80 ECO 60 (Tederic Ma-
chinery Manufacture Co. Ltd., Taiwan). Temperatures of
I, I and III zone of the injection molding machine cylin-
der, head and mold were: 170, 180, 190, 190 and 30 °C,
respectively.

Chemical modification of PLA surface was performed
using two solutions. The first was the solution containing
0.17 mol/dm® of KMnO, and 1.24 mol/dm® of HNO,
(herein referred to as solution 1). Modification with this
solution was carried out at the room temperature for 30,
40, 50 or 60 min [17]. The second solution was prepared
by mixing the water solution containing 0.25 mol/dm? of
NaOH and ethyl alcohol with volume ratio of 1:1 (herein
referred to as solution 2). Modification with this solution
was carried out at 50 °C for 1, 2, 2.5, 5, 7.5 or 10 min [18].
Samples were designated as PXY, where X denotes the
type of the solution (M — solution 1, N — solution 2) and
Y denotes the time of modification.

Autocatalytic copper plating was carried out in a
multistep process including activation, rinsing, accelera-
tion, autocatalytic metallization, rinsing and drying. Sur-
face activation was conducted in a single-step process, by
immersing the samples in an aqueous solution contain-
ing 0.25 g/dm® PdCl,, 12 g/dm® SnCl, and 60 cm*/dm? of
38 % solution of HCl at 25 °C for 5 min. The specimens
were subsequently immersed in an accelerating solution
containing 32 cm®/dm?® 38 % solution of HCI at 25 °C for
5 min. After the acceleration process the samples were
rinsed with deionized water to prevent contamination of
the plating bath. Activated samples were consequently
immersed in autocatalytic copper plating bath at 46 °C for
5 min. The pH value of the bath at the temperature of
46 °C was 12.8. Following the recommendations of the
manufacturer, the bath was continuously aerated during
the metallization. Samples were metallized for 1, 2.5 or
5 min. In the post-treatment stage, the samples were
dried in a laboratory oven.

Methods of testing

Atomic force microscope (AFM) Nanoscope Illa (Di-
gital Instruments, USA) was used to investigate surface
geometrical structure. The studies were performed in the
oscillation mode, using scanner ,J” and probes RTSEP
(Veeco, USA), in air with the scanning frequency of 1 Hz.
The images at the resolution of 512 x 512 lines were
recorded.

The images of modified and metallized PLA surface
were made with the Hitachi SU8010 scanning electron
microscope (Hitachi High-Technologies Co., Japan). The
studies were made at the accelerating voltage of 2 kV, cur-
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rent from 6 to 10 pA (depending on the type of sample),
with the working distance of 4 mm. Prior to testing, the
samples were sprayed with a gold layer about 3 nm thick.

To measure the contact angle, DSA 100 goniometer
(Kriiss GmbH, Germany) was applied. The apparatus
was equipped with the automatic liquid drop dosing sys-
tem. Contact angle measurements were taken immedia-
tely after modification of samples, applying water (polar
liquid) and diiodomethane (dispersive liquid). The drops
of the liquids were placed onto the surface of samples,
while their volume was continuously increasing and si-
multaneously dynamic contact angle was measured.
Twelve measurements of the contact angle were taken for
each sample and the lowest and highest values were re-
jected. For the other 10 values arithmetic mean was calcu-
lated and applied for the calculations of surface energy
(SE) according to the Owens-Wendt method [19].

To investigate the photoelectron spectra (XPS), photo-
electron spectrometer ESCALAB-210 manufactured by
VG Scientific (UK) was used. The tests were made apply-
ing non-monochromatic X-ray irradiation Al Ko (energy
of 1486.6 eV), with the lamp working parameters of
14.5kV and 20 mA, respectively. The measurements were
taken in the analyzer chamber keeping its pressure
between 3.0 - 10° and 5.0 - 10 Pa. The specimens were

T -
x10.0k SE(UL Sum i 1.

Measurements of volume and surface resistivity were
performed using an electrometer of type 6517 and a set of
electrodes of type 8009 (Keithley Instruments, USA).
Measuring volume and surface resistivity voltage and
polarization time were set to 500 V and 30 s, respectively.
An average values from 15 measurements of the electric
current were taken for calculations of the volume or sur-
face resistivity.

