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Abstract

Plating on Plastics (PoP) requires specific surface pre-treatment steps to enable metalliza-
tion. The conventional PoP industry utilizes hexavalent chromium (toxic, carcinogenic)
and palladium (critical raw material) for surface etching and activation, respectively, rais-
ing significant health, environmental, and economic concerns. This work is based on a
new Crf*-free and Pd-free PoP technology that uses piranha (HyO,-H»SO4) solutions for
surface etching, nickel salts for activation, and NaBH4 for reduction, ultimately forming
metallic nucleation sites for downstream electroless plating and electroplating. A compre-
hensive modeling approach was developed to simulate and predict unit operation perfor-
mance (reaction kinetics and yields) and material properties (contact angle and adhesion)
across processing stages of the new technology. State-of-the-art and data-driven modeling
revealed the combinatorial relationships among process performance, the achieved proper-
ties and the different settings of process operating conditions. The results also highlighted
capabilities for tuning all processes over a range of conditions, reaching desired product
specifications (adhesion and thickness). The models were constructed as a Decision Sup-
port Tool (DST) serving economic, environmental, safety and Safe and Sustainable by De-
sign (SSbD) objectives. The DST can be used through a user-friendly interface that enables
the insertion of user-defined inputs and monitoring of optimization results.

Keywords: Plating on Plastics; etching; ABS; SSbD; materials; coatings; process design;
optimization; Decision Support Tool; property models

1. Introduction

The Plating on Plastics (PoP) industry is continuously growing due to the exceptional
properties of plastics (low cost and density, and easy machinability), which can be pro-
tected by a metallic coating to improve plastics” wear and corrosion resistance and for aes-
thetic purposes. Since electrodeposition of metals on non-conductive plastics (e.g., ABS,
PET, PLA) is not feasible, chemical pre-treatment is necessary prior to electroplating and is
critical to ensure adhesion of a metallic layer on the plastic surface [1]. The conventional in-
dustrial practice first includes etching of the plastic surface with Cr® -containing solutions
to oxidize C=C double polymeric bonds, to form hydrophilic hydroxyl (-OH) and carboxyl
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(-COOH) groups and to increase surface area [1]. Secondly, Pd/Sn colloids are used for sur-
face functionalization, catalyzing the chemical adsorption of Pd?* by hydrophilic groups
and Pd?* reduction (Pd?*7Pd) in the same bath. Finally, electroless plating is catalyzed
by the surface Pd® nucleation sites forming a first thin metallic layer, which next enables
electroplating of the final metallic layer of the plastic [2]. However, there are significant
concerns about the use of toxic and carcinogenic Cr® [3,4] and of Pd, a critical raw mate-
rial [5], requiring alternative agents and processes capable of achieving the same, or even
better, coating performance and adhesion. This work proposes a process systems engineer-
ing modeling approach to analyze and return optimal adhesion and coating performance
based on a new environmentally friendly Cr®*-free and Pd-free PoP technology.

Unlike the advancements in the literature—these either focus on the replacement
of Cr®* with MnO,, KMnO, or H,O, oxidizing agents [6—10] or the replacement of Pd
with cheaper Ag [2,11]—the core technology of this work addresses major safety, environ-
mental, and economic concerns by simultaneously replacing Cr® with piranha solutions
(H20,-H,504) and Pd with nickel salts offering a double benefit for the PoP industry. How-
ever, the introduction of the increased complexity of multiple systems and chemistries in
the PoP production lines raises critical questions about the design, scaling up and tuning
of unit operations to meet the operational needs of plating facilities. In other words, new
adaptive models and plug-and-play tools are required to capture the underlying physico-
chemical phenomena, to quantify their impacts on coating properties and to return tech-
nology design propositions quickly and robustly, ensuring maximum performance.

The formation of surface hydrophilic groups via piranha etching is crucial to next cat-
alyze surface functionalization with nickel salts and eventually ensure high adhesion lev-
els of the metallic coating on the plastic substrate. Moreover, the contact angle of etched
plastics constitutes a key measure of the surface hydrophilicity (namely, the surface con-
centration of hydrophilic groups), indicating the maximum feasible number of potential
anchoring points for the formation of metallic nuclei. In this scope, the existing litera-
ture does not offer systematic and evidence-based correlations of surface chemistry (hy-
drophilic groups), with the contact angle and adhesion properties as a function of imple-
mented process operating conditions.

The existing literature either uses data-intensive models (e.g., thermodynamic-based)
that require high precision and demanding analytical data that are hard to find and im-
plement at experimental and industrial levels, or uses detailed computational simulation
models (e.g., Computational Fluid Dynamics-CFD) that are not accessible to end-users and
are unable to serve fast screening of alternative design settings. Data-demanding models
use surface tensions across gas-liquid—solid phases for the prediction of contact angle and
droplet stability [12], while other models use CFD [13,14] or surface-energy models dis-
cretized with finite differences [15]. Statistical analyses of adhesion in metal-based PLA
implants were conducted to optimize coating parameters [16]; however, the technology is
not directly relevant to the chemistries used by the PoP industry. Combinatorial insights
between the contact angle and adhesion of nickel coating on ABS substrates can be inferred
through the experimental data of Chen et al. [7], while the results of Zheng et al. [17] and of
Wang and Zhang [18] revealed valuable indications about the relationship between contact
angle and surface concentration of hydroxyls groups through surface tension and molecu-
lar dynamics simulations. However, the input data required by literature models remains
out of the scope of unit operations and cannot be directly integrated into a process design
framework (e.g., the optimization of piranha concentration, the etching time or the adhe-
sion prediction).

This work solves practical challenges in modeling unconventional data relationships
(like contact angle with adhesion, or hydrophilicity with formed nucleation sites) to sys-

https://doi.org/10.3390/polym18080919


https://doi.org/10.3390/polym18080919

Polymers 2026, 18, 919

30f26

tematically address the combinatorial insights between input operating conditions and out-
put design variables and properties. In this scope, regression-based, data-driven and semi-
mechanistic modeling concepts were exploited to explain etching, activation and reduction
phenomena and to build unit operation and property prediction models. Conversely, the
property prediction models can drive tuning of unit operations (e.g., baths concentrations,
operating times, and applied currents) to ensure desired properties and optimal perfor-
mance in terms of materials and energy used. To support decision-making and optimal
unit operations, this work adopts a three-level performance framework that integrates en-
vironmental, safety, and economic criteria toward a holistic assessment. The performance
criteria are apparently related to the operating conditions of the PoP process and are con-
sidered as objectives of an optimization model that is subject to the developed unit opera-
tions and property estimation equations. Finally, the optimization model was constructed
as a user-friendly Decision Support Tool (DST) that receives user-defined specification tar-
gets and production requirements and returns optimal operating conditions and design
settings to be used for everyday planning of operations, thus facilitating the smooth intro-
duction of the new technology in the PoP industry.

2. Materials and Methods
2.1. Plastic Substrates Used in the Study

The polymer substrates used in this study were commercial flat plates manufactured
by injection molding from plating-grade acrylonitrile-butadiene—styrene (ABS) material.
Specifically, LG ABS MP220 supplied by LG Chem Ltd. (Seoul, Republic of Korea) was
used due to its suitability for metallization and electroplating applications. Rectangular
samples (dimensions: 50 x 30 x 2 mm) were used in all experiments, as shown in Figure 1.

Figure 1. ABS samples used in this study.

