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Abstract ABS is an engineering plastic that has butadi-
ene part uniformly distributed over the acrylonitrile-styrene
matrix. It possesses excellent toughness, good dimensional
stability, easy processing ability, chemical resistance, and
cheapness. However, it suffers from inherent shortcomings
in terms of mechanical strength and vulnerability to envi-
ronmental conditions. Furthermore, it is non-conducting
and easily fretted. Plating on ABS can serve to enhance the
strength and structural integrity as well as to improve
durability and thermal resistance resulting in metallic
properties on the ABS material. ABS is described as the
most suitable candidate for plating because it is possible to
deposit an adherent metal coating on it by only the use of
chemical pretreatment process and without the use of any
mechanical abrasion. This article aims to review the history
of ABS plastics, properties of ABS, processes and mech-
anisms of plating, and studies of plating on ABS involving
mainly eco-friendly methods of plating by discussing the
literature published in recent years. The details of elec-
troplating of ABS carried out in the authors’ laboratory are
also presented.

Introduction
Plastic substances are usually plated in order to bring about

merits of the metals to the polymer substrate [1-6].
Metallization on plastic imparts reflectivity, abrasion
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resistance, electrical conductivity, and a variety of deco-
rative lusters, high wear and corrosion resistances, elec-
tromagnetic shielding, weight reduction, formability
enhancements, high impact resistance and weatherproofing,
lower cost, flexibility in parts design, and reduced weight
compared to its metal counterparts [7-17]. Metallized
plastics become useful in electronic industry, petroleum
industry, national defense field, toys manufacturing
industry, automotive and computer body parts, electronic
housings, wheel covers, lamp housings, ventilation, air
conditioning parts, pipes and fittings, and many more
things [18-31].

Among the plastics such as polypropylene, polysulfone,
polyethersulfone, polyetherimide, Teflon®, polyarylether,
polycarbonate, polyphenylene oxide (modified), polyac-
etal, urea formaldehyde, diallyl phthalate, mineral-rein-
forced nylon (MRN), and phenolic that are available today,
ABS becomes the obvious choice for electroplating
because of the uniqueness of this thermoplastic that it has
uniform distribution of butadiene part over the acryloni-
trile-styrene matrix, qualifying it for best adhesion of the
metal to the substrate, cost-effectiveness, low coefficient of
thermal expansion, ease of molding, and good appearance
after plating [32-36].

ABS and ABS-like substrates are gaining importance as
they can be produced by the modern additive manufac-
turing (AM) processes and plating can be applied. AM
technology encompasses processes such as stereolithogra-
phy, selective laser sintering, fused deposition modeling,
laminated object manufacturing, solid ground curing, and
solid creation system.

Plating process can be sub-divided into two parts,
namely, electroless plating and electroplating. Electroless
plating evenly deposits an electrically conductive metallic
layer on the insulating ABS substrate and also prepares the
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surface for further adherent coating of electroplated layer.
Electroplating step with the aid of current builds additional
thickness of metals like copper, nickel, or chrome just as
and when required by the part or for finishing purposes [18,
33, 37-511].

The present article summarizes different methods of AM
processes associated with ABS, history and properties of
ABS, mechanisms of plating, eco-friendly methods of ABS
plating and evaluation of mechanical properties of plated
ABS. A brief account of electroplating work conducted in
authors’ laboratory is also presented.

Historical aspects of ABS plastic

The origins of ABS plastic can be traced back to mid-
1940s. Acrylonitrile—styrene copolymers were in use since
1940s and the drawbacks of these copolymers led to the
incorporation of third monomer butadiene rubber. Butadi-
ene imparted higher strength and impact resistance char-
acter to the plastic. High molecular mass butadiene—
acrylonitrile copolymers and styrene—acrylonitrile copoly-
mers were utilized to produce bulletproof polymer sheets
during the last years of World War II. The copolymer
systems possessed large impact strength because of their
low thermoplastic flow properties. Molded parts such as
sheets, profiles, and pipes were the first products to be
made out of ABS. The development of injection molding
and graft polymerization techniques paved the way for the
revolutionization of applications of ABS plastics. ABS was
introduced in 1950 for use in textiles, fashion, toys, and
domestic applications. Between late 1950s and early 1960s,
the Lego Group R & D lab in Billund switched from
process development of cellulose acetate (CA) to ABS.
They found that ABS was more stable, tough, and colorfast
than CA. By 1970, ABS replaced CA fully in both Europe
and North America [52-54]. The advent of AM techniques
especially fused deposition modeling in 1990 and various
3D printers post the year of 1993 led to the increased use of
ABS. Open source desktop 3D printers such as RepRap,
capable of printing the majority of its own replicate parts,
were introduced in the market in 2008 [55, 56].

Properties of ABS

Typically, ABS is a product of systematic polymerization
of monomers, namely, acrylonitrile, butadiene, and styrene
as shown in Fig. 1. There exist two phases of the ABS
terpolymer: a continuous phase of styrene—acrylonitrile
(SAN) and a dispersed phase of polybutadiene as shown in
Fig. 2a, b. Commercially available grades of ABS possess
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Fig. 2 a SAN phase of ABS. b Butadiene rubber phase of ABS

medium to high impact, low to high surface gloss, and high
heat distortion properties [34].

ABS polymers exhibit high toughness (even in cold
conditions), adequate rigidity, good thermal stability, and
high resistance to chemical attack and environmental stress
cracking. Other significant properties of ABS include
cheapness, durability, and low coefficient of thermal
expansion. The ease of molding allows the fabrication of
dimensionally stable ABS parts with superior surface
quality. No other thermoplastic material displays such a
wonderful combination of technically important properties.
Molecular and morphological factors are paramount in
deciding the properties of ABS. The matrix composition
and molecular mass, the type of rubber, the volume ratio of
the rubber to the continuous phase, the rubber particle size,
the grafted rubber structure, and the additive content also
play a vital role. In fact, optimized impact strength of ABS
can be achieved by controlling the rubber particle size,
distribution, and microstructure. Greater toughness is
obtained by increasing the butadiene rubber content and
molecular weight of un-grafted SAN phase. Surface gloss
values of up to 95 % can be obtained depending on the
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specific grade and the mold or polishing roll surface. ABS
may be utilized in high performance ABS-polycarbonate
alloys (ABS-PC) so as to strike a balance between higher
toughness and thermal properties. Hence, it is possible to
manufacture a wide range of products bearing in mind the
requirements of the users.