RESULTS AND DISCUSSION

Preparation of surface is one of the most important
steps in autocatalytic metallization of polymer materials.
This process significantly affects the quality of deposited
metallic layer. The adhesion strength is a key parameter
in assessment of the quality of the deposited metallic
layer. It can be improved by increasing surface roughness
of the material. By increasing the roughness, not only an
increase in surface area but also in the number of grooves
is observed. These grooves can serve as sites for anchor-
ing the deposited metal layer to the polymer substrate,
thus increasing the adhesion strength. As it is shown in
Fig. 1, on the untreated PLA surface one can perceive
scratches about 100 nm deep, which probably repro-
duced the surface structure of the mold. Relatively

Section analysis
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Fig. 1. SEM and AFM images with the roughness profile of unmodified PLA surface

placed perpendicular to the analyzer axis and the source
of irradiation was placed at the angle of 60°. The surface
of the specimens analyzed corresponded to the size of the
analyzer aperture, about a dozen mm?. The experimental
spectra were deconvoluted using the AVANTAGE soft-
ware (version 4.84, Thermo Electric). Spectral analysis
was performed based on the values of sensitivity coeffi-
cients for respective electron levels resulting from the
PLA structure [20].

Adhesion strength was determined by pull-off
method using adhesion tester PosiTest 03810 (DeFelsko,
USA). The measurements were performed with testing
fixture of the diameter 6.30 mm, adhesively bonded to the
copper layer covering the polymer sample. Two-compo-
nent epoxy adhesive Araldite 2011 (Huntsman, Switzer-
land) with drying time up to 48 h was applied.

smooth surface was detected in-between the scratches.
The average deviation from the roughness profile (RMS)
was about 0.7 nm.

Chemical modification resulted in significant changes
in the surface geometrical structure of PLA. However, de-
pending on the solution type, the nature of these changes
was different. In the case of solution 1, results presented
in Fig. 2 show surface irregularities formed, with size de-
pending on the modification time. Modification for 30 or
60 min caused an increase in RMS values to 1.7 and
4.4 nm, respectively. The increase in surface roughness
resulted probably from chemical etching of PLA.

Surface of the samples modified with solution 2 was
too rough for reliable and artefacts-free AFM imaging.
RMS values obtained for these samples ranged from 300
to 700 nm and could contribute to a higher level of mea-
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Fig. 2. SEM and AFM images with the surface roughness profile of the samples: a) PM30, b) PM60

surement error. For that reason it is recommended to
characterize the samples with SEM technique. The SEM
images are shown in Fig. 3.

Chemical modification with solution 2 caused signifi-
cant changes in the surface of the studied samples. After
1 min of modification, deep fractures were formed in the
surface layer (Fig. 3a). Between these fractures the surface
structure was similar to that for unmodified PLA. The sur-
face became rough after 5 min of modification (Fig. 3b).
Numerous small fractures were visible although unmodi-
fied areas could be still perceived. The whole surface was
covered with numerous small fractures and grooves after
10 min of modification. The thickness of the modified
surface layer was about 15 um (Fig. 3d).

Surface alterations induced by chemical modification
resulted from hydrolytic degradation of PLA. This poly-
mer is one of the aliphatic polyesters whose ester groups
undergo hydrolytic degradation in the presence of water
[15]. This process depends on the pH value of the solu-
tion. In an alkaline solution degradation occurs by back-
biting to form a lactyl dimer (lactide) unit, which is fur-
ther hydrolyzed to give lactoyl lactic acid [21]. Hydro-

a) b) c) -
T

lytic degradation is catalyzed by hydroxylions present in
the solution of NaOH. A high concentration of hydroxide
ions in an alkaline solution significantly accelerates the
process of hydrolytic degradation of PLA [22, 23].

In the case of alkaline solutions, the degradation pro-
cess occurs by surface etching, as presented in Fig. 3. Dur-
ing the hydrolytic degradation water-soluble, low mole-
cular weight oligomers and monomers are formed, and
then washed away leaving fractures and grooves on the
polymer surface [15]. Changes in the surface topography
indicated that better results were obtained for the sam-
ples modified with solution 2. Numerous fractures and
grooves resulting from modification can suggest that af-
ter metallization process the deposited metal layer would
have high adhesion strength. However, similar effect was
not obtained using solution 1, where only a small in-
crease in RMS values was noticed. The modified PLA had
no apparent new surface features able to anchor the metal
layer to its surface.

Metallization of polymeric materials is possible only
after deposition of the catalyst atoms on the surface [24,
25]. This process, called surface activation, is essential for

Fig. 3. SEM image of the samples: a) PN1, b) PN5, ¢) PN10, d) the cross-section of the sample PN10
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the quality of the deposited metal layer. The main prob-
lem associated with this process is effective chemisorp-
tion of catalyst atoms [26]. Therefore, formation of suit-
able functional groups containing oxygen which adsorb
catalyst atoms is necessary.