2.2. Overview of Novel PoP Technology

The novel technology is illustrated in Figure 2, where a Cr®*-free etching process was
developed using piranha solutions (H,O,-H50;) for the formation of interconnected cav-
ities and hydrophilic groups on the surface. The concentration of piranha solution (HyO;-
H,S04-H,0) and the etching time constitute key operating conditions to ensure high etch-
ing performance; namely, determine the quality of cavities and the surface concentration of
hydrophilic groups. Next, a Pd-free activation process uses nickel acetate (Ni(CH3COO),)
to catalyze the chemical adsorption of Ni?* (instead of Pd?*), functionalizing the plastic
substrate. An additional advantage of this step is that the chemical nature of the nucle-
ation sites (here is nickel) does not restrict the type of the final metallic layer, which could
be Ni, Cu, Au, or other metals. The nickel acetate concentration in the activation bath
is crucial for effective chemisorption of nickel ions by the hydrophilic groups. Since sur-
face functionalization takes place in one step, an additional processing step is required for
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the reduction of nickel ions (Ni?*) into their metallic state (Ni’). The concentration of the
reducing agents (NaBHy) and the immersion time define the extent of nickel reduction to-
ward the formation of metallic nucleation sites. An electroless Ni-P plating step is next
implemented for the development of the first conductive and homogeneous thin metallic
layer (~5 pm) on the plastic substrate. No degrees of freedom are identified for this step in
terms of optimizing coatings’ performance, since typical electroless recipes are considered.
Finally, one or more electroplating steps are applied for the development of intermedi-
ate and final coating layers [19]. In this study, one electroplating step was considered for
nickel plating, where the applied current and time constitute key operating parameters to
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achieve the desired coating thickness.
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plating bath recipe
v’ Electrodeposition

* Piranha Solution * Ni(CH;C00), * NaBH, * Typical Ni-P of additional Ni
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Figure 2. Processing steps and key design variables of the new Cr®*-free and Pd-free technology. Sur-
face structure: Initial ABS substrate (grey rectangular); Etched surface (white holes); Ni?* activated
sites (pink holes); Reduced NiC sites (deep teal holes); Electroless nickel plated surface (deep teal
layer); Electroplated surface with Nickel or other metal (purple layer).

2.3. Etching Processing Stage

A degreasing procedure [20,21] precedes the etching process to remove dust and un-
desired particles from the plastic surface that may negatively affect etching performance
and contamination of the etching bath. The plastic matrix was immersed in an ultrasonica-
tion bath filled with a degreasing aqueous solution composed of commercial cleaning soap
(15% anionic surfactants) for 5 min. The substrate was then rinsed with reverse osmosis
water for the removal of the remaining soap from the surface. Next, the etching process
took place to modify the chemical nature and morphology of the polymeric surface. The
process took place in a 200 mL acidic bath containing a piranha solution (HyO,-Hy504)
as strong oxidizer catalyzing the cleavage of double polymer bonds and formulating the
desired cavities similarly to how Cr® functions (Figure 3a). Etching was performed at
room temperature (25 °C), within piranha solutions ranging from 1:4-1:10 (HyO,-H,504)
and for operating times within 10-180 s. This experimental design covered a wide range
of operating conditions, catching the whole spectrum of reaction phenomena from inten-
sive etching (at 1:4) to moderate and smooth etching (at 1:10). Rinsing with reverse osmo-
sis water followed each stage, including etching, activation, reduction, electroless plating
and electroplating.

Cleaving of double bonds results in the creation of -COOH and -OH hydrophilic
groups at the free open edges of the polymer chain. These groups constitute the precursor
anchoring points between the polymeric surface and the metallic layer. The cleavage of
butadiene bonds also spread inside the polymer body as spheres, resulting in the forma-
tion of micro- and nano-sized cavities (Figure 3b), improving the surface concentration of
hydrophilic groups and enhancing the mechanical adhesion of the metallic layer. The set
of key etching reactions of Figure 3c was considered for piranha etching of ABS. Intensive
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and uncontrolled etching could result in polymer degradation and poor adhesion of the
coating. For this reason, the optimization of the etchant concentration and the etching time
plays a critical role in reaching the desired surface properties, and thus, this work prepares
a model to address such trade-offs and identify the best etching strategies.

i Cavities
HO—S—0—OH
H,0, 0' o ‘ Chemically
Il — degraded layer
H,50, HO—$—0~0H ¢ ¥
2-H* o \ !
OH A 0,
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Figure 3. (a) Piranha activity on polymeric surface; (b) illustration of polymer surface chemical degra-
dation; (c) potential reaction mechanisms of piranha with ABS monomers.

2.4. Activation Processing Stage

The activation step builds the surface metal nucleation sites through immersion of
the etched substrate into salt solutions using a 1st-row transition metal (e.g., Pd, Ni, or
Cu). Several groups in the literature have proposed using Ni(Il) salts, like NiSO4 [22] or
Ni(CH3COO); [20,23]. In this work, nickel acetate (Ni(CH3COO),) was used to catalyze
the chemisorption of Ni?* by hydrophilic groups of the etched surface toward the forma-
tion of nickel-based nucleation sites (Figure 4a), while the chemical identity of nucleation
sites does not affect the selection of the final metallic coating. The activation stage was per-
formed at 45 °C for three different nickel acetate concentrations (1, 5 and 10 g/L) and for
30 min, ensuring enough time for the system to reach adsorption equilibrium. A uniform
distribution of the metal cations is desired to facilitate (at a next stage) the homogeneous
growth of the metal coating.

NiA, ‘ )
6H4
HA NiA,
HA\ | e
Nj2* \ €
/ \ Nij2+ NIO
O O OHOH OH OH /AN
0O0O0O
-C-C..C-C-C..C-C—-C-C..C— - =

(a) (b)
Figure 4. (a) Activation of etched surface with nickel acetate; (b) reduction of activated surface
with NaBHy.
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2.5. Reduction Processing Stage

In the case of the Pd/Sn colloid, both chemisorption and reduction of Pd are con-
ducted in a one-step process. By contrast, in this work, where nickel cations were used
for surface activation, a separate reduction step is required during which the sample is
immersed in an aqueous solution of a strong reducing agent. In this stage, the adsorbed
nickel cations are reduced (Figure 4b) to their metallic state, Ni’, forming the required
nucleation sites where the metal coating will be chemically deposited in the following elec-
troless step. The most common reducing agents are sodium and potassium borohydride
(NaBHy4, KBHy) [8,22,23]. In this work, NaBH, was selected due to its well-established
reducing power (E0 = —1.24 V vs. standard hydrogen electrode), its capability to reduce
nickel cations to elemental nickel, and its relatively low price compared to the other reduc-
ing agents. The reduction stage was tested at room temperature (25 °C) and at three differ-
ent concentrations (10, 20, 50 g/L) and reaction times (1, 5, 10 min).

2.6. Electroless Plating

The next stage involves the chemical deposition of a Ni-P alloy layer (Figure 5a) on
the reduced surface by immersing the sample into a nickel-phosphorus electroless bath,
developing the first metallic layer in the absence of electric current. The typical recipe
of Table 1 was implemented by including the metal salt (NiSO4-6H,0), a reducing agent
(NaHPO,) acting as an electron source for deposition, a complexing agent for the metal
(NazCgH507:2H50), and a compound (NH4OH) for pH adjustment. Electroless plating
forms a uniform, lustrous and conductive thin metallic layer of 5 um on the substrate’s sur-
face within 30 min of immersion. Besides nickel, other metals such as copper, gold or plat-
inum can be used for electroless plating by altering the reducing agent (e.g., organoboron,
hydrazine, formaldehyde); thus, new alloys or pure metal coatings can be achieved.

NiP electroless plating Ni Electroplating

Anode: Ni®- e~ > Ni%
Ni2*+H,P0,+H205Ni%+ H,P0,~+ 2H* ode: Ni°—e” > Ni

Cathode (item): Ni%* + e~ > Ni°®
H,PO,~+3Hy—P ($)+ H,0+0H] / .
Thickness

N Specification
5um v

NiP coating

Ni® nucleation
sites

C) (b)

Figure 5. (a) Electroless plating of reduced substrate; (b) electroplating of the electroless plated substrate.

Table 1. Chemical composition and operating conditions of electroless Ni-P plating bath.

Compound Concentration (g/L)
NiSO4-6H,0 (>98%) 32
NazCgH507:2H,0 (>99%) (sodium citrate dihydrate) 20
NaPO,H, (>98%) 28
NH4Cl (>99.5%) 25

NH4OH (25% aqueous solution) Until pH=9
Operating Conditions
Temperature 45°C
pH 9 (adjusted with NH,OH)

https://doi.org/10.3390/polym18080919


https://doi.org/10.3390/polym18080919

Polymers 2026, 18, 919

7 of 26

2.7. Electroplating

The conductivity of the Ni-P layer allows the deposition of extra metallic layers
(e.g., Au, Cu and Ni) via electroplating to achieve the final desired surface properties (ap-
pearance, chemical resistance, mechanical strength, electromagnetic shielding, etc.). The
standard nickel Watts electroplating bath of Table 2 was used to produce a pure nickel
coating on top of the electroless Ni-P layer. The applied current density ranged within
1.3-1.7 A/dm?, and the plating time ranged within 0.5-2 h. A typical electroplating setup
was utilized through an electrolyte solution to reduce dissolved metallic cations to their cor-
responding metallic atoms, which are then deposited on the substrate’s surface. The Ni-P
plated substrate is implemented as the cathode of the electrolytic cell, while a solid block
of Ni metal is used as the anode [24]. The aqueous solution contains the metallic cations
and chemical compounds that improve the quality of the final coating and efficiency of the
electroplating process. These compounds include weak acids or bases as buffering agents,
organic additives (surfactants, brighteners, stress relievers and metal complexing agents)
or even inorganic nanoparticles that improve mechanical properties. The type and the
number of the electroplating steps may vary based on the specific end-user needs.