The continuous styrene—acrylonitrile or SAN phase is a
determinant of chemical properties of product ABS. It is
generally not affected by acids, alkalis, or aqueous solu-
tions of salts. But, ABS is hydrophobic and the contact
angle between ABS and water is 81.0 £ 0.6°. The polymer
shows an absorption amount up to 1.5 % of water upon
storage in aqueous media owing to the presence of residual
emulsifier and the polarity of the nitrile side groups. ABS
polymers are insoluble in paraffinic hydrocarbons. How-
ever, on account of nature and quantity of the rubber phase,
some amount of weight gain may be observed. They are
also resistant to animal and vegetable fats and to a range of
cosmetic creams. The SAN phase of ABS is soluble in
halogenated hydrocarbons, aromatics, esters, and ketones.
Oxidizing agents, especially inorganic acids, break up the
chains and thus cause degradation of the polymer. Envi-
ronmental stress cracking of ABS is low and can be further
lowered by increasing the acrylonitrile content and the
molecular mass of the SAN phase. When subjected to heat,
light, and weathering conditions, yellowing and graying of
the surface as well as reduction in toughness characteristics
is observed as a result of the presence of double bonds in
the butadiene rubber phase. Oxidation also causes the loss
of toughness. Rubber phase crumbles when working tem-
peratures above 280 °C are employed as it loses its
toughness property. Polymer chain decomposes at tem-
peratures above 300 °C. Severe processing measures
applied can also destroy the rubber and matrix phases [15,
52, 57-61]. General properties of ABS are shown in
Table 1 [62].

Manufacturing processes of ABS plastic

ABS or ABS-like parts can be manufactured by employing
AM technologies. The nomenclature “ABS-like” is fol-
lowed due to the reason that they exhibit mechanical
properties similar to common ABS but different chemical
properties [63]. AM has emerged to be a main-stream
manufacturing technology over few decades since its
inception [64]. AM is considered as a feasible technolog-
ical option by the product manufacturing industry as it
addresses the major challenges such as significant reduc-
tion of product development time and cost of tooling,
human intervention, thereby resulting in rapid product
development and manufacturing cycle necessary for the

evaluation of form, fit and functionality of a design as well
as creation of complicated parts [65-68].

The idea of AM was first conceived in 1980s by Charles
Hull. He invented this technology while trying to demon-
strate an alternate process for conventional tool-making
and molding by fabricating UV-curable polymers for Ultra
Violet Products, California. This technique called ‘stere-
olithography’ enabled quick production of plastic proto-
types [69]. He and 3D Systems Company together created
.STL file format which assisted the computer-aided design
(CAD) to communicate with the rapid prototyping (RP)
machine so as to transmit files for printing 3D objects [70].
The successive arrival of fused deposition modeling (FDM)
process developed by Scott Crump heralded the revolution
of manufacturing industry [71]. A special apparatus known
as “3D printer” capable of printing plastic, metal, and
ceramic parts was fabricated in 1993 by Michael Cima and
Emanuel Sachs of MIT [72]. Companies like DTM Cor-
poration, Z Corporation, Solidscape Geometries, Objet
Geometries, Helisys, and Organovo devised 3D printers for
commercial applications that are available in the market
today [73].

The type of AM processes/machines that are currently in
use is Stereolithography Apparatus (SLA), Selective Laser
Sintering (SLS), Solid ground curing (SGC), Laminated
Object Manufacturing (LOM), 3-Dimensional Printing
(3DP), Fused Deposition Modeling (FDM), Solid Creation
System (SCS), Solid Object Ultraviolet-laser Plotter
(SOUP), Selective Adhesive and Hot Press (SAHP), Multi-
Jet Modeling system (MJM), Direct Shell Production
Casting (DSPC), Multiphase Jet Solidification (MJS), and
Ballistic Particle Manufacturing (BPM) [74].

ABS and ABS-like parts developed by AM processes
are being explored for the plating applications [36, 53, 75—
79]. Electroplating is adopted to overcome the limitations
in terms of mechanical properties inherently present in the
rapid prototypes [80]. Also, there is increased attention
towards the development of metal-polymer combination
materials for the manufacturing of functional prototypes
[81].

Plating process on ABS plastic

A surge of activities that took place in the area of resin
development and production technology resulted in the
replacement of plating of metals by plastics. Plating on
plastics (POP) became a popular alternate for metal fin-
ishing in the early years of 1960s. Introduced first in Eur-
ope and North America, POP was a success on industrial
level due to the advancements of chemical processing of
ABS plastics. It became possible to obtain highly

@ Springer



3660

J Mater Sci (2016) 51:3657-3674

Table 1 General properties of ABS

Physical properties Metric English Comments
Density 1.04 g/cc 0.0376 Ib/in® Grade count = 3
Melt flow 18-23 g/10 min 18-23 g/10 min Average = 21.3 g/10 min; grade count = 3

Mechanical properties

Hardness, rockwell R 103-112
Tensile strength, yield 42.5-44.8 MPa
Elongation at break 23-25 %
Flexural modulus 2.25-2.28 GPa
Flexural yield strength 60.6-73.1 MPa

Izod impact, notched

Electrical properties

2.46-2.94 J/cm

103-112
6160-6500 psi
23-25 %
326-331 ksi
8790-10,600 psi
4.61-5.51 ft-1b/in

120 s

600 V

15s

120 arcs
0.984 in/min

Average = 110; grade count = 3
Average = 44 MPa; grade count = 3
Average = 24.3 %; grade count = 3
Average = 2.3 GPa; grade count = 3
Average = 68.9 MPa; grade count = 3
Average = 2.8 J/cm; grade count = 3

Grade count = 1
Grade count = 1
Grade count = 1
Grade count = 1
Grade count = 1

Arc resistance 120 s

Comparative tracking index 600 V

Hot wire ignition, HWI 15s

High amp arc ignition, HAI 120 arcs

High voltage arc-tracking rate, HVTR 25 mm/min
Thermal properties

Maximum service temperature, air 88-89 °C

Deflection temperature at 1.8 MPa (264 psi) 88-89 °C

Vicat softening point 100 °C

Flammability, UL94 HB

190-192 °F Average = 88.7 °C; grade count = 3
190-192 °F Average = 88.7 °C; grade count = 3
212 °F Grade count = 1

HB

decorative and functional-plated ABS parts by the prior
chemical etching of ABS surface using chromic acid-based
mixtures.

