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ABSTRACT

This paper examines the history of curing methods of Printed Circuit Boards (PCBs),
especially, the thermal-based curing method with its different curing process techniques.
In addition, highlighting its importance, hence, an incomplete curing process can lead
to delamination, cracking, or other failures, which render the PCB useless. Moreover,
various techniques used in the thermal-based curing method with their advantages will
be explained. Also, the limitations of each technique will be demonstrated, such as, long
curing times, uneven temperature distribution, high energy consumption, and absence of
the knowledge-base of different PCBs, like board volume, heating capacity, and elec-
tronic elements. Furthermore, factors that affect the thermal-based curing method like
type of material used, humidity, temperature, and time duration will be presented. So,
each factor must be carefully controlled to ensure that the curing process is effective and
consistent. In addition, a new innovative thermal-based curing approach will be intro-
duced to overcome these limitations by using Artificial Intelligence (Al) techniques for
the indirect prediction of temperature on PCBs. The proposed approach involves the use
of new proper control based on Al technique to obtain an advanced control technique to
control the heating process of PCBs during the curing process. This new approach will
be developed during an ongoing research and development project.

INTRODUCTION

The curing process has become an integral part of PCBs (Printed Circuit Boards)
manufacturing, ensuring that the PCB material is properly cured, resulting in high-
quality, reliable, and long-lasting products. The process has evolved over time, with
various techniques developed and refined to meet the ever-increasing demands of the
electronics industry.
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The curing process in PCB manufacturing is the process of polymerizing (harden-
ing) various materials using a heat source [1]. It has evolved significantly over time to
meet the changing needs of the electronics industry. In the early days of PCB manu-
facturing, the curing process was not well-defined in terms of its steps, temperatures,
and techniques. Manufacturers used various techniques, such as air drying or baking
the PCB material, to harden the epoxy or resin. These methods were often inconsistent
and unreliable, and the resulting PCBs were not very durable [1]]. In the 1960s, thermal
curing was introduced as a more reliable and consistent method of curing PCBs, when
epoxy resins were first used as the substrate material [2]. This involved heating the PCB
material to a specific temperature for a set duration of time in a controlled oven [1] [3].
In the following decades, advancements in technology led to the development of new
curing techniques. For example, ultraviolet (UV) curing was introduced in the 1980s,
which involved using UV light to cure the epoxy or resin on PCBs [4]]. Over time, the
curing process has become a critical step in PCB manufacturing for several reasons.
These reasons will be mentioned later. The curing process has come a long way since its
early days, and it continues to evolve as new materials and technologies are developed.
Ongoing research and development are needed to improve the curing process and meet
the ever-increasing demands of the electronics industry.

The curing process is a critical step in the manufacturing of PCBs, and it is very
important for several reasons. The first of these reasons is the increasing complexity of
PCBs. As PCBs have become more complex, with more layers and smaller components,
it has become increasingly important to ensure that the epoxy or resin used in the PCB
material is fully cured. Second, higher reliability requirements; many applications that
use PCBs require high reliability and long lifetime, such as aerospace, medical, and mil-
itary applications [S]] [|6] [7]. Third, industry standards and regulations; the electronics
industry is heavily regulated, and PCB manufacturers must meet a variety of industry
standards and regulations, such as the RoHS (Restriction of Hazardous Substances) di-
rective [5]. Fourth, cost-effectiveness; proper curing can help reduce manufacturing
costs in the long run by increasing lifespan of PCBs, which reduces the need for repairs
or replacements. This can be particularly very important for high-volume manufactur-
ing applications. Fifth, ensuring mechanical and electrical properties, the curing process
is necessary to ensure that the epoxy or resin used in the PCB material is fully cured
and provides the necessary mechanical and electrical properties for the finished prod-
uct. Here, the curing affects the mechanical properties of the PCB material by creating
cross-links between the resin molecules. These cross-links provide strength and stability
to the material, and increase adhesion between the layers of the PCB material, making
it more resistant to cracking, delamination, and other forms of mechanical stress [8].
On the other hand, the electrical properties of the PCB material are also affected by the
curing process. The cured resin creates a continuous insulating layer between the con-
ductive traces on the board, which prevents unintended electrical connections or short
circuits [5]] [9]. Additionally, curing can improve the dielectric constant and loss tan-
gent of the PCB material, which affects the signal integrity and performance of the
board [[10]. Overall, proper curing ensures that the PCB is reliable, durable, and per-
forms as expected, while inadequate curing can lead to poor performance or even failure
over time.

