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a b s t r a c t

This study focused on synthesizing copper aluminate and the compound's applicability to laser direct
structuring technology. Since aluminum weighs less and costs less than chromium, this study investi-
gated its potential as a substitute in copper chromate, the main additive of LDS materials. Copper
aluminate was synthesized using a sol-gel method. The synthesized powder was then applied to two
types of resin, polycarbonate (thermoplastic) and polyimide (thermosetting). After optimum processing
at each laser parameter, the metal patterns are formed by electroless plating. Fabricated patterns were
observed using optical microscopy. This study confirmed that copper aluminate can be used in LDS (Laser
direct structuring) technology and that, furthermore, it supports the formation of conductive patterns
with both thermoplastic and thermosetting resins.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Due to the versatility of the injection molding and structured
metallization process, mechanical and electrical functions can be
directly integrated into a wide variety of molded interconnect de-
vices (MIDs) [1]. The concept of molded circuit boards (MCBs) was
introduced in the USA in 1983 and their industrial potential led to
the development of MID technology in 1985 [2]. MCBs are made by
combining the printing processes used to make classical printed
circuit boards (PCBs) with injection molding [3]. MID fabrication is
a multistep process. Most MID production starts with the injection
molding of a thermoplastic part, and involves either single or two
shot molding. In single shot molding, a single injection molding
process of a thermoplastic material produces the MID, whereas in
two shot molding, two successive injection molding processes are
used, of which only the second layer is platable. The next steps of
MID production are circuit structuring and selective metallization.
Circuit structuring may be accomplished by various methods such
as LDS (Laser Direct Structuring), LSS (Laser Subtractive Struc-
turing) [4], two-shot molding [5], inkjet printing [6], hot stamping
[7], and others [8].
and Biological Engineering,
Laser Direct Structuring (LDS) is a widely used and well known
method of circuit structuring for MID fabrication, in which the
circuit pattern is fabricated on molded thermoplastics through
laser patterning and electroless plating. Fig. 1 shows the detailed
steps of the LDS process. The molded part is subjected to laser
activation, which activates the surface of themolded thermoplastic,
allowing selective metallization to then form the conductive
pattern [9] [10]. The advantages of this technology include great
design flexibility, the possibility of making circuits on 3D surfaces
and higher levels of product integration with improved quality and
reduced costs. The technology also allows the production of ultra-
fine structures with widths and gaps less than 100 mm [11].

Selective metallization takes place on composites doped with a
LDS additive. The LDS additive is key to forming a conductive
pattern. The LDS additive should initially be electrically non-
conducting, thermally resistant to the injection molding process,
well compatible with polymers, non-toxic and low cost for mass
production. The preferred selective additive is a metal oxide or
organic metal complex. The LDS additive is excited and separated
into metal and organic residuals by laser irradiation [12]. This is
called ‘activation’. In electroless plating, the activated filler acts as a
plating catalyst [13] [14]. Examples of activation fillers include
Al2O3, CeO2, ZnO, AlN, SIC, CuO and a Cu-Cr complex [15] [16].
When a laser is irradiated on the composite surface, the polymer
matrix is removed (photo-chemical ablation) or evaporated [17],
and the filler is exposed and activated. The activated filler donates
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Fig. 1. Schematic of LDS process steps.
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electrons in electroless plating [15] [18].
This study evaluated the characteristics of copper aluminate as

the activation filler and investigated its potential in LDS technology
applications. Copper aluminate was formed into nanoparticles us-
ing a sol-gel method [19] [20] [21] as nanoparticles are expected to
be better able to form fine conductive patterns. Overall, this study
confirmed that copper aluminate can form conductive patterns
using LDS technology.

2. Experimental

2.1. Synthesis of copper aluminate

The copper aluminate was synthesized using a sol-gel method.
Copper nitrate trihydrate (Cu(NO3)2$3H2O, 99e104%, Sigma-
Fig. 2. XRD analysis of synthesized CuAl2O4 powder.
Aldrich) and aluminum nitrate nonahydrate (Al(NO3)3$9H2O,
�98.0%, Sigma-Aldrich) was used as received. Citric acid (HOC(-
COOH)(CH2COOH)2, anhydrous, Sigma-Aldrich) was used as a
complex agent. Firstly citric acid was dissolved in distilled water,
followed by copper nitrate and aluminumnitrate. Themolar ratio of
citric acid to metal ions was fixed at 13:1 and that of copper nitrate
to aluminum nitrate at 1:2. The solution was stirred until complete
dissolution was achieved. The color of the solution was clear blue
after 30 min. The solution was heated at 110 �C for 6 h to remove
excess water. After excess water removal the solution became
viscous indicating formation of the precursor had formed. The
precursor was calcined at 600 �C for 5 h to remove organic matter,
and, to finalize crystal structure formation, heated further at 900 �C
Fig. 3. High resolution scanning electron micrographs of synthesized CuAl2O4 powder.