ABS is the most usually electroplated plastic and it has
found the widest acceptance in the plating industry. Today
ABS can be plated with metals which can retain their luster
and shape for several years. The current market for plating
of ABS is great and a significant amount of research is
being carried out across the world on ABS-like materials
with regard to surface preparation and deposition of metal
or metal composites [33, 34, 39, 41, 53, 82-100]. As rep-
resented in the flowchart (Fig. 3), conventional electro-
plating on ABS process can be divided into two important
steps: surface preparation and metal plating.

Surface treatment stage involves chemical process steps
like etching, neutralization, activation, and acceleration.
Etching with strong oxidizing solutions such as chromium
trioxide and sulfuric acid mixture at elevated temperatures
(6575 °C) roughens the surface for good mechanical
adhesion, enhances the surface area of the thermoplastic,
converts it from hydrophobic material to hydrophilic
material and creates micro-pores which act as bonding sites
between the substrate and the metal. The outcome of
etching step is owed to redox reaction between butadiene
and hexavalent chromium. After thorough rinsing material
is put in a neutralizing solution like sodium bisulfite which
can remove the excess etchant by chemical reduction
resulting in avoidance of formation of ‘skip plates’ during

Fig. 3 Schematic diagram X X T
representing the electroplating Soak Cleaning Etching Sensitization
process of ABS
Metallization Acceleration Activation
Copper Nickel Chrome
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later part of coating process due to un-reduced Cr®" ions.
The neutralizer or chrome reducer is a ready source of
electrons to reduce contaminating and detrimental hex-
avalent chromium to trivalent chromium. Activating agents
consist of precious metals such as palladium, platinum or
gold, and stannous chloride/hydrochloric acid solution.
Activation step serves to produce catalytic surface required
for effective plating. Colloidal palladium is deposited into
the porous surface thus preparing the ground for the sub-
sequent formation of thin metallic layer through electroless
step. The role of accelerator is to eliminate the excess of
stannous hydroxide surrounding the palladium metal and
maintaining the palladium sites intact for electroless
plating.

The electroless plating bath composition includes a
semi-stable solution containing a metal salt, a reducer, a
complexing agent for the metal, a stabilizer, and a buffer
system. When the palladium-activated part is put in the
bath, metal gets reduced on the palladium sites and the
autocatalytic reaction continues till the part is removed
from the solution. Continuous metal layers are created in
this step. The basic reactions that take place in the copper
and nickel electroless plating steps respectively are

Cu?* + 2HCHO + 40H~ 24 2HCO0™ + 2H,0 + Cu®

+ H27 (l)
Ni*" 4+ H,PO; + 30H™ P—d>HPo§* +2H0 +Ni%.  (2)

After electroless plating, electrolytic plating of acid
copper is carried out to build up higher layer thickness and
give a bright conductive surface. This copper coating acts
as a buffer layer between the base material and the final
metal plate. It also contributes to the stability of the final
plate. Electrolytic nickel coating is done following the
electroplating copper plating step in order to fulfill the
corrosion and abrasion resistance requirements. It sets up a
barrier between the copper deposit and the corrosive
environment. The finishing of the coated part can be done
using chrome flash, brass, gold, silver, etc. [32-34, 101-
127].

Mechanism of plating on ABS plastic

Among various theories proposed for the formation of
adherent metallic films on ABS upon plating process,
‘anchor effect’ or ‘press stud theory’ is regarded as a
binding explanation. According to this theory, the holes or
micro-pores which are alluded to ‘anchor points’ or ‘press
studs’ are formed in the surface conditioning step by
etching the butadiene out of the matrix. These holes get
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Fig. 4 Schematic illustration of etched ABS showing anchor points
of butadiene polymer removed (Reproduced with permission from
Ref. [32])

filled subsequently in the metallizing step and demonstrate
an illustration of lock-and-key theory as schematically
shown in Fig. 4 [32]. Favorable adhesion between the
metal layer and ABS surface can be attributed to anchorage
effect [13, 14].

In the conventional method, when ABS surface is etched
with strongly oxidizing chemicals such as chromic acid,
butadiene part of ABS is dissolved and cavities of nano- or
micro-dimensions are formed. As a result of strong oxi-
dation of the polymer, surface is rendered hydrophilic and
rough [128, 129]. The reaction that takes place is shown in
Fig. 5.

Few studies using traditional surface treatment methods
have exhibited results confirming the role of ‘anchoring
effect’ for the formation of adherent metal films. In one of
the studies, electroless Ni—P alloy/MWCNT composite
films were deposited on ABS resins to provide several
properties of CNTs or metal/CNT composites to the resins.
The resin was subjected to a series of surface conditioning
steps including etching in chromic acid solution (4 M CrO;
+4 M H,SO,) at 70 °C for 10 min and activation in