The focus of this work is about the curing process of PCBs for coating and dispens-
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ing applications, and also its thermal method techniques, where the thermal method is
the most commonly used in PCB manufacturing. This process and techniques will be
briefly explained, including; examining the history of the curing process, highlighting its
importance, factors affecting the thermal method, and illustrating the principle, as well
as, the advantages, and the limitations of each thermal-based technique. As a result, a
new innovative thermal-based curing technique will be introduced.

STATE-OF-THE-ART OF THERMAL-BASED CURING TECHNIQUES

The thermal-based method is the most commonly used in the curing process, which
involves heating the PCB material to a specific temperature for a set period of time. This
process activates the chemical reaction that causes the epoxy, resin, or coating material
to harden, which forms a strong and stable material. The temperature and duration of
the heating cycle depend on the PCB curing material being used. In this section, a brief
overview at how international leading state-of-the-art competitor ovens deal with the
PCBs curing process, with indication of characteristic technical data.

Inline Thermal-based Horizontal Curing Oven

This type of oven is the most traditional model used for PCB curing processes. Here,
PCBs are fed into the curing oven one by one, after the main process (Coating, Dispens-
ing, etc.) (Figure(l) [11]. Therefore, a bottleneck could be raised in the whole production
line, since the curing process generally takes more time than the main process. Specif-
ically, it is essential to either decrease the productivity of the main process machine
and synchronize it with the curing process speed, or expand the capacity of the curing
oven to prevent any congestion between the two machines. Furthermore, manufacturers
face the option of accepting reduced productivity or making additional investments to
accommodate a correspondingly larger oven with the necessary installation space.

Inline Thermal-based Vertical Curing Oven

This type of curing oven is relatively new compared to the previous oven. It is a
continuous oven in vertical format, also placed after the main process machine. A hor-
izontal conveyor transports the coated PCBs into the oven. Afterward, the PCBs are
conveyed from a horizontal line onto rails inside the oven [[12]]. Hence, the PCBs are
cured in upward and upward-downward flow (Figure [2). The oven has significant ad-
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vantages compared to traditional horizontal ovens, such as, compact structure, which
requires shorter length, higher productivity of related production lines, and lower energy
consumption. Distinctly, a vertical inline curing oven improves the overall efficiency of
production.

Magazine-based Curing Oven

This type of oven represents the most modern type of curing oven. Here, the PCBs
are buffered in a magazine, where the entire magazine is inserted into the oven (Figure
[)), then it moves to the exit at a constant speed through the heating chambers over a chain
conveyor. The oven has many major advantages, such as, suitability, and high throughput
for mass production lines, reduction of energy consumption, and short length required
for installation [[13]].
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Figure 5. Condition monitoring of curing process temperature profile

AFFECTING FACTORS OF THE THERMAL-BASED CURING PROCESS

There are several factors that can affect the curing process of PCB manufacturing.
The first factor is material type; the type of PCB substrate material used, and the elec-
tronic components on the PCB can have a significant impact on the curing process, as
different materials require different curing temperatures and times. Second, the temper-
ature used during the curing process is critical, where too low temperature can lead to
an incomplete curing due to the poor heating of the PCB substrate as shown in figure
M| (middle). While too high temperatures can cause degradation or even burning of the
PCB materials, and components, or delamination of PCB layers as illustrated in figure
|§| (left) [14]]. The temperature must be carefully monitored and controlled to achieve
the desired results. Third, the time duration of the curing process is also crucial. Here,
too short heating time can result in incomplete curing, while too long heating time can
cause degradation or over-curing of the PCB material, as well, can lead to damaging
electronic components. The time must be carefully optimized to achieve the desired
results. Last, the humidity level in the curing environment can also affect the curing
process, since high humidity can slow down the curing process and leading to change
the physical and/or chemical transformations of the material [[15]. Each of these factors
must be carefully monitored, controlled, and optimized to ensure that the curing process
is effective and consistent, resulting in a high-quality PCB products.
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INTRODUCTION OF NEW INNOVATIVE THERMAL CURING TECHNIQUE