Fig. 4. Microscope image of surface pattern according to laser parameter. (Hatch width: 25 mm).
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for 5 h in an air atmosphere.

2.2. Fabrication of copper aluminate composite

2.2.1. Thermoplastic composite
Polycarbonate (PC) was selected as the thermoplastic resin. PC

has the merits that it can be dissolved in solvents for mixing with
copper aluminate and has a low oxidation rate when used in in-
jection molding. The PC supplied by Cheil Industries Inc was first
dissolved in Tetrahydrofuran (THF) to form a transparent 10% solid
solution. Next, copper aluminate powder was added to the solution
at 5 wt percent which was then sonicated for 5 min to enhance
dispersion. Themixed solutionwas then dried at room temperature
for 24 h. The dried mixture was finely crushed using an agate
mortar and loaded into a mini injection molder (Bautek, Korea) for
Fig. 5. Microscope image of surface pattern accord
forming into a square bar shape. The injection molding process was
done at 280 �C.
2.2.2. Thermosetting composite
Polyimide (PI) was selected as the thermosetting resin, because

of its superb chemical resistance, heat resistance, electric insu-
lation, and flexibility [22] [23] [24]. The PI used was POLYZEN 150P
supplied by Picomax. To ensure its uniform dispersion in spite of its
high viscosity, ball milling was used. The solid loading of powder in
PI solution was done at 2, 3 and 4 wt percent. The composite
mixture was formed into film samples 70 mm thick using a tape
casting process. The films were dried at 60 �C for 1 h, and finally
cured at 220 �C for 1 h.
ing to laser parameter. (Hatch width: 13 mm).



Fig. 6. SEM image of surface pattern of according to laser parameter. (Hatch width: 25 mm).

Fig. 7. Optical microscope image of surface of copper plated thermoplastic composite.
(a) Hatch width: 25 mm; (b) Hatch width: 13 mm.
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2.3. Characterization of copper aluminate

Structural characterization of the copper aluminate was per-
formed using a RINT2000 vertical goniometer (Rigaku Co., Inc.) for
2q values ranging from 20 to 80 � using CuKa radiation at
l ¼ 0.154 nm. To determine the particle size and conduct an
elemental analysis of the copper aluminate, HR-SEM images along
with an energy dispersive X-ray analysis (EDX) were recorded using
a S-4800 (Hitachi Co., Ltd.) high resolution scanning electron mi-
croscope. Thermogravimetric analysis (TGA) was carried out using
a thermal gravimetric analysis instrument (STA-409, NETZSCH Co.,
Inc.) at a heating rate of 10 �C/min. The density of the synthesized
copper aluminate powder was analyzed using the Gas Displace-
ment Pycnometry System (AccuPyc 1330, Micromeritics Co., Inc.).
The analysis was conducted under a pressure of 15 psig using he-
lium gas, and the final density value was the average of 5
measurements.

2.4. Metallization

The laser patterning was done using an Nd:YAG pulse laser
(1064 nm) with a maximum power of 20 W, repetition of 1000 kHz
and spot size of 25 mm. The laser variables were power (5e11 W)
and repetition (20e50 kHz). An electroless copper plating solution
(ECP-90) was used as supplied from ECtech. The surface pattern
formed on the copper aluminate composite by laser irradiationwas
observed using an optical microscope (VK-9710, Keyence Co., Ltd.).

3. Results and discussion

3.1. Characterization of copper aluminate

3.1.1. X-ray diffraction analysis
The synthesized powder was measured by XRD for a crystalline

analysis. As shown in Fig. 2, at 900 �C [220], [311], [400], [422],
[511], and [440] crystal faces are present at 31.31 �, 36.91 �, 44.89 �,
55.76 �, 59.47 �, and 65.37 �, respectively, indicative of copper



Fig. 8. Microscope image of electroless plating on surface according to laser parameter of copper aluminate composite using polyimide resin at (a) 2 wt%; (b) 3 wt%; (c) 4 wt%; filler
loading.
aluminate (ICSD card no. 9557). The calculated lattice parameter
was a ¼ b ¼ c ¼ 8.07 Å from Bragg's law, showing that the crystal
structure of the powder is cubic and spinel. Overall, the copper
aluminate formed by the sol-gel method showed good crystallinity.

Crystal size (Dc) can be calculated from the XRD measurements
using the Debey-Scherrer equation [25],

Dc ¼ Kl=bcosq

where b is the width of the observed diffraction line at its half-
intensity maximum, K is the so-called shape factor, which usually
takes a value of about 0.9, and k is the wavelength of the X-ray
source used in the XRD analysis. The mean crystal size thereby
calculated is 34.12 nm.
3.1.2. Scanning electron microscope and density analysis
The morphology of the synthesized copper aluminate powder

was investigated by scanning FE-SEM. Fig. 3 shows the images of
the particles. The particle morphology was amorphous and uni-
form. The particle size was 30e50 nm, similar to the calculated
crystal size.