Chromic acid/
Sulfuric acid
—CH,—CH=CH—CH— ———
Butadiene component
in ABS

\/
0—-0
i 0
——> —CH—CH ' CH—CH,—

Bond scission

Fig. 5 Reaction showing the effect of etchant on ABS
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56 x 1074 M PdCl, + 0.12 M HCI solution at 35 °C for
5 min. The Ni-P alloy/MWCNT composite was produced
on ABS surface from the electroless plating bath consisting
of NISO46H20, C6H5N307, NaH2P02~H20, (NH4)2SO4,
trimethyl stearyl ammonium chloride and MWCNT. Scan-
ning electron microscopy (SEM) analysis of the so fabri-
cated composite film revealed that initially, the hollows that
were formed due to the selective dissolution of butadiene
part of ABS during roughening process get filled up by Ni-P
alloy. As the electroless deposition proceeds, pores are
completely filled and some MWCNTSs are incorporated in
the Ni—P alloy matrix. As the electrolysis time is increased,
a thicker film of Ni-P/MWCNT composite forms on ABS
surface. Peel strength examination using adhesion tensile
tester showed that the adhesion strength values were higher
than 1300 N/cm? because of anchor effect. Also coefficient
of friction of the composite film was of lower order than that
of Ni—P alloys. So, incorporation of MWCNTs in the reg-
ular electroless plating bath proved to be advantageous to be
deposited not only on conducting materials but also on
insulators such as resins [8]. Similar study was undertaken
in the year of 2014 so as to form composite films of mul-
tiwalled carbon nanotubes with electroless copper (Cu/
MWCNTSs) on the ABS resin surface in order to arrive at
increased electrical conductivity. After traditional process
of surface preparation which gives rise to a roughened
surface of ABS base, CW/MWNTs composite was deposited
from the plating bath consisting of 0.06 M CuSO,4-5H,0 as
a copper source, 0.03 M EDTA as complexing agent, 0.1 M
glyoxylic acid as a reducing agent, and 1 g/dm’ sodium
lauryl sulfate (SLS) and 1 g/dm® hydroxypropyl cellulose
(HPC) as dispersing agents. Plating was done at 60 °C for
120 min. It was found from SEM that the pores formed
during the etching stage got almost filled up with copper,
and a few MWCNTs were present in the copper matrix. The
cross-sectional SEM analysis suggested that the dispersing
agents bring down the copper deposition rate resulting in
lower thickness of the composite film. Adhesion strength
value determined using tensile adhesion tester (Phototech-
nica, Romulus) was about 2500 N/cm? due to anchor effect.
This value is similar to electrolessly deposited copper on
ABS. The composite also showed lower friction coeffi-
cients. Hence, deposition of Cat/MWNTs on ABS serves to
reduce the friction coefficient and contribute increased
electrical conductivity to ABS [130].

The roughened surface favors a number of hollows on it.
These hollows give rise to large surface area and more and
more of anchor sites. If the hollows happen to have com-
plex shapes, plating film gets hooked or anchored firmly
when brought in contact. Thus, excellent adhesion is
observed making it difficult to be peeled off [8].

The cavities formed act as mechanical inter-locking
sites or anchor points for the successive adsorption of
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activating agents such as palladium followed by electroless
nickel or copper. The anchoring of palladium ensures the
penetration of metal deep into the hollows and result in
stronger bonding between ABS base and metal layer. The
strength of adhesiveness between the substrate surface and
plated metal depends on how effective the etching step is
[12, 18, 129].

Another theory pointed out that the reason for strong
bonding between the plated metal and the ABS plastic
was chemical forces such as Van der Waal’s attraction or
valence bonds of the metal and charged plastic surface
which is a result of etching. It was also claimed that
deposition of adherent metallic coating on ABS took
place due to a wetting mechanism which is based on the
surface energies of the metal film and the base polymer
material. The continuous supply of metal ions or ‘wetting’
of the ABS surface by aqueous electrolyte solution is the
cause of effective deposition of metal. The electrostatic
theory explained the formation of adherent metal coating
on ABS as due to the generation of electrical double layer
on the ABS surface dipped in the electrolyte solution
[27].

Studies of plating on ABS

Currently, electroplating on ABS plastics is accomplished
by employing two feasible technologies, viz. electroplating
following the electroless plating process and direct elec-
troplating. Surface treatment, whether by chemical or
mechanical means, remains to be a critical factor whatever
may be the plating process used. There is a quote that is
popular among the electroplaters, “One can make a poor
coating perform with excellent pre-treatment, but one
cannot make an excellent coating perform with poor pre-
treatment.” This highlights the need of suitable pre-treat-
ments before metallization [42, 131].

As mentioned previously in “Plating process on ABS
plastic” section, electroless plating route consists of three
major steps of surface preparation such as etching, acti-
vation, and metal deposition. Conventional surface condi-
tioning methods use chromium-based chemicals as etching
solutions, palladium, and tin-based solutions as activating
agents. A number of research works including the patented
ones published in 1960s and 1970s utilized chromic—sul-
furic acid mixture as an effective etchant [12, 89, 90, 93,
98, 105, 106, 110, 112, 113, 116-118, 132-134]. Chro-
mium-based baths are commonly used till date even though
surface modifications using novel methods are highly
researched on in the past couple of decades. The depen-
dency of electroplating industry on conventional etching
method is justified because of the fact that no surface pre-
treatment method has been able to deliver as good an
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adhesion as the former for the reasons stated in “Eco-
friendly methods of plating on ABS” section. However, the
replacement of chromium-based etchants is the need of the
hour today. Cr®" in chromic acid is identified as a haz-
ardous air pollutant. It is a known carcinogen. It can cause
damage to respiratory organs, stomach and intestine, and
male reproductive system when inhaled or ingested. There
are also problems associated with handling of hot and
highly corrosive chromic acid during plating process.
There will be rapid loss of efficiency of the bath requiring
replacement with costly etching baths. The neutralization
of chrome is a big challenge. If chrome is not removed
completely, it will poison the catalyst that to be deposited
subsequently in the activation step. As a result, ‘skip
plates’ appear upon metallization [7, 33, 34, 37, 51, 94,
129, 135-140]. Stringent regulations imposed by the gov-
ernments towards the possible future ban of chromic acid
utilization limit its use [11, 38, 141-145]. Palladium has
been employed as a “universal catalyst” during the acti-
vation step of the electroless process [27, 89, 98, 106, 111,
116-118, 132]. But, its ever increasing demand as a
hydrogenation and reduction catalyst presents shortage of
supply. In addition to high-priced catalyst and the noble
metal wastage issue and toxicity of tin adds to the problem
[7, 10, 19, 21, 37, 38, 129, 139, 146-149]. Overall, the
electroless plating method preceding the electroplating
process suffers from serious drawbacks since it requires a
multi-stage operation, longer deposition times, expensive
catalyst, and complex and environmentally hazardous
solutions. Also it is not possible to achieve fair control over
film thickness and uniformity. This calls for alternate
procedure development for surface preparation [1, 7, 9, 37,
38, 41, 42, 88, 131, 148-150].

The first attempt of direct electroplating was made in a
patented work published in 1972 [116]. This was started
with a purpose of elimination of poisonous chromium baths
and reduction of surface pre-treatment steps so that severe
problems related to electroless route could be overcome.
The pre-requisite prior to coating is the seeding of the
surface with a catalyst to make it electrically conducting.
Complete metallization is achieved with subsequent elec-
troplating. The disadvantages of the process include
unavoidable steps of etching and neutralization in most
cases, and the need of an expensive catalyst [10, 36, 37, 42,
79, 106, 120, 131, 139, 143, 148, 150, 151].