Table 2. Chemical composition and operating conditions of electroplating nickel Watts bath.

Compound Concentration (g/L)
NiSOy4-6H,0 (>98%) 300
NiClp-6Hy0 (>99%) 35
H3BO;3 (>95%) 40

Saccharin (C;H5NO3S) (>%) 2
Sodium dodecyl sulphate, SDS (NaC1,H25504) 2.5
NH4OH (25% aqueous solution) Until pH=4.4
Operating Conditions
Temperature 50-60 °C
pH 4.4 (adjusted with NH4OH)

2.8. Safety Considerations

Special safety considerations are required for the preparation and handling of piranha
solutions, which are highly oxidative and strongly exothermic upon mixing. In the present
work, HyO, was slowly added to HpSO4 immediately prior to use, while all treatments
were conducted in open glass containers under appropriate ventilation and temperature
monitoring to prevent uncontrolled reactions. Extra caution was taken to avoid contact of
hot piranha solutions with organic materials, which may cause rapid heat and gas evolu-
tion, leading to hazardous environments. Personal protective equipment, including a face
shield, chemical-resistant gloves and protective clothing, was used during all processing
steps. After use, spent etching baths were allowed to cool and were subsequently neutral-
ized through controlled dilution and alkaline treatment to reach near-neutral pH prior to
disposal in accordance with applicable environmental regulations. During the reduction
stage, NaBH, solutions were handled under controlled conditions and adequate ventila-
tion due to their strong reducing character and potential hydrogen evolution. After use,
residual NaBHy solutions were neutralized by controlled dilution followed by gradual
acidification to ensure safe hydrolytic decomposition prior to disposal in accordance with
applicable environmental and safety regulations.
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3. Results

3.1. Property and Unit Operation Models
3.1.1. Contact Angle Property Prediction

The contact angle was considered as an equivalent measure of the surface concen-
tration of hydrophilic groups reflecting the activity of piranha solution in the cleavage
of polymeric bonds and the extent of etching reactions. The experimentally measured
contact angles of each etched ABS substrate for different piranha solutions and etching
times are presented in Table 3. Moreover, the initial contact angle of the untreated ABS
substrate was measured at 86.67°. To ensure reproducibility and reliability of the experi-
mental data, each experimental condition was repeated at least 3 times, and the reported
values correspond to the mean measurements. This practice was followed for all exper-
imental tests performed for etching, activation, reduction, and plating steps. The exper-
imental variability was evaluated through the calculation of standard deviation for key
parameters, including contact angle, coating adhesion and deposited mass. Instrumental
uncertainties were considered according to the specifications of the measurement devices
used (e.g., contact angle goniometer and adhesion testing system). Outliers were identified
through consistency checks across repeated measurements and were excluded only when
clear experimental anomalies were observed, such as measurement instability or sample
defects. This approach was adopted to improve the robustness of the developed regres-
sion and kinetic models. The etching performance at different piranha concentrations and
etching times can also be visually assessed using the sample images in Figure 6 after each
step. In contrast, visual identification of differences among plated samples is limited due
to the similarity of samples with similar outer metal finishes.

Table 3. Experimental results of etching ABS substrates at different conditions (piranha solutions
and times) and achieved contact angle after etching.

. Standard
Piranha Etching Time [s] Average o Deviation
H;02-H2804 [v/v] Contact Angle [°] Contact Angle [°]

1:5 15 47.6 2.8
1:5 30 409 2.7
1:5 60 37.5 3.9
1:5 120 34.9 2.1
1:5 180 28.1 2.2
1.7 30 48.2 6.5
1:7 60 414 2.2
1.7 120 40.3 2.2
1:10 30 38.7 24
1:10 120 35.9 1.5

30 sec

120 sec

\ | i |
) f I
075M -- 10gr/lt. I .
5 min

10 min 20 min 10min 30 min 60 min

1:10

(b) (c)

Figure 6. Samples’ images after (a) etching, (b) activation and (c) reduction of ABS.
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CA'=CA

—B

Given the dataset of Table 3, a regression-based model has been developed to pre-
dict the contact angle of etched plastics as a function of the piranha concentration and the
etching time. The model indirectly embeds the reaction mechanisms of piranha on ABS
substrates, in a similar sense that the etching kinetic model does; only that this model pre-
dicts contact angle instead of the actual hydrophilic groups concentrations.

Two main mechanisms have been considered regarding the reaction of H,O, with
H,S0y, and their etching activity, where both mechanisms result in the formation of oxy-
gen (O-) and hydroxyl (-HO) radicals featuring the oxidative nature that alters the na-
ture of the plastic surface. One mechanism (Equation (1)) is based on the formation of
Caro’s acid (H250s), which further decomposes into -HO radicals. The other mechanism
(Equation (2)) produces hydrated hydrogen ions and atomic oxygen (O-), whose activity is
crucial in cleaving polymeric C=C bonds toward the formation of hydroxyl and carboxylic
groups on the polymer’s edges [25-27].

H,SO4 + H,O, = H,SOs5 + H,O — H,O + HSO30~ +-HO (1)

H,S0,4 + H,O, — H30" + HSO, ™ + O- 2)

Both mechanisms are driven by a 1:1 stoichiometry for H;O, and HySOy. In all exper-
iments (Table 3), an excess of HySO, was utilized (>7.4 moles H,SO, per mole of H,O5),
ensuring that the containing HO, molecules are adequately utilized toward the formation
of the required O- and -HO radicals driving etching reactions. As a result, a HyO, concen-
tration was selected as the first key regression variable of the etching model, while etching
time was the second key reaction variable.

For the modeling of contact angle, this work was inspired by the DIPRR EQ101
formulation—thatis f(x) = exp (A + 54 Cin(x)+ D-xE> —due to its efficiency in adopt-
ing complex behaviors by incorporating different non-linear and adaptive terms. Based on
DIPRR EQ101, contact angle (CA) was first expressed as a function of time (t) as:

CA:exp(A+ +C~ln(t+1)+D-(t+1)E> 3)

B
(t+1)
where time is embedded in the form of (f 4 1) to ensure validity of the equationatt =0,
while A, B, C, D, E > 0 are variables that incorporate the effects of [HyO,] and the nature
of the material. Key considerations for Equation (3) include (i) negative first derivative
due to decreasing CA with time, and (ii) CA is equal to the contact angle of the untreated
polymer (CA%) att = 0's. As a result:

C E-1 — C E-1
————+——+DE(t+1 <0= ———+ ——+DE(t+1)"'<0=
(t+1)>  t+1 (F+1) (t+1)*  t+1 t+h
B> (t+1)-[C+ D-E-(t+1)F] (4)

t—00

which is not valid, since B is independent of time and is fixed by fixing [H,O;] and the type of
material. As a result, the right part of Equation (4) is redefined resulting in zero—either due
toC=0and D = 0or C = 0and E = 0—and thus, Equation (4) reduces in the form of:

IfC, D, E > 0, then Equation (4) implies that B strictly increases with time ( lim B = oo) ,

CA=exp (A + ) or CA =exp (A + + D> (5)

B B
(t+1) (t+1)

Att=0s,CA = CA® and Equation (5) returns:

https://doi.org/10.3390/polym18080919


https://doi.org/10.3390/polym18080919

Polymers 2026, 18, 919 10 of 26

CA® = exp(A+B) or CA"=exp(A+B+D)= A= ln(CAO> ~B or A= ln(CAO) ~B-D ©6)

By replacing A in Equation (6) in Equation (5), both forms of Equation (5) result in the
common final form of:

—B-t
_ 0,
CA=CA exp<t+1) (7)
Next, the DIPPR EQ101 was also used (for the same reasons) for the expression of B
as a function of [HyO;] and the type of material as:

!/

[H20;]