Contact angle measurements, surface energy (SE) cal-
culations and photoelectron spectroscopy (XPS) were
performed in order to determine the change in elemental
composition of the PLA surface layer after chemical
modification. Surface energy is one of the parameters
characterizing the ability of a surface to be metallized.
Calculations of SE were carried out based on measured
contact angle values. The results are presented in Fig. 4.

a) 90 44
80 A - 42 o
i g
oq; 70 h 40 E
= - 38 -
2 60 - 2
= - 36 &
250 - - 5
S — o [y
O 40 - —A— water L 3p £
30 —8B— diiodomethane L 30 &

—6—SE
20 T T T T 28
PO PM30 PM40 PM50 PM60
Sample

b) 90 44
80 - m 42
° 4 - 40 §
.70 =
2 - 38 .-
s
+ r 36 g
8 50 - 34 B
5 —A— water 3
O 40 A N L 3 &
—&— diiodomethane ‘C%

30 - ——SE - 30

20 T T T T T 28

PO PN1 PN2,5 PN5 PN7,5 PNI0

Sample

Fig. 4. Effects of the modification time on water and diiodo-
methane contact angles and surface energy (SE) of the samples
modified with: a) solution 1, b) solution 2

The values of water (®y) and diiodomethane (®p)
contact angles for unmodified PLA (PO) were 75.5° and
42.1°, respectively. Modifications with both solutions
caused a slight change in the values of ®;, and ®p. It
should be noted, however, that these changes were more
significant when solution 2 was applied. In both cases,
the changes were similar. Initially, a decrease in ®y,; and
increase in ®p values were observed. However, more
extensive modification caused an increase in ®;, and
decrease in ®p, values.

Initial change in the contact angle (decrease of ®;,and
increase of ®p) could result from formation of polar func-
tional groups with incorporated oxygen atoms and from
depletion of non-polar functional groups such as C-C and
C-H [27, 28]. Further change in contact angles (increase of
Oy and decrease of ®p) could be affected by an increase
in surface roughness (especially in the case of solution 2).

It was proved elsewhere [29], that increasing rough-
ness leads to an increase in the contact angle of non-wet-
ting liquids (water) and to a decrease in the contact angle
of wetting liquids (diiodomethane). These changes affect-
ing contact angle values are in accordance with the re-
sults of SEM, AFM and XPS measurements presented in
this article.

In the case of the treatment with solution 1, calculated
values of the surface energy varied slightly. Initially, dur-
ing up to 40 min of modification (sample PM40) a slight
decrease in SE (from 40 to 38 mJ/cm?) was observed, then
the value for unmodified PLA was reached again. More
significant changes were noticed for the samples modi-
fied with solution 2. After one minute treatment SE de-
creased to about 35 m]/m2 for sample PN1. Further modi-
fication did not result in significant change in SE.

In the most common surface modification techniques
(e.g. using other chemical solutions, corona discharge, or
plasma treatment) with increasing time or energy doses
an increase in SE of PLA was observed. However, in the
case of results presented in this article SE values did not
change or decreased slightly. This phenomenon requires
further investigations, although it did not affect the pro-
cess of autocatalytic metallization presented in this
article.

Quantitative analysis of chemical composition of PLA
surface layer was performed in order to determine the de-
gree of oxidation. It was calculated as the ratio of the
number of oxygen atoms (Ols), and the number of car-
bon atoms (C1s). The effect of modification conditions on
the degree of oxidation is shown in Fig. 5. The degree of
oxidation for unmodified PLA was about 23 %. Chemical
modification resulted in a significant change in the

70
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Fig. 5. Effects of the modification time on the degree of oxidation
for the samples modified with solution 1 (PM30, PM60) and solu-
tion 2 (PN1, PN10)
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Fig. 6. XPS spectra for C1s and O1s of the samples: a) unmodified, b) PM60, c) PN10

degree of oxidation. The results show that these changes
were more significant in the case of solution 2.

Modification with solution 1 caused an increase in the
degree of oxidation to about 46 %, whereas with solution
2 to about 63 %. These high values were reached after
modification for a very short time. Therefore, the increase
in the degree of oxidation can be explained by the initial
decrease in ©y; as shown in Fig. 4. Further modification
did not cause significant change in the degree of oxida-
tion of PLA surface layer.