Eco-friendly methods of plating on ABS

Studies on economical and eco-friendly routes of plating
processes have been the subject of interest for researchers
over many years. A summary of eco-friendly and simple
methods of pre-treatments is presented in this

section. Their advantages compared to conventional plating
techniques are highlighted. As is known, discrepancies still
exist, mostly with regard to the adhesion of the plated film.
A pertinent account of the distance from the beneficial
characters of classical methods of plating is also provided.

One of the strategies employed is wet chemical methods
involving strong acids as a replacement for chromium.
Teixeira and Santini studied the effects of etching of ABS
with different combinations of sulfuric acid, with hydrogen
peroxide and/or nitric acid in a quest of less aggressive or
non-polluting etching solutions. The samples were subse-
quently coated with electroless nickel, and subjected to
visual examination of uniformity and test of adhesion using
“Scotch Tape Test” as adopted by the industry. The results
revealed that the quality of nickel coating applied on ABS
was adequate in terms of uniformity and adherence even
though the etching performance was not as intense as that
of conventional chromic acid conditioning [18]. Tang et al.
carried out a cost-efficient and environment-friendly pro-
cess of surface activation on ABS. ABS foils were first
etched with 1:4 H,0,:H,SO; mix solution. Chitosan
biopolymer film was utilized to fix palladium on the sub-
strate as catalytic sites by a chemical process as opposed to
physical sorption in conventional sensitization-activation
method. A tight, dense and continuous Ni—P plating layer
was formed when electroless nickel plating was done. The
characterizations confirmed the enhancement of adhesion
of plating layer and ABS substrate [21]. The same group of
researchers successfully eliminated the use of palladium in
the continuation of their work. They immobilized nickel
nanoparticles in place of palladium as catalyst on the
faintly etched ABS surface treated with chitosan. A glossy
and smooth Ni-P layer resulted upon electroless nickel
coating [148]. They also reported Ni/Au coating on ABS
subjected to surface pre-treatment process similar to that
used in the latter. Gold was effectively coated on the
immobilized nickel layers which acted as auto-catalysts.
By employing thiosulfate and sulfite ligands along with
sodium hypophosphite as reducing agent, and sodium
citrate as a stabilizer, the need of toxic cyanide bath was
eliminated [37]. Another set of experiments conducted
investigated the etching system comprising of H,SO4—
MnO, colloid as an eco-friendly substitute. The average
adhesion strength between the ABS surface and succes-
sively plated copper film was found to be 1.19 kN/m
whereas the classical CrO;—H,SO, etching system used as
a reference presented a value of 1.42 kN/m. The average
surface roughness (R,) and maximum roughness (Rax)
values were found to be 320 and 408 nm, respectively,
which were comparable to that determined for reference
CrO5;-H,SO, colloid (R, =420 and R, = 510 nm
respectively) [141]. FTIR and XPS characterizations
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carried out in a complementary study revealed the forma-
tion of -COOH, —OH as result of oxidation of C=C groups
of butadiene and -CONH, due to the conversion of C=N
groups of acrylonitrile by the action of etchant. These
groups caused the surface to be hydrophilic and decreased
the surface contact angle thus enhancing the adherence of
the plated film on ABS surface [11]. Another work
examined the effects H,SO4,~MnO, etchant on the topog-
raphy of electrolessly copper-modified ABS resin with
varying concentrations of H,SO, and sonication times.
Formation of more uniform and smaller cavities compared
to chromic acid etching leading to reduced average surface
roughness (278 nm) and maximum roughness (285 nm)
values, enhanced average adhesion strength comparable to
chrome etch (1.39 kN/m), and lower surface roughness
were the result of this iteration [143]. In a modification of
the experiments, phosphoric acid was introduced in the
etching chemicals mixture for the determination of etching
performance of ABS-Polycarbonate (PC/ABS). The pres-
ence of H3;PO, in MnO,-H;PO,~H,SO, influences the
“soluble” MnO, content to increase. Aqueous solution
containing tetramethylammonium hydroxide and 1-methyl-
2-pyrrolidinone as ‘swelling agents’ was employed prior to
etching in order to obtain efficient etching performance. It
was observed that the surface contact angle of PC/ABS
diminished from 95.71° to 28.31° and adhesion strength
attained the value of 1.04 KN/m. FT-IR and XPS charac-
terizations proved the formation of —COOH and -OH
groups on PC/ABS surface because of swelling and etching
steps. Increase in adhesion strength of PC/ABS and elec-
troless copper deposit was attributed to the effectiveness of
these two processes [144]. Note that a proprietary chemical
(CATAPOSIT44, purchased from Rohm and Haas Com-
pany) was used in the activation step of the above exper-
iments. A major improvement to the above process was
reported by Shu and Wang. The need for use of expensive
precious metals as activators could be avoided using the
pre-treatment route proposed in their research. Following
etching by H,SO4,~MnO, mixture, copper particles from
copper sulfate solution as auto-catalysts were deposited.
This step eliminates the Pd-based activation process. The

1) Surface
Modification

Pristine
Substrate

Chromic
Acid
Etching

2) Surface
Activation

Pd
Adsorption

reduction of copper particles on ABS is made possible by
dimethylamineborane which is a powerful reducing agent.
Subsequent electroless copper coating is carried out.
Adherence tests indicate that the average adhesion strength
of about 1.31 K/Nm which is near 1.19 K/Nm shown by
SnCl,/PdCl, colloid containing activator is obtained [19].

In another attempt to solve the environmental problems
arising because of the increasing usage of strongly oxi-
dizing hazardous chemicals such as chromic acid,
hydrofluoric acid and hydrochloric acid as etchants, an
environment-friendly etching process comprising a dis-
persant which is a mixture of proprietary chemical foaming
agent and solvent was designed. The dispersant was made
by mixing chemical foaming agent MS140D received from
Dongjinsemichem Corporation (Seoul, Korea) with
methanol solvent. The dispersant was applied uniformly on
ABS. Methanol helped distribute chemical foaming agent
evenly beneath ABS surface. Upon infra-red heat-treat-
ment, chemical foaming agent created fine pores in ABS.
Ultrasonic agitation produced a number of holes which
could increase the number of anchor points that enhance
the adhesion strength of the material. It was found that
surface activation using this process was effective thus
becoming a promising alternate for the conventional pro-
cesses. Fair adhesion strengths reported by the cross-cut-
ting method inspired the authors to arrive at the above
conclusions [134]. An illustration of industrial electroless
plating process is shown schematically in Fig. 6.