B =exp (A’ + + C'In([Hy0y)) + D’~([H202])El) 8)
where the parameters A/, B’,C’, D', E’ are material-dependent and [H,O,] is defined by
the concentration of the piranha solution, without excluding the option of water dilution of
piranha. Equation (8) is subjected to an additional condition according to which there is an
optimal piranha solution (C) where contact angle reaches a minimum value at theoretically
infinite etching time. This assumption is valid, since below C etching becomes less effective,
while above C etching starts being aggressive, resulting in uncontrolled etching. Based on
experimental data of Table 3, the lowest contact angle is observed at 1:5 piranha solution,
which is C = 1.62 mol/L. The first derivative of CA by [HyO,] should be equal to zero at
[HyO,] = C.

dCA

d[H,0,] c! ©

[H,0,] = C

Based on Equation (7) and considering the effects of [Hy,O,] through Equation (8),
Equation (9) is transformed into:

0 —Bt t -B" —E/—1

Since all terms of Equation (10) are non-zero except for the last one, these terms must
be equal to zero as follows:

—_ ! / —F!_ — !
j T % +DEC '=0=B =cC+DECT (11)
C

Equation (11) explains that at least one parameter of Equation (8) can be eliminated,
and thus, Equation (8) is finally transformed into:
=E'+1

B =exp (A’ + c-C TH[zéSZ]C +C'-In([Hy0y]) + D’-([Hzoz])E/> (12)

The overall CA model comprises Equations (7) and (12), where the parameters CcA°C,
A’,C’, D' and E’ are material-dependent—with CA® and C being experimentally defined —
while ¢ and [H,O;] constitute the independent variables of the etching process. The CA
model (Equations (7) and (12)) was fitted with R? = 0.9647, yielding parameter estimation
as follows: CY = 86.67, C = 1.62, A’ = 86.30, C' = —38.94, D’ = 552.29, and E' = —1.09.

3.1.2. Surface Concentration

As mentioned in the literature [22,28,29], the contact angle is considered inversely pro-
portional to the surface concentration of hydrophilic groups, as illustrated in Figure 7a. To
model this effect—namely, contact angle approaching a minimum feasible value (CA™™) at
maximum hydrophilic group concentration [OH] —the following model was initially devised:
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— 1. (CA - CAW'”) (13)

[0H]
12 1.3 14 15 16 17 18

Cont. Angle

A -0.088
-0.090
-0.092
~0.094 ..

~0.096 )
-0.098
~0.100
-0.102
-0.104 N

[(;H] -0.106
(@) (b)

Figure 7. (a) Correlation between surface concentration of hydrophilic groups [OH] with contact
angle (CA); (b) fitted data relating [OH] with CA.

y=-0.0343x -0.0456
RZ=0.9998

A[OH)/ACA {x 10°)

When Equation (13) is integrated at boundary conditions (CA = CA® at [OH] = 0),
then Equation (14) is returned, which is next used (Equation (15)) to relate [OH| between
two different states (1 and 2) as a function of the respective contact angles measured in
each state. Equation (15) is powerful since it reveals significant insights regarding [OH].

( CA — CA™in
In| ————
CAO _ CAWZU’I

) = k1:[OH] (14)

CA2_CA™n
(G o
CAlchmin H 1

Equation (15) was used to model contact angle before (state 1) and after (state 2) activa-
tion, while CA™" = 27.82° and CA° = 86.67°. Thus, CA! was used for the contact angle of
the etched substrate and CA? for the activated substrate. Itis assumed that after enough ac-
tivation times (>120 min), an equilibrium is reached by the system. This assumption is also
experimentally observed, since contact angle fluctuations during activation are suppressed
at high processing times, and the contact angle converged. Given the total activation reac-
tion, NiA; +2 COH — CONiOC + 2 HA, where NiA; is nickel acetate, COH are the free
hydroxy/carboxyl groups that adsorb Ni?*, CONiOC reflects the formulation of adsorbed
Ni%* and HA is the hydrogenated acetate group, the equilibrium can be developed as:

v a2
KT — [[products]” a-a (16)

[1[reactants]™ ([NiAs] — a)- ([OH]Z)Z

where [NiA;] is the initial concentration of the activation bath [mol/L]; a is the amount
reacted NiAj; (mol/L); [OH]" and [OH]? are the initial and final surface concentrations of hy-
droxyl groups before and after activation (mol/cm?); and K% is estimated by
AGppet = —RT-In(K*), where AG,,.ct was calculated based on the AGgomp of reaction
components provided by property libraries and the use of group contribution methods.
Provided that [OH]* = [OH]' — 2-a, Equations (15) and (16) are solved toward the
estimation of [OH}l and a. Furthermore, by solving Equations (15) and (16) for differ-
ent activation conditions (e.g., [NiA;] =1, 5 or 10 g/L), different hydroxyl concentrations
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before activation [OH]' can be estimated. This is inconsistent given that [OH]" is a char-
acteristic feature of the etched substrate. However, the different [OH]1 values appear a

2 2
second-order relationship with [OH]l in the form of 2HL — aloln([OH]l) + a2, where

[OH] [oH]"
al = —0.081 and a2 = —0.040 are fitting parameters. This expression is used to correct
2
and align the different [OH ]1 predictions. In the absence of activation, {gﬂl = 1, and,

thus [OH]' = e'it, which returns a single [OH]" value for the etched plastic. Based on

the corrected [OH]', [OH]? can be estimated through Equation (15), and the results are
summarized in Table 4.

Table 4. Experimentally measured contact angle and calculated concentrations of hydrophilic groups
before and after activation. The standard deviation (std) of the experimental data is reported in italics.

Before Activation After Activation
[NiA,] CAl [OH]? (calc) CAZ? [OHI? (calc)
[g/L] [°] [mol/cm?] [°] [mol/cm?]
1 48 (std = 5.3) 1.69 x 10°°
5 38.7 (std =2.4) 2.62 x 107 52 (std =4.2) 1.40 x 10~°
10 54 (std = 5.2) 1.28 x 107°

Given the results of Table 4, the initially considered Equation (13) can be revised, tak-

d[OH]

ing advantage of the linear relationship that was observed in Table 4 for =" as a function

of [OH]. da[lgi] can be computed as discrete differences (AA[(C)E]) of the estimated [OH| and
the experimentally measured CA, resulting in the satisfying linear regression (R? =0.9998)
of Figure 7b and Equation (17). Integration of Equation (17) results in the final valuable
correlation of [OH] with CA, which can be used to approximate the hydrophilic group’s
surface concentration based on the experimentally measured contact angle.

[

—0.03427-[OH] — 0.0000000456 => I1(751,510-[OH] + 1) = —0.03427-(CA — CA?) (17)

3.1.3. Activation Process Models

The purpose of the activation model is to estimate the surface concentration of ad-
sorbed nickel, which plays a crucial role in downstream plating. Given that 2 moles of

hydrophilic groups adsorb 1 mol of Ni?*, the concentration of nucleation sites ((CONiOC))

(loH]'~[oHP)
R o)

can be calculated as [CONiOC| = . Based on the experimental data of Table 4,

1
a non-linear approximation was built for the estimation of {gﬂz as a function of [NiA;]

(Figure 8). The fitted line of Figure 8 should strictly intersect the Y-axis at 1 to ensure
that no activation occurs at [NiA;] =0, and thus, the hydrophilic groups concentration re-
mains unaffected. Equation 18 describes the fitted line of Figure 8, effectively describing
activation performance as a function of activation agent concentration, with an R? value
approaching 1.

(OHP — [OH]!

- 18
0.5524-[NiA,])**! +1 ()

3.1.4. Reduction Process Kinetics

Reduction produces the final anchoring sites (Ni’) between the plastic and the metal
layers, and the defining adhesion of the metallic layer on the plastic substrate was mea-
sured. A reduction kinetic model was developed to address the desired reduction of
Ni?* sites into their metallic state (Equation (19)) as well as undesired side reactions
(Equation (20)), which are expected to either cover nucleation sites or limit the effective-
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ness of redox reactions (e.g., N 2t and BHY), thus inhibiting and limiting nickel reduction.
The formation of affecting by-products can be hypothesized through SEM/EDS analyses re-
sults (Figure 9 and Table 5), where sodium from NaBHj is observed on the reduced surface
and through decreasing coating adhesion at higher NaBH4 concentrations (Table 6). There
are several alternative phenomena that may explain lower adhesion due to the presence
of sodium, like blocking and co-existence with nickel nucleation sites or the formation of
chemical complexes and limiting redox reactions, which can inhibit the formation of Ni’
sites, or even limit chemical bonding of Ni° anchoring sites with the Ni-P layer. Under
these conditions, the balancing of reduction and side reactions is necessary to maximize
adhesion benefits. Reduction of activated samples was tested at 10, 20 and 50 g/L of NaBHy
and at 1, 5 and 10 min of operation. Each reduced sample was plated using the same elec-
troless and electroplating recipes and conditions, and the adhesion of the metallic layer
was measured (in MPa) using the Pull-Off Adhesion Test method (Figure 10).