An increase in the degree of oxidation can suggest a
large quantity of oxygen functional groups, which could
significantly improve chemisorption of the catalyst on
the surface, thus improving the autocatalytic process and
the quality of the deposited metallic layer.

Qualitative analysis of the chemical composition of
the PLA surface layer was performed. The XPS spectra for
selected samples are shown in Fig. 6. The spectra for the
samples modified with different solutions were similar
and varied only in intensities of individual peaks.

Functional groups of PLA were identified in unmodi-
fied surface layer. There were three functional groups
containing carbon, -CH; (with binding energy Ep =
285 eV), -CH- CH; (Ep = 286.98 eV), -C-C(O)O (Ep =
289.06 eV), and two functional groups containing oxygen
groups C=0 (Ep = 532.27 eV) and C-O (Ep = 533.68 eV).
In the O1s spectrum bulk oxygen was also identified (Ez =
530.15 eV) and it is assumed that it came from absorbed
water (Ez = 534.85 eV).

In both cases of applied solutions changes in carbon
and oxygen contents and in the type of functional groups
in the PLA surface layer were detected. Carbon content
decreased from about 80 at. % for unmodified PLA to
about 60 at. % for modified PLA. This decrease was
mainly due to the decrease in methyl groups. The content
of these groups in the unmodified PLA was about 57 at. %
and after modification with solutions 1 or 2 it decreased
to about 27 and 23 at. %, respectively. Simultaneously, an
increase in the content of oxygen atoms was detected. In
the surface layer of unmodified PLA the oxygen content
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was about 18 at. %. After modification with solutions 1
and 2 it increased to about 27 or 37 at. %, respectively.

The nature of changes in the elemental composition of
the surface layer varied depending on the applied solution.
Modification with solution 1 resulted in the formation of
new functional groups of -C-OH (Ep = 285.95 eV) and
-N-C-O (Ez=287.5eV), which contributed to the increase in
oxygen. Modification with solution 2 did not cause forma-
tion of any new functional groups. In this case, the increase
in the degree of oxidation of the surface layer was caused
by an increase in the content of C=0O (E; = 532.27 eV) and
CO (Eg=533.68 eV) functional groups.

Metallization of modified and activated PLA surfaces
was performed in order to evaluate the effectiveness of
solutions to prepare the surface. Metallized samples are
shown in Fig. 7.

PMA40

PN1 PNS5

PMS50

PM60

PN10

Fig.7. Effects of metallization for chemically modified samples of
PLA

PN7.5

Despite small area of the deposited copper layer, one
can conclude that with increasing modification time the
surface covered with copper increased. Better efficiency
of metallization was achieved for the samples modified
with solution 2. Unlike in the case of samples modified
with solution 1, copper was found on the entire surface of
the sample (copper free area resulted only from sample
holder) modified with solution 2. It can be seen that with
increasing time of modification with solution 2 copper
layer became darker. According to [29], the higher the
surface roughness of deposited metallic copper, the
darker its layer is. Samples modified with solution 2 were
selected for further testing based on the results of the
metallization process and visual quality of deposited
copper layers.

Properties and structure of the deposited copper layer
depend on the structure of substrate surface [8]. Metal

layers deposited on a non-conductive material on which
the catalyst is present are characterized mostly by grain
structure. These grains tend to form larger structures
with increasing thickness of the deposited layer. Grain
structure is obtained when the catalyst is dispersed on
the metallized surface. Initially, metallization starts on
the surface of the catalyst, then with increasing metalliza-
tion time the dimension of individual grains increases
until merging and forming a continuous metal layer.
The copper layer deposited on the samples was cha-
racterized by grain structure, as it is shown in Fig. 8.
The particle size depends on the metallization time.
With increasing metallization time, the grains became

Fig. 8. SEM images of metallized samples PN10 modified for:
a) 1 min, b) 5 min

larger and finally merged. The copper layer was depo-
sited on the entire surface covering the grooves and frac-
tures resulted from chemical modification. It can suggest
that deposited copper layer penetrates into the grooves
and fractures, thus improving its adhesion strength to the
PLA surface.

The dependence of adhesion strength of the deposited
copper layer is related to the modification and metalliza-
tion time. It is presented in Fig. 9. It was found that with
increasing modification time adhesion strength in-
creased. This can be associated with higher surface
roughness and with formation of the sites for anchoring
the copper layer to the PLA substrate. The maximum ad-
hesion strength was about 1.2 MPa. This value was ob-
tained for the sample PN10 metallized for 1 min. This
sample characterized with the largest surface roughness.
The minimum adhesion strength (0.4 MPa) was obtained
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Fig. 9. Effects of modification and metallization time on the adhe-
sion strength of the deposited copper layer

for the sample PN1 metallized for 1 min and characte-
rized with the smallest surface roughness.