The average density of the synthesized copper aluminate was
4.80 g/cm3. The synthesized copper aluminate is 9.4% lighter than
commercial copper chromite powder which has a density of 5.30 g/
cm3. Thus, copper aluminate powder is expected to form
composites of lower density than copper chromite.

3.2. Optical microscope imaging of the composite

3.2.1. Thermoplastic composite
The surface pattern of the thermoplastic copper aluminate

composite created by laser irradiation was observed using an op-
tical microscope. Fig. 4 shows the increasing uniformity of surface
pattern as laser power and laser repetition increases at a hatch
width of 25 mm. As shown in Fig. 5, similar results were obtained at
a hatch width of 13 mm. These results indicate that to obtain the
most uniform surface patterning at a hatch width of 25 mm, a laser
power of 7e11 W with a repetition of 40e50 kHz is required. At a
hatch width of 13 mm, uniform surface patterning formed at a laser
power of 5e9 W and a repetition of 30e50 kHz. Fig. 6 shows SEM
images of surface patterns formed under varying laser parameters
(Hatch width: 25 mm).

After electroless plating with copper solution, metallization on
the surface of the copper aluminate composite was observed by
optical microscope. Fig. 7 shows the copper plated surface pattern,
where defects were observed. In Fig. 7(a), the pattern was not
plated due to low laser power and low repetition. Fig. 7(b) shows
defects due to the smaller hatch width which induced overlapping
and thus insufficient plating. As a result, the optimum laser
variables for obtaining a uniform plating pattern was observed to



Fig. 9. Result of flexible circuit according to CuAl2O4 loading in polyimide at laser power of 9 W, repetition of 40 kHz (a) 2 wt%; (b) Defect on curved part; (c) 3 wt%; (d) 4 wt%.
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be a power of 11 W, a repetition of 50 kHz and a hatch width of
25 mm.

3.2.2. Thermosetting composite
The thermosetting composite was fabricated into a film. It was

necessary to find the minimum laser power, number of repetitions
and copper aluminate powder content, because high laser power
and repetition can puncture the film and high copper aluminate
powder content can deteriorate the mechanical properties of film.

Fig. 8(a) shows surface plating according to laser variables at
2 wt percent copper aluminate. Overall the plating was not well
formed. Fig. 8(b) shows surface plating according to laser variables
at 3 wt percent copper aluminate. The surface plating was not well
formed at a laser power of 7 W, but well formed at a laser power of
9 W. Uniform surface plating was achieved at a laser power of 9 W
and a repetition of 40 kHz. Fig. 8(c) shows the surface plating ac-
cording to laser variables at 4 wt percent copper aluminate. The
surface plating was formed at a laser power of 7 W, unlike the re-
sults shown in Fig. 8(a) (b). Uniform surface plating was achieved at
a laser power of 9 W.

Fig. 9 shows flexible circuit boards created with PI resin ac-
cording to copper aluminate content. In Fig. 9(c) (d), the curved
state caused no problem but Fig. 9(a) shows the occurrence of de-
fects at the curved part. From this result, it is assumed that plating
adhesion became weaker due to the low content of copper alumi-
nate. Thus, the above results suggest that the minimum copper
aluminate content for thermosetting composites is 3 wt percent.

4. Conclusions

This study focused on synthesizing copper aluminate and its
applicability to make composite materials for laser direct struc-
turing technology. Copper aluminate was synthesized via the sol-
gel method. Characterization results show the achievement of a
highly crystalline nature, smaller crystallite size and lower density
than compared with copper chromite which is a commercial LDS
additive. The copper aluminate was used to fabricate thermoplastic
(PC) composite and thermoset (PI) composite. In thermoplastic (PC)
composite, laser parameter for uniform surface patterning and
plating was laser power of 11 W, repetition of 50 kHz, hatch width
of 25 mm. In thermoset (PI) composite, optimum laser parameter for
uniform surface patterning and plating was laser power of 9 W,
repetition of 40 kHz, hatch width of 40 mm. This study confirmed
that copper aluminate can be used for LDS technology. Detailed
experiments acquired suitable laser patterning conditions for each
thermoplastic and thermosetting composites fabricated with cop-
per aluminate as LDS additive. Thus this study proposes new LDS
additive material which is copper aluminate it has reduced density
compared to commercial LDS additive. This effect is expected to
contribute to lighter weight composite material for various elec-
tronic applications. Also for future study it is anticipated that by
controlling the synthesized copper aluminate size fabrication of
finer metal line patterns is possible which will enable more
compact and miniaturized circuit formation.
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