100% -
90%
= 80% » Experiments
R i i
=] 70% Fitted line
= S
=
S 60%
Tree ".--------.
50% --.-n._...u..--.---l.
40%
0 2 4 ° ’ o
[NiA]

Figure 8. Fitted data relating [OH] before and after activation with [NiA,].

Ni** +2 BH, + 6 H,O — Ni® +2 B(OH), +7 Hy (19)

Ni*T + NaBH, — H, + byproducts (20)

WD Date WD Date
5 pm 5pm
9.90 mm 20241016 11.85 mm 20241017

Mag Mag
9.41 kx 10.0 kx

@) (b)

Figure 9. SEM/EDS analysis of (a) activated ABS sample (before the reduction) and (b) activated and
reduced ABS (right after reduction).
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Table 5. Surface elemental composition before and after activation.
Before Activation After Activation
Element Atomic % Weight % Atomic % Weight %
Carbon 80.6 69.4 73.2 59.2
Nickel 2.7 11.4 3.5 13.9
Oxygen 16.7 19.2 19.6 21.2
Sodium 3.7 5.7
Table 6. Experimental results for different conditions of surface reduction stage.
[NaBHy] Reduction Time Average of Standard Deviation of
[g/L] [min] Adhesion [MPa] Adhesion [MPa]

10 1 2.44 0.54

10 5 8.85 0.88

10 10 6.89 4.29

20 1 1.71 0.46

20 5 1.36 0.17

20 10 2.48 1.19

50 1 1.33 0.29

50 5 1.2 0.14

50 10 1.6 0.36

Adhesion
Gauge

Metallized
plastic
substrate

Substrate

(a) (b)

Figure 10. (a) Ni-Watts electroplated plastic substrate with glued dolly; (b) Mounting of the pull-off
adhesion gauge to measure adhesion.

An evolutionary procedure was followed to build the terms of the reduction kinetic
model of Equation (21). The model features dependencies on both reagents (Ni** and
NaBH,) and addresses competitiveness with undesired reactions (Equation (20)) at high
NaBHjy concentrations. It is noteworthy that [NaBHy] in Equation (21) refers to sodium
borohydride that is consumed by the desired reaction toward nickel reduction.

d([Ni**]) ~ k2-[Ni**]-[NaBHy]
dt 14k3-[NaBH,J?

(21)

In these terms, the kinetic parameters k; and k3 constitute the reaction rate constants
that describe the two different aspects of the reaction mechanism. The parameter k; reflects
the apparent reduction rate and reflects the intrinsic kinetics of the reaction, typically as-
sociated with electron transfer. In contrast, k3 accounts for non-ideal behavior such as
saturation or inhibition effects, related to adsorption phenomena, competition, intermedi-
ate species formation, or surface blocking. As a result, the model deviates from simple
power-law kinetics and resembles a Langmuir type of expression. At low NaBH, concen-
trations, the reaction follows second-order kinetics, while at higher NaBH,4 concentrations,
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undesired phenomena become significant, leading to a reduction of the overall rate and a
reduction of NaBH4 consumed for nickel reduction.

The reduction kinetic model was fitted against adhesion measurements, as an equiv-
alent measure of the reduced nickel concentration ([Ni’]), which is equal to the difference
between the initial and final [Ni*"]. In this scope, the surrogate model of Equation (22)
was devised to relate [Ni’] with the adhesion (AD) property of the plated plastic substrate.
The model was inspired by the Langmuir saturation model and is used to appropriately
describe the convergence of adhesion to a maximum feasible value (AD™"") as surface con-
centration of nucleation sites ([Ni’]) increases, with parameter N controlling how quickly
the system can approach convergence at increasing [Ni’]. The highest adhesion value that
was observed across all experiments (including triplicates) was AD™** = 8.85 MPa.

_ AD""*.N-[Ni’]

AP =" + N-[Ni’] )

The combined model of Equations (21) and (22) was fitted against the experimental
data of Table 6 to minimize the root mean square error. Figure 11 presents the fitting of the
predicted adhesion values versus the experimentally measured values, while the fitting pa-
rameters were estimated at k2 = 141 1t k3 = 1,517,722 1t and N = 7,491,888 &
Moreover, the data processing procedure shown in Figure 12 can be further optionally

implemented to re-map the calculated adhesion values of Figure 11 and improve the accu-
racy of the adhesion model with a more conservative perspective than that of Figure 11 to
avoid overestimations of adhesion that may result in defective coatings that fall below the
expected adhesion specifications.

Adhesion [MPa]

Predicted

O P N W B U O N W
L]
.

Experimental
Figure 11. Experimentally measured and computationally predicted adhesion values.

A logarithmic trendline appears to provide the best fit for the data points in Figure 11;
the trendline is presented in Graph-1 of Figure 12. An inverse function of this correlation
(Transformation-1 of Figure 12) explains the correction of the calculated adhesion values
to meet experimental values. Thus, an updated version of the adhesion model —this is the
function AD’ under Graph-2 of Figure 12—is developed and solved along with the reduc-
tion kinetics (Equation (21)), resulting in the new fitting of Graph-2 of Figure 12. The total
absolute distance of the data points from the y = x line in Graph-2 is 8% smaller than that
of Graph-1; thus, Transformation-1 improved adhesion predictions. Most distant points
from the y = x line could be excluded (e.g., the point excluded in Graph-2) to further im-
prove the total absolute distance. Finally, another transformation (Transformation-2) is
required to restore the ability of the initial adhesion model to converge toward AD"**. For
this purpose, the same modeling concept of Equation (22) is implemented for the updated
adhesion model (AD’), resulting in Equation (23):
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Predicted

Graph-1

Adhesion [MPa]

ORrNWHUON®O
L]

°
y=2.279 In(x) + 1.0212

AD 10212
max / max
ADcorrected _ AD -L-AD _ AD L-e (23)
- /T AD-1.0212
1+L-AD 1+ L-e 2279
where AD is calculated by Equation (22).
Graph-2 Graph-3
Adhesion [MPa] Adhesion [MPa]
y=X 9 9
8 L4 8
: ; R?=0.7476
o o 6
g s g s
g ¢ ° x 3 4 °
a3 e 3
2 o 2 ®
1 Qe ® 1 e
0 0
0 1 2 3 4 - 3 6 7 8 -} 0 1 | . | 4 5 6 4 8 9 0 p ! z 3 4 5 6 7 8 9
Experimental Experimental

Experimental

AD™ . N - [Ni°]
AD

TTIEN- [N

AD™*.N-[Ni°] ,
P (T Transformation-2 o correctea _ AD™*" - L - AD

Ti tion-1 NN S
w AD'=e 2279 \_/ T 1+4+L-AD’

ADCAIE = 2279 . In(AD®P) + 1.0212 Convergence to AD™%*

ADC@c—1,0212
ADEP = ¢ 2.279

Figure 12. Re-mapping model showing predicted adhesion values against the experimentally mea-
sured values.

The final system of Equations (21)—(23) was regressed against the experimental data
of Table 6, resulting in the fitting of Graph- 3 in Figure 12 (R?=0.7476) and estimation of the
model parameters as follows: k2 = 6.67 —'L— and k3 = 51,922,172 -1 Ol
N = 2,308,308, 506”” for Equation (22), and L = 0.104 for Equation (23). The new set of
the predicted adhes10r1 values in Graph-3 of Figure 12 is significantly improved and more

for Equation (21),

conservative compared with the predictions in Figure 11.

3.1.5. Coating Thickness

For the estimation of the thickness of the final coating developed through electroplat-
ing, a growth rate-based model was considered for the electrodeposition of the metallic
layer. The model estimates the actual plated mass (1ass") as a function of the theoretical
mass (mass'"®), defined based on the applied current and the plating time as follows:

mass’™ = mass™. (1 — e~8"") (24)

where g7 is the growth rate constant and ¢ is the plating time. The theoretically maximum

theo — Isnt#, where [ is the

feasible mass that could be deposited is estimated as mass
current density (A/ dm?), S the surface (dm?), Mr the molecular weight of the applied metal
(58.69 g/mol for Ni), n the number of electrons per metal ion (2 for Ni) and F the Faraday
constant (96,485 C/mol).