In an environmental-friendly approach, nickel was
deposited electrolessly using supercritical carbon dioxide
(scCO,) for impregnating with Pd catalytic agent on the
hydrophilically modified ABS. First poly(ether-ester-
amide)s (PEEA) was dry-blended on ABS to impart
hydrophilicity. Pd(II)-hexafluoroacetylacetonate, Pd(hfa),
was then infused into the substrate at high-pressure con-
ditions using scCO,. Pd was reduced into the polymer
matrix by a heat treatment. After evacuation of the adsor-
bed CO,, electroless coating reaction was carried out.
Nickel got deposited around the impregnated Pd nanopar-
ticles resulting in semi-continuous structure over the ABS
surface. This structure due to anchoring effect contributed

2) Electroless
Plating

Electroless
Metal
Plating

Fig. 6 Common industrial electroless plating process divided in three main steps (Reproduced with permission from Ref. [38])
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to higher adhesiveness between metal layer and the poly-
mer [9].

Direct metal electroplating is a popular choice because it
can replace conventional coating processes that involve
strong acidic oxidizing chemicals as etching solutions that
suffer from drawbacks like high-temperature operations,
high costs associated with the use of activators as well as
difficulty of monitoring electroless baths. In addition, a
large number of steps needed for electroless plating are
avoided. Nickel electroplating has been achieved as the top
coating on ABS in one of the novel works. This is
accomplished by prior two stages comprising chemical
deposition of polypyrrole (PPy) to make the surface con-
ductive, and copper electroplating. First step of PPy pre-
treatment comprises two sub-steps of immersing ABS in
0.3 M pyrrole solution and oxidation using 0.9 M FeCls.
The stirring with pyrrole causes the swelling and melting of
ABS to give it a fish scale-like texture. FeCl; is used as a
polymerizing agent. A black, homogeneous and adherent
PPy film is deposited at the end of this step. Following the
polymerization step, copper is metallized on ABS elec-
trolytically. The mechanical bonding between PPy/ABS
and copper is found to be 100 %. With the increase in
deposition time, copper thickness is increased. Compact
cubic grains of copper are observed after longer electrol-
ysis duration. Nickel electroplating step is carried out with
ease on surface uniformly coated with copper. The standard
industrial nickel bath containing nickel sulfate (270 g/L),
nickel chloride (90 g/L), boric acid (45 g/L), and propri-
etary additives and brighteners is used with pH 5 and
current density of 20 mA/cm” at ambient temperature.
SEM images exhibit homogeneous nickel deposits on Cu/

ABS Electrode

Ppy
(1* Layer Coating)

Copper
(2" Layer Plating)

Nickel
(3" Layer Plating)

Fig. 7 Scheme of metallic bilayer coating of PPy/ABS (Reproduced
with permission from Ref. [20])

PPy/ABS. Adhesion testing from standard sellotape test
shows 100 % adherence. Plating times of 15, 30, and
45 min deposit 4, 9, and 10 um thickness of copper,
respectively. Metallic bilayer on PPy-treated ABS is
depicted as shown in Fig. 7 [139].

In a direct electroplating approach which can serve as an
alternate approach of plating on plastics (POP), conductive
ABS surfaces were formed by coating either aluminum or
aluminum-carbon black containing enamel pastes onto
ABS and subsequently plating it by electroless copper from
a bath containing 15 % copper sulfate (CuSO,4) and 5 %
hydrofluoric acid (HF). Copper gets reduced onto Al seeds
and deposits in about 10 min as a conductive layer.
Incorporation of carbons particles decreases the time
required to reach the plateau conductivity. All the Al-see-
ded specimens failed the standard tape test but Al-C coated
ABS samples passed the test at longer deposition times as
no noticeable damage was observed upon the peel-off [42].
The expansion of the work included the testing in four
different baths, namely, sulfuric acid, phosphoric acid,
nitric acid, and acetic acid. Electroless copper plating was
successfully achieved in all the four baths. All baths
developed good coverage but only nitric acid-based baths
failed to show conducting ability due to corrosion of cop-
per or over-etching of Al seeds by HNOj. Samples coated
from these baths showed excellent adhesion according to
standard adhesion tests (ASTM D 3359-02). Although, the
electrical performance of the baths was not as good as that
obtained for HF baths [131]. In an advanced work, ABS
parts produced by FDM process were Al-seeded by using
aluminum powder, activated charcoal, enamel, and dis-
tilled water. The electroless copper baths explored were
HF, H,SO,4, H;PO,, and CH3;COOH. Geometries of the
parts used consisted cone, pyramid, cuboidal, and cylin-
drical. The results indicated that copper deposition was
effective in HF and cuboidal samples presented better
electrical conductivities than other geometries used [41].
Optimized HF containing electroless Cu bath was used for
further study and it was noted that Al seeded parts gave
better electrical performance compared to chrome-etched
or H,SO4~MnO, samples [88].

Electroless plating of nickel and copper is also done on
the poly(acrylic acid) (PAA) grafted ABS. This pollutant
chromium-free and palladium-free process takes advantage
of the ion-exchange properties of PAA to result in adherent
metallic layer on the ABS which is comparable to com-
mercial process involving chromium etching. The grafted
PAA film was responsible for excellent Cu®" immobi-
lization. All these complexed copper ions get reduced
within the film after immersing in an alkaline solution of
sodium borohydrure NaBH,. This was followed by the
electroless plating of copper or nickel. Adherent metallic
layers were obtained which are attributed to the presence of
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(a) Industrial Process
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(b) Cr and Pd Free process

Fig. 8 Surface preparation of ABS substrates for electroless metallization by a the usual industrial process b authors’ Cr- and Pd-free process

(Reproduced with permission from Ref. [38])

copper particles inside the PAA layer. They exert anchor-
ing effect and cause high values of adhesion strength
between the ABS and electroless metal. The scheme of
direct metallization is shown in Fig. 8 [38].

The same authors extended the work on direct method of
copper electroplating on the PPy-activated surface of ABS.
This method avoids the use of hazardous chrome and
precious metal baths and causes electrical conductivity on
the substrate in only one step. Effectiveness of chemical
deposition of PPy holds the key for the success of the
electrolytic plating of copper on PPy/ABS. Homogeneous
and adherent copper coating is achieved through this pro-
cess [20].