Although each of the previous systems has many good aspects, there is an insist
need for a new system that provides additional advanced features, especially for (high
mix - low volume) production. Such as, decoupling the main process from the curing
process, where the main process continue working despite any malfunction could oc-
cur in the curing oven. In addition, temperature traceability is required of individual
PCBs for quality control. Also, reduce energy consumption, which is a critical factor
in manufacturing. Moreover, less parameters tuning is necessary to reduce the need of
tuning experience, which can lead to decrease the preparation time of curing process
for different PCB products. Furthermore, short length of structure is desirable to reduce
installation occupied area. Last, suitability for production of many different products
with low quantity of each product (high mix - low volume), and production of a few
different products with high quantity of each product (low mix - high volume). Due to
these insist features and the factors that affect the curing process, a brief description will
be introduced in this section of the development of a modern innovative thermal-based
curing oven called modular magazine convection oven.

The new oven consists of a PCB-magazine, associated conveyor, heating elements,
shutters, and a control unit as shown in figure [l Here, after the main process, a set
of PCBs will be stacked in a magazine. After a while, the charged magazine will be
driven into the curing chamber in order to cure the set of PCBs simultaneously. The
curing is a convection process, in which the PCBs are cured using hot-air circulation
through heating element units. A specific temperature profile during the curing process
should be ensured for each PCB in the magazine, as illustrated in figure[5} Therefore, an
online temperature measurement should be realized. Since it is not possible to perform
a direct temperature measurement of the individual PCBs, a machine learning (ML)
system in terms of regression task, as temperature prediction tool will be used to obtain
online prediction of temperatures of the individual PCBs. As well, this tool should give
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precise temperature profiling in order to avoid the curing faults that can occur due to
overheating. These obtained temperatures will be fed to an advanced control system in
order to control the thermal flow within the heating chamber. The suggested Al-based
temperature prediction tool will be trained by using the signal-based model simulation
of the modular magazine convection oven.

The signal-based model simulation will use the temperature, which will be measured
on different products of PCBs and the heating chamber environment under different
situations, including the temperature of input and output of heated air flow with all oven
parameters. Since the oven system is a complex and non-linear plant due to the dynamics
of the temperature, and due to the need for tuning experience and difficulty in achieving
a mathematical model, an advanced control system using a neuro-fuzzy controller will
be used. This provides a chance to solve tuning issues and the complexity of complex
logic designs [16].

The placement of sensors in various locations inside the oven, as well as at the points
where hot air enters and exits (Figure[7), aims to determine the amount of heat absorbed
by both the oven walls and the PCBs. Theoretically, the temperature of the output air
flow will be a certain amount lower than the input air flow. This lost heat is gained by the
PCBs and the walls of the oven, assuming minimal heat leakage. Therefore, a relation-
ship can be established between the PCBs temperature and the different sensor readings.
This relationship can be determined using a signal-based model with an appropriate pre-
diction method without the need for complex mathematical model derivation.

This oven technology offers many economical aspects. First, enhancing the curing
result because of its advanced control system. Second, productivity aspects, where it
provides an acceleration of the curing process by avoidance of unnecessary time delay.
Third, geometrical aspects. Due to its compact size, the overall system requires less oc-
cupied space for installation. Fourth, energy aspects. Here, more efficient use of energy
is achieved by separating the heating chambers with shutters, which prevent the heating
from flowing outside to other chambers. In addition, the use of the advanced control
system gives more accurate heat control to achieve the target temperatures. Fifth, scala-
bility aspects. Due to the modular architectural design of the oven, which is divided into
two main elements (heating chamber, shutter), the installation could be established as
much as required, where the smallest size of the oven contains one heating chamber and



two shutters. Hence, the elements can be combined based on the customer requirement,
or production volume. This gives the system the ability to be used in the production
of (high mix - low volume), and in the production of (low mix - high volume). Last,
decoupling of the main process from the curing process. Here, there is no need to wait
until the curing process is finished to complete the job of the main process, where the
PCBs are stacked in the magazine after the main process.
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