Equation (24) was transformed as a function of gr = f (massm’l ) and was fitted
against the experimental data of Table 7, resulting in growth rates for different current
densities and operating times. Accordingly, a second-order effect of the current density on
growth rate was observed (Figure 13) and provides good fitting (R? = 0.9815), resulting in

the expression gr = 0.0091-1% + 0.0268-1 + 0.0197. Finally, the thickness (T H) of the electro-
voal masstheo. (1767(0.0091<IZ+OA0268«I+0.0197)«1‘>
plated metallic layer can be estimated by TH = #0%— = 5 ,

where p is the density of the metallic layer (8.9 kg/L for nickel) and S is the surface of

the substrate.
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Table 7. Electroplating experimental results over different current densities and time. The standard
deviation (std) of the experimental data is reported in italics.

Surface g‘:::i?t Average Real Mass Time Theor. Mass Growth Rate
[dm? S Ig] [h] [g] [1/s]
0.3 1.3 0.086 (std = 0.016) 0.5 0.214 2.88 x 1074
0.3 1.4 0.107 (std = 0.005) 2 0.920 1.71 x 107
03 15 0.326 (std = 0.023) 2 0.985 5.58 x 107>
0.3 1.7 0.166 (std = 0.018) 0.5 0.279 5.03 x 1074
0.60
= 0.50
= y=9.125%% - 26.786x + 19.673 &
T 040 R?=0.9815 ’
% 0.30 .
E 0.20
2
i 0.10 )
U.UD ® Tttaniaiia et
1.2 13 1.4 15 16 17

Current [A/dm?]

Figure 13. Fitted data relating electroplating growth rate with applied current densities.

3.2. Optimization Framework

Based on the process and property prediction models of Section 3.1, an optimization
tool was developed to simulate, scale up and optimize the design and operating conditions
of all processing stages of the novel PoP technology. The optimization tool works as a Deci-
sion Support Tool to consult and support end-users for research and deployment (plating
shops) purposes. The mathematical formulation of the DST is presented in Table 8 and of-
fers alternative expressions for the objective function supporting the different user-defined
design needs. Specifically, each objective function was developed as a linear estimator of
cost, environmental, or safety indexes, as well as a combination of all three indexes ex-
pressing a holistic view of Safe and Sustainable by Design (SSbD) performance. The opti-
mization model involves non-linear constraints, and the problem can be solved using NLP
solvers, such as the Generalized Reduced Gradient that was used in this work.

The parameters of the DST in Table 8 were prepared for plating on ABS. The con-
straints of the optimization model include 10 equalities related to process unit operations
and property prediction models, as well as two extra constraints (last row of Table 8) that
embed user-defined adhesion (AD*P*) and thickness (T H*P*°) specifications of the metal
coating. The three user-defined inputs for the execution of the DST include:

1.  The number of items and surface [cm?] per item for processing;

2. The baths’ volume [lt] considering the same volume for all processing steps (etching,
activation, reduction, electroless plating and electroplating); and

3. The adhesion [MPa] and thickness [um] specifications of the plated items.

The outcomes of the DST include the optimal conditions for each processing step as
summarized in Table 9. The upper and lower bounds of process variables are considered
based on the operation boundaries tested in experimental runs to avoid uncertainty due
to extrapolation of conditions.
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Table 8. DST optimization model.

Min obj = f(economic and/or environment and/or safety index)

s.t.

t+1

© CA=CA exp( i)

+ B=exp (A’ - % + C-In([H202]) + D’-([Hzoz])y)

«  [n(480.45:[OH]' +1) = —0.0818-(CA — CA?)

Etching stage —Contact angle and
hydrophilic groups surface concentration

- [OH]? = ___oH]" o .
0.1057-[NiA;]+1 Activation stage —Surface concentration of
. [N2H] = [0H]'-[0H]? formed Ni?* sites
- 2
. [N = [N2H] — K2:[Ni**] [NaBH,] ' Reduction stage —Surface concentration of
o 1-+k3-[NaBH,]* reduction Ni’ nucleation sites
AD-1.0212 AD"%.N.[N{]

corrected __ AD™*.L.e
AD =

1+L-e
1-S-1-58.69 (1

. real _
Mass™™" = 596485

2.279
bt — Where AD =
2.279

—_ g_gr' telectro )

«  gr=0.0093-1%> — 0.0277-1 + 0.0207

real

. __ mass
TH = 155

1+N-[N#°]

Plating stage — Achieved adhesion and
thickness specifications

. AD > ADP¢
. TH = THP*

User-defined specifications — Additional

constraints

Table 9. Optimization variables and generated results of DST.

Variable Name

Optimization Variable

Lower-Upper Bounds of

Model Variables
Etching process
[HZOZ] 1ZX1 ratio of H2022H2504 Xl = [4, 10]
. o Xy parts of HyO per _ ‘
Piranha bath dilution part of piranha X, =10, U]
tetching X3 X3 =[15,120]
Activation process
[NiA] X, g/L of NiA, Xy =11, 10]
Reduction process
[NaBH,] X5 g/L of NaBHy X5 =1, 50]
treduction Xe s X =[1, 300]
Electroless plating
Fixed recipe and conditions
Electroplating
Current (I) X7 Afcm? ** X7 >0
telectro Xsh Xg >0
PoP specifications and goals
Adhesion achieved X9 MPa X9 > adhesion spec
Thickness achieved X710 um X1 = thickness spec
Objective Index

* A large number; ** 18 volts are applied in bath.

Alternative objective functions were formulated to express economic, environmental and

safety impacts or combined insights of all three impacts serving a holistic SSbD approach

driving the optimization of the PoP process design variables. The impacts were identified for

materials and energy flows related to the consumption of (a) H,O, and H»SO; in etching,

(b) NiA; in activation, (c) NaBHy in reduction, and (d) nickel and energy (electricity) in elec-
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troplating. Each individual impact is expressed as a linear approximation of the respective
flow, F] [kg or kWh] —where Set | : j = [H20,, HySO4, NiAjy, NaBHy, Ni, electricity] —and
the unit impact factors (parameter 4;) of the flow j. The materials and energy flows, F;, are
computed by the process and property models involved in the constraints of Table 8. The unit
impact factors 4; related to economic (a]C-OSt), environmental (a]g-””i ), and safety (a;af ‘) were iden-
tified in the literature and public databases or were computationally approximated. Materials
and energy unit costs [€/kg or €/ kWh] can be found in commodities price databases. The nor-
malized and weighted environmental impact scores [mPt/kg or mPt/kWh] were extracted by
public and commercial life cycle inventories (e.g., ecoinvent, simapro). The normalized safety
scores can be computed based on combined scores for human, environmental and physical
hazards found in ECHA or predicted by QSAR models [30]. As a result, four objective func-
tions were developed (Equation (25)) for each optimization problem to minimize cost (Obj**),
environmental (Obj*"""), safety (Obj**/¢) and SSbD (Obj**P) impacts.

Min Obj*" = " aS™"-F; (25a)
i€l

Min Obj™" =Y a§"™"-F; (25b)
i€l

Min Obj*™/* =} a3"*.F, (25¢)
i€l

Min Obj°"P = weost: f(OBJ") + Wepoi+ £ (OBJ™) + Wga e+ £ (Ob*¢) (25d)

where Weost, Weppi, and wy, fe are weights used to adapt the contribution of individual ob-
jectives to the whole SSbD objective.

To incorporate the individual objectives Obj<*, Obj*™ and Obj**/® in the objective
function that estimates the SSbD criterion, a normalization technique was used. It is note-
worthy that solving for “Min ObjSSbD ” will not necessarily simultaneously achieve the
minimum feasible goals for the other objectives (e.g., for cost, environmental and safety).
Moreover, the SSbD objective needs to appropriately match the different scales of the other
three objectives to ensure their comparable contribution. For this purpose, the individual
objectives (cost, environmental and safety) are normalized with respect to the distance of

safe
Jmin
by first solving the individual economic, environmental and safety optimization problems
as shown in Figure 14. Next, the SSbD objective is formulated as the sum of the weighted

normalized individual objectives. In this work, equal weights and contributions of each

their actual and minimum feasible values (Obj;ffrf, Objfn’%i, Ob ), which are estimated

objective were considered, namely Weost = Wepvi = Wsafe = 1/3.