Photocatalytic surface activation method was pursued
prior to copper electroless plating as another possible
alternate for complex surface treatments involving chro-
mium baths and precious metal activators. ABS was soaked
in a TiO,-dispersed solution and irradiated with UV light.
A mercury short arc lamp was used as the light source.
Subsequent electroless copper plating was carried out.
Adhesion strength analysis using cross-cut tape test (ISO
2409) showed ABS pre-treated in 0.01 g/L of TiO, dis-
persed solution contained suitable morphology for plating.
Because of photocatalytic reaction, main carbon rings in
ABS get destroyed and react quickly with oxygen. C=0
and C-O groups that get activated cause the increase in the
wettability from polar groups. This leads to close contact
between ABS and electroless copper. This way photocat-
alytic pre-treatment potentially increases the adhesion
between the ABS base and electroless metal layer. How-
ever, adhesion strength is only about 1.0 kN/m [12]. This
type of re-treatment that precedes the electrolytic route is
not as effective as dynamic chemical process (DCP) [94].

@ Springer

In a separate study, adhesive strength of 1.25 kN/m which
is higher than that of optimal H,SO4,~MnO, colloid was
observed for ABS coated with electroless copper which
was subjected to photocatalytic pre-treatment. This inves-
tigation was undertaken with the intention of evaluating the
effects of the TiO, content, irradiation time, and UV power
upon the surface topography as well as surface character-
ization. It was found that the surface hydrophilicity of ABS
and adhesion strength between the plated copper and ABS
surface improved with an increase in the UV power and an
increase in irradiation time. The high contents of C=0 and
—COOH were the attributes for such a behavior. Photo-
catalytic surface preparation was proposed as a replace-
ment for wet chemical methods discussed before [135].

Mechanical studies of plated ABS plastic

Herein, we report some studies on changes in mechanical
properties of electroplated ABS plastics subjected to dif-
ferent pre-treatments. It has to be noted that not much lit-
erature is available for the mechanical behavior studies of
plated studies. Table 2 shows the type of plating and
mechanical properties of plated ABS/ABS-like polymers.
The maximum adhesion strength is obtained for the Ni-P
alloy/MWCNT- and Cu/MWCNT-coated ABS samples.
In an attempt to determine the enhancement of strength
and toughness characteristics of ABS materials produced
by fused deposition modeling upon electroplating, Kannan
et al. characterized the plated and non-plated specimens
for tensile and flexural tests. Tensile strength tests were
carried out as per ASTM E-837 standards. In this test, the
force necessary to pull the specimen apart till the point of
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Table 2 Mechanical properties of plated ABS polymer

SI  Material Type of Average roughness Maximum roughness  Surface contact ~ Adhesion strength (peel Reference

no composition  coating (R,) (nm) (Riax) (nm) angle (°) strength) (KN/m)

1 ABS? Electroless 420 510 - 1.42 [143]
copper

2 ABS® Electroless 386 397 39.0 1.39 [143]
copper

4 ABS¢ Electroless 320 408 23.0 1.19 [141]
copper

5 PC/ABS? Electroless - - 28.3 1.04 [144]
copper

6 ABS® Electroless - - - 1.19 [19]
copper

7 ABS' Electroless - - 38.0 1.31 [19]
copper

8 ABS Ni-P alloy/ - - - 3000 N/cm? [8]
MWCNT

9 ABS Cu/MWCNT - - - 2800 N/cm?® [130]

10 ABS® - - - - 105 kg/m [147]

11 ABS" Electroless - - - 199 kg/m [147]
Nickel

12 ABS - - - 79 3 N/cm [9]

13 ABS/PEEA’ - - - 77.5 15 N/cm [9]

14  ABS/PEEA’  Electroless - - - 9 N/cm [9]
Nickel

# Etching by CrOs-H,SO,
® 20 min etching by H,SO4,~MnO, with [H,SO4] = 12.3 M
¢ 40 min etching by H,SO,~MnO, with [H,SO,] = 12.3 M

910 min etching with MnO,-H3P04~H,SO, with [H,SO,] = 10.9 M and [H;PO,4] = 3.8 M, MnO, content = 70 g/L

e

SnCl,/PdCl, activator is employed

20 min etching by H,SO,~MnO, with [H,SO4] = 12.3 M, MnO, content = 30 g/L, dimethylamine borane acts as catalyst replacement for

SnCl,/PdCl,

€ No colloid adsorption

" Physical vapor deposition prior to plating
"5 % PEEA

i 5 % PEEA; infused Pd(hfa),

breaking is measured. The term tensile modulus which is
equal to the ratio of stress to strain below the proportional
limit of the specimen is significant. The tensile test results
indicated that the copper and nickel depositions increased
the tensile strength of FDM-ABS sample by 47 % com-
pared to the bare sample. Flexure test of the specimens
was conducted to determine the force required to bend a
beam under three points of loading conditions. The
material is made to lie on a support span and load is put
in the center producing three points bending at known
rate. For ASTM D790 samples, the analysis gets com-
pleted when the specimen reaches 5 % deflection or
breaks before 5 %. Flexural modulus is the term that
describes material’s stiffness when flexed. The results in
Table 3 showed that flexural strength of the plated

specimen doubled to that of normal specimen [77]. In a
similar study, surface roughness in accordance with is
3073-1967 and RA-2006 standards, and UTS value mea-
surements as per IS 1608-2005 standards are done. It is
observed in Table 3 that with the increase of plating
thickness, roughness is reduced and UTS values are
increased [81].

In another study, investigation of the effect of deposition
of thin metallic foils on mechanical properties like impact
resistance and hardness of ABS polymers developed by
fused deposition modeling was carried out. First, elec-
trodeposition was carried out on hardness and impact
specimens produced using Stratasys FDM vantage SE
machine. Surface treatment of ABS followed by electroless
plating, electrolytic acid copper plating, electrolytic acid

@ Springer



3668

J Mater Sci (2016) 51:3657-3674

Table 3 Tensile strength,

flexural strength, surface Sample code Tensile test (MPa) Flexural test (MPa) R, (um) Plating thickness (um) UTS (MPa)
roughness, plating thickness, A 33 _ 10
and UTS values of FDM-ABS ’
samples B 2.2 60 11.39
C 1.43 70 13.27
D 0.7 80 14.93
Un-coated
Al 13.7 22.92 - - -
A2 13.02 20.22 - - -
A3 13.05 20.10 - - -
Average 13.26 21.04 - - -
Coated
Al 20.26 4221 - - -
A2 17.30 41.83 - - -
A3 16.54 41.54 - - -
Average 18.033 41.86 - -

nickel plating, and electrolytic chrome plating is per-
formed. Coating thickness of 60, 70, and 80 pm was
achieved on the test specimens. Un-coated samples were
used as reference samples.