Initially, the longer metallization time the larger the
differences in adhesion strength were noticed. With in-

— all the samples metallized for 1 min,

— the sample PN7.5 metallized for 2.5 min,

— the sample PN10 regardless of the metallization
time.

Most preferred are short times of modification and
metallization due to the efficiency of the process.

Values of volume (p,) and surface (p,) resistivity for
metallized samples are listed in Table 1. The values of p,
and p, for unmodified PLA were 4.7 - 10'® Q - cm and
6.3 - 10'° Q/cm?, respectively. The obtained order of mag-
nitude is characteristic for the non-conductive polymers.
Shorter metallization time (1 min) caused a decrease in p,,
and p, to 10> Q - cm and 10" Q/cm?, respectively. There-
fore, these materials can be classified as dielectrics. In the
case of the samples metallized for longer times (2.5 or
5 min), this process resulted in further decrease in p, and
p, values to about 10° Q - cm and 107 Q/cm?, respectively.
It classifies these materials as semiconductors [34].

The results of p, and p, resistivity measurements for
the deposited layers of copper indicate that the samples
can be further processed with galvanic technique. Based

Table 1. Values of volume (p,) and surface (p,) resistivity of the metallized PLA samples

Sample Py (Q - m) of samples metallized for po (©/cm?2) of samples metallized for

1 min 2.5 min 5 min 1 min 2.5 min 5 min
Nonmetallized PLA 4.7 - 1016 6.3 - 1017

PN1 1.9 -1012 44-108 2.4-108 5.1-1011 3.6-107 2.6 -107
PN2.5 2.6 - 1012 6.2-108 4.4-108 1.9 - 101 1.0 - 107 4.6 - 107
PN5 1.1-1012 3.0-108 1.3-108 1.9- 101 5.2-107 3.9-107
PN7.5 2.2-1012 2.98-108 3.4-108 2.3-1011 1.1-107 3.6-107
PN10 1.1-1012 1.87 - 108 2.4-108 2.7 -1011 9.5-107 4.1-107

creasing modification time of the samples, these differen-
ces became smaller. This effect resulted from the struc-
ture of the metallized surface. In the case of the samples
modified for a short time no significant number of
grooves was formed on the surface. This caused rapid
growth of the copper layer thickness as compared with
the samples modified for longer time. In the case of the
latter samples, copper was deposited in a large number of
cavities present on the PLA surface. Only after filling of
these cavities, an increase in the thickness of the depo-
sited metal layer was noticed, thus resulting in lower
overall thickness of this layer.

Breaking of adhesion joint can occur not only at the
interface of polymer/metal layers, but also inside of the
metal layer, thus reducing the adhesion strength of the
joint. Adhesion strength of the deposited metal layers for
common autocatalytic processes of polymers ranges
from 0.1 to 2 MPa [31—33] depending on the type of de-
posited metal as well as metallized polymer. However, it
is required that the value for a high quality layer should
be about 1 MPa. Modification with solution 2 enabled to
obtain such a value. This was achieved for:

on experimental results concerning the quality of depo-
sited copper layers, it can be concluded that metalized
PLA can be successfully applied in many branches of
industry.

CONCLUSIONS

Chemical modification caused significant changes in
the structure of the PLA surface. The nature of these
changes was different, depending on the type of applied
solution. It was concluded that more efficient metalliza-
tion process was obtained for the samples modified with
solution of NaOH (0.25 mol/dm?®) in water and ethy] alco-
hol. Numerous grooves and fractures resulting from the
surface modification with this solution constituted active
sites for anchoring the copper layer to the PLA substrate,
thus improving adhesive strength. Modification with this
solution was associated with a larger increase in the de-
gree of oxidation of the PLA surface layer. In the surface
layer of PLA, changes in carbon and oxygen contents and
in their functional groups were detected after modifica-
tions with both types of solutions. Larger degree of oxi-
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dation can suggest formation of larger quantity of oxygen
functional groups, which significantly improve chemi-
sorption of the catalyst on the surface, thus improving
autocatalytic metallization and quality of the deposited
metal layer as well. The deposited copper layer had high
adhesion strength and good electrical properties,
enabling wide industrial applications of metallized PLA.

The project has been financed from the funds of the National
Science Centre allocated upon decision number DEC-2011/01/
N/ST8/04397.
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