Min Obj¢ost = Z af®st - F; Min Obje™i = Z af™ - F; Min Obj5¥¢ = Z ae . F
J€J j€J Jj€J
Objmin Objmiy' Objsite
3 .cost 5 i , i : .safe
0bjSShd — yycost . 0bjost—0bji0s + wenvi . 0bj™ —0bjri! + wsafe . 0bjse-0bj, 1,
] - Objco,s‘t Objenvi ob .safe
min min Imin

Figure 14. SSbD objective modeling approach.

3.3. Sensitivity Analysis of Key Variables

A sensitivity analysis was performed to address the impacts of the key independent
variables of unit operations on the key output specifications. The selected input variables
include the baths’ concentrations in etching, activation and reduction processing stages
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and the applied current in electroplating. The analysis was performed by separately vary-
ing each input variable and keeping other design conditions constant.

In Figure 15a, high contact angle values were observed at a low piranha solution, in-
dicating an inadequate formation of surface hydrophilic groups and interconnected cavities
due to mild etching conditions. Similarly, high contact angles at high H,O, concentrations
indicate aggressive and uncontrolled etching that entails inadequate surface area, and, thus,
low surface concentrations of hydrophilic groups. Instead, minimum contact angle values
can be achieved around 1.6 mol/L of HyO, in etching solution—equivalent to a 1:5 piranha
solution (HyO,-H»504)—indicating a balanced formation of hydrophilic groups and surface
area that is capable of serving the maximum feasible surface concentrations of potentially
functionalized sites. This is evidenced by Figure 15b,c, where maximum adhesion values are
also observed around a 1:5 piranha solution. Moreover, in Figure 15b, the higher the activa-
tion bath concentration, the higher the observed adhesion values due to more efficient surface
chemisorption of nickel ions. Conversely, in Figure 15c, adhesion is favored by milder reduc-
tion conditions due to undesired side reactions that affect reduction and/or exhibit some kind
of inhibition on nucleation sites. In Figure 15d, higher applied currents and electroplating
times apparently favor electrodeposition, resulting in higher coating thicknesses. Moreover,
the lines’ slopes indicate the higher impact of the electroplating time compared to that of the
applied current in the formation of thicker coatings.
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Figure 15. Sensitivity analysis results of (a) contact angle vs. piranha solution (at t =120 s), (b) adhe-
sion vs. piranha solution at 1, 5 and 10 g/L of NiAj, (c) adhesion vs. piranha solution at 10, 20 and
50 g/L of NaBHy, and (d) coating thickness vs. applied current at 2, 5 and 10 hr of electroplating.

Overall, the sensitivity analysis highlights trends of promising operations toward
high adhesion and thickness goals. These include 1:5 piranha solutions in the etching
bath, 10 g/L of NiA; in the activation bath, 10 g/L of NaBH, in the reduction bath, and
low current implementation (e.g., 0.5 A) for long electroplating processing. Nevertheless,
these trends should not be interpreted as optimal operating conditions, as they are derived
from a one-factor-at-a-time sensitivity analysis that does not capture the combinatorial in-
teractions and effects among process variables and their impacts on sustainability criteria.
The design variables exhibit strong combinatorial influences on the environmental, eco-
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nomic and safety criteria, including materials consumption, energy demand, and process
efficiency. Therefore, these trends are better understood as directional insights governed
by the unit operation and property models, which define the attainable region of the opti-
mization problem. The model equations underlying these trends should be treated as con-
straints of the optimization problem, which is governed by the problem objectives, namely
the individual or combined (SSbD) criteria.

3.4. Desktop Software for PoP Industry

In the course of the FreeMe project [19], a BETA version of the developed DST was
constructed as a desktop software application. The program offers a GUI (Figure 16), and
the optimization problem can be locally run by the user. A user-friendly interface is used
to insert the problem inputs, namely the bath volume, the number and surface of items,
and the adhesion and thickness specifications. The user can simply run the program, and
all variables listed in Table 9 are shown on the screen of the program with respect to each
objective function (economic, environmental, safety and SSbD).

[Inputs Progress...

Microsoft Excel X
Baths Volume [It] 150
Number of Items e 100% Complete Run completed
Surface per tem [cm2] 150
Adhession spec [MPa] [2s _“
e T — —
|0utpurs table

User-Defned Volume

Economic Environment
(1 part H202:X parts H2504) - X= 6,05 6,71
(¥ parts H20 :1 part H202:H2504) - Y= 0,43 0,35 0,25 0,41
Exching time [sec] 77,98 15,00 15,00 17,61
[NA] [gr/iE] 10,00 9,82 10,00 10,00
[NaBH4] [or/it] 10,00 10,00 10,00 10,00
Reduction time [sec] 300,00 300,00 300,00 300,00
Electro - Ampere [A] 1,70 2,84 3,06 1,73
Electro - Time [hr) 10,00 5,97 5,54
Bath Volume [it] 150,00 150,00 150,00 150,00
Number of kems 6,00 6,00 6,00 6,
Surface per Item [cm2] 150,00 150,00 150,00 150,00
Adhession achieved [Mpa] 2,50 2,50 2,50 2,50
Thikness achieved [um] 25,00 25,00 25,00 25,00
Completion Optimal Optimal Optimal Optimal
Objective 0,04 0,02 0,07

Run Close |

Figure 16. User-friendly interface of DST including user-defined input cells, monitoring of optimiza-
tion results and DST completion signals.

3.5. Case Study

The beta DST version was demonstrated on a case study that reflects typical requests
of the PoP industry, including bath volumes of 300 L, plating of a small set of 6 ABS plastic
items of 150 cm? each and specification goals of 2.5 MPa for adhesion and 25 pum for the
thickness of the copper coating. Accordingly, the molecular weight and the density of
copper were updated in equations estimating the mass and thickness of the coating.

Upon repeating the implementation and solving of the optimization model, a long
plateau of alternative optimal solutions was identified. This phenomenon appears for all
four objectives and is due to trade-offs that appear among the process variables of all the
processing steps (etching, activation, reduction and plating). For example, if it is decided to
consume more piranha in the etching step, thereby achieving higher surface concentrations
of hydrophilic groups, then this effort can be offset by milder activation steps, achieving
the same number of nucleation sites in the end. This is also justified by the results of two
different runs (Runl and Run2) in Table 10.

In Run2, the use of a different piranha concentration from Runl returns a 10% lower
contact angle than Run1, which is equivalent to a 21% higher surface concentration of hy-
droxyl groups ([OH]') for Run2. In this scope, the model decreases by 32% the applied
[NiA;] in Run2 compared with that of Runl to reach the same number of functionalized
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sites ([Ni%*]) and to ensure the same adhesion specification of 2.5 MPa in both cases. The
extent of such trade-offs among alternative solutions that serve the same specification out-
puts is driven by the applied objective function each time and explains how much each
variable can be favored at the cost of another variable toward minimization of an objec-
tive. This phenomenon enables plating shops to set up the new PoP process considering
a wide operating window of alternative solutions. The ability to tune the processing steps
in different ways while achieving the same adhesion and specification targets at optimal
performance offers valuable flexibility for practitioners, allowing them to adapt operations
to the specific everyday plan, bath specifications and supplies.

Table 10. Comparative analysis of process optimization results.

Process Variable Runl Run2 Trade-Offs (ﬁﬁﬁ —100%)
H,0,:H;S0O4 (Piranha) [v/v] 1:8.3 1:5.4
Piranha:Water [v/v] 1:0.1 1:.0.7

Etching time [s] 15 15

Contact angle (°) 43.1 38.6 —10%
[OH]! [mol/cm?] 459 x 107 558 x 107° +21%
[NiAs] [g/L] 10.0 6.8 —32%
[Ni%*] [mol/cm?] 1.26 x 107¢ 126 x 10°°

[NaBH,] [g/L] 10.0 10.0

Reduction time [s] 300 300

[Ni’] [mol/cm?] 1.8x10710 18 x10°10

Adhesion [MPa] 2.50 2.50 0%
Objective (economic) 4 %1072 4 %1072 0%

To better understand tuning flexibility across a range of feasible alternative solutions,
the DST was used to generate a set of 10 indicative solutions. It is noteworthy that all
runs achieved optimality of the objectives, satisfying the desired constraints. This verifies
the fact that the requested design is feasible within the allowed lower-upper bounds of
process variables considered in the model. Moreover, this verifies the capacity of the al-
gorithm to overcome bottlenecks, like non-linear programming initialization and solving,
as well as calculation and runtime errors. Table 11 summarizes the average values of the
independent process design variables observed among the 10 solutions, along with their
operating ranges ([min value, max value]), within which the operators can adapt their de-
sign procedure. Different values within the resulting operating ranges (Table 11) should
be appropriately selected to ensure satisfaction of all constraints and optimal performance.
It is also normal that different average values and ranges are observed in Table 11 with
respect to each criterion (economic, environmental, safety and SSbD) due to the different
effects of each process variable on each objective. These effects are determined by the in-
dicators (a;”St, a]‘:’"”i, a;af ‘) and weights (Weost, Wenvi, Wsafe) used in each objective function
in Equations (25a)—(25d).