Drop weight impact tests were conducted by directly
dropping the impact testor on normal and electrodeposited
samples with different drop weights of 0.89g, 1.395, and
2.33 kg, and drop height of 400 mm. It was observed that
60, 70, and 80 um specimens, respectively, exhibited
impact resistance in the increasing order compared to the
non-plated samples. The higher impact resistance of the
80 pm specimens was due to the rapid absorption of energy
by the nickel layer and immediate transfer to copper layer
and then to the base material.

Hardness of the coated and uncoated samples was
evaluated by Rockwell Hardness test as per ASTM D785
standards. Readings were obtained from dial indicator of
the Rockwell hardness tester by applying the minor and
major loads. Enhancement of hardness property was seen
in the electroplated samples compared to the normal
samples. Owing to the ductility, hard nature, and corrosion
resistance property of nickel, plated samples exhibited
superior hardness. By this way, the inferior strength char-
acteristics were overcome using the electroplating
approach as shown in Table 4 [75].

Assessment of mechanical properties such as tensile
strength (ASTM D638) and compressive strength (ASTM

D695) of the injection molded (IM) ABS was carried out
under wet conditions. Electroplated ABS samples showed a
slight decrease of tensile strength compared to bare ABS
samples. This behavior is attributed to the pores inherently
present in the sample. It was found that the compressive
strength values of the ABS parts increased significantly
upon electroplating [80].

The role of electroless copper coating to produce elec-
trically conductive FDM-ABS parts for electroforming
applications was evaluated. It was found that the simplified
electroless copper plating route involving pre-activation
with SnCl, and HCl and activation with AgNO; and
HCHO followed by electroless plating was a promising
alternative to silver painting in terms of precision and
reproducibility [76].

Details of electroplating work carried out in-house are
given in Fig. 9. Figures 10 and 11 show process sequence
followed and the pictures of coated samples, respectively.
Table 5 shows the results of tests conducted on nickel-
plated ABS samples.

Conclusion of plastic plating
Plastic electroplating is a typical of the modern processing

technologies for new materials. Compared with metal
parts, electroplated plastic products can not only achieve

Table 4 Drop impact test
values and hardness values of

normal and electroplated FDM-
ABS material

Condition Normal 60 um 70 pm 80 um
Drop impact test Load (kg) Energy absorbed (J)

0.89 7.22 5.39 17.88 24.27

1.40 12.39 8.62 22.75 44.37

2.33 33.71 21.75 65.68 87.43
Rockwell hardness (HRR) - 95 101 103 107
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Fig. 9 Flow chart describing
process parameters for
electrodeposition of Ni and Cr
on ABS plastic

Soaking by mild alkaline solution [5 min]

l Rinsing with water, drying

Sealing by acetone [15 sec]

' Rinsing with water, drying

Sanding by using emery papers with grits of 500-1100

4

Etching by Ginplate Envirotech 901 [CrO; + H,SO4, 60 °C, 20 min]

' Rinsing with water

Chrome reduction [30% HCI, 10 min]

' Rinsing with water

Activation by using Ginplate Activator 441 [PdCl, + SnCl,, 4min]

' Rinsing with water

Acceleration [30% HCI, 1 min]

' Rinsing with water

Electroless Nickel Plating by Ginplate Ni 414A and 414B [37 °C, 8 min,

pH=8.5-9.0]

' Rinsing with water

Electrolytic Copper Plating [CuSO,-5H,0 (250 g/L) + H,SO, (30 mL/L) + HCI
(0.125 mL/L), 1 Amp, 5 min]

4

Electrolytic Nickel Plating [NiSO, (275 g/L) + NiCl, (55 g/L) + H;BO; (45 g/L),
Brightener spectra 77 (0.3 mL/L), Ni additive 22 (3 mL/L), 55-60 °C, 1 Amp/2.5

V, pH 4.4, 30 min]

' Rinsing with water

Electrolytic Chrome Plating [Stable bath solution of Chromium, 40-45 °C, 30-

45 Sec, 7-8 V]

good metal texture but also can reduce product weight, and
effectively improve the appearance and decorative
requirements, mechanical strength of the surface as well as
provide improved performance in the applications per-
taining to electricity, heat, corrosion, etc., However, plating
processing route has to be selected considering the material
properties, mechanical properties, material costs, the cost
of plating, electroplating, and ease of dimensional accuracy

and other factors. With the rapid development of industry,
plastic plating has found increasingly widespread applica-
tions as plastic products have become an important means
of surface decoration. Although polypropylene, polysul-
fone, polycarbonate, nylon, phenolic glass fiber-reinforced
plastic, and polystyrene are generally plated, ABS is found
to be the most widely plated plastic for electroplating

purpose.
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Fig. 10 Photography of process sequence for electroplating of ASTM specimens produced by FDM method conducted in authors’ laboratory.
a Etching b chrome reduction ¢ activator d acceleration e electroless nickel f electrolytic copper g electrolytic nickel h nickel-plated articles

Fig. 11 a, b Gold-plated samples of FDM-ABS. ¢ Nickel-plated dog-bone-type samples

Table 5 Results of tests conducted on nickel-plated ABS samples in-house

Samples Ultimate tensile strength (N/ Impact energy (J) Micro Roughness Flexural Elongation at break
mmz) hardness (R strength
(N/mm?)
Non- 16.56 2.00 9.78 0.93 861.11 1.43
coated
Coated 19.76 2.00 63.02 1.28 774.31 0.85
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Conclusions

This review highlights the history and development of ABS
plastics, evolution of ABS-like materials by AM, and their
general properties and, effects of plating on ABS and fused
deposition modeled ABS. The processes and mechanisms
involved in plating are effectively described. Plating on the
ABS material is shown to increase the mechanical adhe-
sion, impart esthetic appearance and provide corrosion
resistance to the sample. The major breakthrough in the
plating process is seen in the replacement of conventional
surface conditioning methods by environment-friendly
processes.
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