Table 11. Average values (in italics) and operating ranges (in brackets) of selected solutions for a set
of 10 runs.

Objective Economic Environmental Safety SSbD
. . 1:6.1 1.7.3 1:6.7 1:6.8
H;0,:H,50, (Piranha) [o/0] [1:4.0, 1:9.4] [1:4.0, 1:9.8] [1:4.3, 1:9.1] [1:4.0, 1:9.0]
. . 1:0.3 1:0.2 1:0.2 1:0.1
Piranha:Water [0/0] [1:0.0, 1:0.8] [1:0.0, 1:0.5] [1:0.0, 1:0.6] [1:0.0, 1:0.3]

https://doi.org/10.3390/polym18080919


https://doi.org/10.3390/polym18080919

Polymers 2026, 18, 919 23 of 26
Table 11. Cont.
Objective Economic Environmental Safety SSbD
o 65 84 40 37
Etching time [s] [15, 116] [18, 120] [15, 98] [15, 94]
. 7.5 8.1 9.2 9.6
[NiAa] [g/L] [5.9, 10.0] [6.0, 10.0] [6.2, 10.0] [6.0, 10.0]
10.0 10.4 10.0 10.0
[NaBH,] [g/L] [10.0, 10.0] [10.0, 12.3] [10.0, 10.0] [10.0, 10.0]
Reduction time [s] 300 300 300 300
[300, 300] [300, 300] [300, 300] [300, 300]
2.21 2.11 2.50 1.98
Current [A] [1.70, 3.06] [1.70, 3.06] [1.70, 3.06] [1.70, 3.06]
o 8.03 8.47 7.28 9.02
Electroplating time [h] [5.54, 10.00] [5.54, 10.00] [5.54, 10.00] [5.54, 10.00]
Adhesion [MPa] 2.5 2.5 2.5 2.5
Thickness [um] 25.0 25.0 25.0 25.0

4. Discussion

This work provides a new and comprehensive modeling approach to model, simulate
and optimize all processing steps of an emerging Cr® -free and Pd-free PoP technology. The
technology replaces Cr®" solutions with piranha solutions for etching plastics, while Pd/Sn
colloid is replaced with nickel salts and NaBHj for activation and reduction purposes.

The new PoP technology was developed in the course of the FreeMe project consider-
ing demonstration components widely used in home appliances and the automotive indus-
try. Metal-plated ABS is used in door frames, handles and the buttons of washing machines,
providing enhanced corrosion resistance, improvement of external appearance and insula-
tion against electricity and heat. Similarly, several interior and exterior car components (e.g.,
instrument frames, steering wheel trim, door handles, logos, and emblems) are made from
plated ABS because of its light weight, wear resistance, and aesthetic appeal. Accordingly,
an average, but still conservative, minimum adhesion specification of 2.5 MPa was horizon-
tally considered for all applications, and the experimental and modeling results justified the
capability of the new technology to be adopted by the involved industries.

The minimum contact angle of 28° was achieved by etching with 1:5 HyO,-HpSO4
piranha solutions and at relatively low etching times (only 2 min), while the highest ad-
hesion observed was at 8.85 MPa (with an average of >3 MPa), when operating at selected
conditions (1:5 HpO,-H»5Oy4 in etching, 10 g/L of NiA; in activation and 10 g/L in reduc-
tion). Comparatively, etching of ABS with MnO,-H,SO4 colloid for 20 min reached con-
tact angle values of 38° [8], while etching with KMnO; for 20 min decreased the contact
angle to 40.51°, reaching an adhesion value of 2.73 MPa [7]. Similarly, promising etching
performance was observed by MnO,-H3PO,-HSO; colloid, achieving a minimum contact
angle of 29.6° (at 10 min etching) and adhesion up to 1.33 kN/m, while the typical adhesion
achieved by Cr®* solutions is 1.42 kN/m [11].

5. Conclusions
The models developed in this work include:

. A new data-driven contact angle prediction model as a function of piranha solution
and etching time, serving as an equivalent of an etching kinetic model;

* A new data-driven modeling approach that relates surface concentration of hy-
drophilic groups with contact angle;
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. A new regression model to estimate the extent of activation as a function of applied
nickel salts concentration;

= A new reduction kinetics model based on state-of-the-art principles;

* A new regression adhesion prediction model as a function of surface concentration
of reduced nickel sites; and

= A coating thickness estimation model based on state-of-the-art principles.

A contact angle property prediction model is proposed to embed the complex reac-
tion mechanisms of ABS polymer oxidation as a function of the oxidizer concentration
and the etching time in a simplified and adaptable formulation. The modeling approach
is expected to offer an improved fitting performance for different polymers that follow
similar etching mechanisms (e.g., PC-ABS or similar resins). Regarding the ABS tested,
a wide range of operating conditions was experimentally investigated, enabling process
optimization within that range. Operating conditions outside the tested piranha concen-
tration range (1:4-1:10 HyO,:H»SO4) are expected to perform either uncontrolled or weak
etching, resulting in poor surface properties. When the model needs to be extrapolated
to other conditions and polymers, then three simple experimental data— piranha concen-
tration, etching time and contact angle—can be fitted for model calibration. The correla-
tion between contact angle and surface concentration of hydroxyl groups considers surface
morphologies with micro-/nano-cavities and contact angles driven by the hydrophilicity of
such groups, while minor contributions are expected by other chemical groups. The nickel
chemisorption model for the activation stage offers an improved fitting performance fol-
lowing a Langmuir-like formulation. The reduction kinetics model was iteratively devel-
oped by fitting it across the range of tested concentrations, allowing it to capture the differ-
ent responses of the reaction system; for example, conditions under which the desired or
competing side reactions are favored at low or high NaBH,4 concentrations. The adhesion
model embeds strengths originating from chemical bonding between nickel elements used
as anchoring points and for the first electroless layer (Ni-P), as well as additional contribu-
tions of mechanical interlocking due to surface morphology. The model offers predictions
within weak (<1 MPa) and stronger (up to 8 MPa) adhesion values; however, high reliabil-
ity predictions are centered around modest predictions, e.g., in the range of 2-4 MPa. The
thickness modeling concept follows typical electroplating principles, including theoretical
mass and time- and current-dependent growth rates that can be easily adapted to nickel,
copper, or other metals used. All models were developed and tested based on experiments
that serve a wide range of operating conditions for each processing stage, where optimal
conditions are expected and identified. This is justified by the optimal solutions proposed
by the DST, which lie within the upper and lower boundaries (Table 11).

All models were constructed as a DST for local use (on a desktop) through a user-
friendly interface to assist plating shops and researchers in experimentation, analysis, and
optimization of technology variables. The model also supports different economic, envi-
ronmental, safety and SSbD objectives and revealed important insights about setting up
the PoP process across a flexible window of tunings, ensuring user-defined specifications
for adhesion and thickness. The solving procedure per optimization problem could be
solved in less than 1 s, or a few seconds for more demanding cases, e.g., for very high
adhesion specifications. In this scope, the DST could be incorporated and interconnected
with ICT and control systems for real-time monitoring, optimization and decision-making,
supporting and enhancing Industry 4.0 applications toward SSbD manufacturing.
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Abbreviations

The following abbreviations are used in this manuscript:

PoP Plating on Plastics

SSbD Safe and Sustainable by Design

ABS acrylonitrile-butadiene-styrene

DST Decision Support Tool

NiA, nickel acetate

CA contact angle

CAY; CAl; cAmin contact angle of untreated polymer; at state 1; and minimum observed
AD; AD™Mmax adhesion; and maximum observed

TH thickness

gr growth rate of the electroplating process
t time

calc calculated

I current

S surface

MW molecular weight

n number of electrons

F Faraday constant

set of considered flows affecting the objective function (including
elements j)
Objst; Obje"vi; Objsafe  objective function estimating cost; environmental; and safety indexes
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