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1. Introduction 

Since the 60s, electronic devices developed rapidly, especially when solid-state electronics were 

invented. In the 21st century, the electronic system has since become the essential element in most 

modern electronic equipment. Nowadays, electronics are used in vital technologies such as 

information processing, telecommunication, and signal processing [1]. 

The revolution of electronic manufacturing technologies urges many manufacturing companies to 

investigate and follow this technology's evaluation. The driving force behind electronics 

manufacturing is the semiconductor industry sector, which has annual sales of over $481 billion 

(2018) [2, 3]. Because of that, many factories raced to increase the quality, and at the same time, 

increase the quantity of the products. This huge concurrence opened the door front for the scientist 

and the researcher to investigate new electronics manufacturing technologies in different sectors 

and approaches.  

I have focused in my dissertation on the reflow soldering part of the surface mounting technology 

using the Vapour Phase Soldering (VPS) and applying a novel pressure-sensor based method to 

control and observe the critical manufacturing step of soldering. 

The Vapour Phase Soldering technology is an alternative and often recommended method for 

printed circuit board assemblies (PCBAs) in surface mounting technology. Despite its recent fame, 

VPS requires some improvements in the understanding of heat transfer mechanisms and the 

behaviour of the heat transfer medium to increase the performance of the productivity and quality-

reliability aspects of the products. This research aims to tackle these points to develop a deeper 

understanding of the working process of the VPS and improve upon its many points – with the 

help of applied sensors. Sensor application is gaining more and more attention lately, as it is one 

driving force behind the automatization and digitization of the Industry 4.0 directives [4]. 

1.1. About Surface Mounting in Electronics  

Electrical components are generally mounted in two methods, Through-Hole Mounting (THM) 

and Surface Mounting. The through-hole mounting was the standard practice method until the rise 

of surface mounting technology in the 80s. The THM is based on placing the component leads into 

drilled holes on a Printed Wiring Board (PWB) or Printed Circuit Board (PCB). (The term is more 

or less the same, with more common use of “PCB” in the terminology). The time-consuming 
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process, high cost of the drilled holes and their large surface requirements is the main obstacle 

against the modern use of THM technology; also the large components make miniaturization and 

the increase of component/function density more difficult. 

Furthermore, the limits of the routing area are more emphasized on the boards because of the 

drilled holes, which should cross the whole PCB's layers and take up lots of valuable space on and 

inside a PCB structure. On the other hand, SMT has become increasingly popular since the 1980s. 

Nowadays, almost all electronic equipment is manufactured using SMT (Figure 1) with particular 

applications of TH devices (e.g. connectors). The electronic manufacturing industry mainly uses 

the SMT process to provide high soldering quality for the small components. Much higher 

component density can be achieved; also, the ability of dual side placement of the components on 

the board is possible [6]. 

 

Fig 1. Surface-mount technology on printed circuit board assemblies [6] 

Generally, the printed circuit board has flat, plated copper footprints called solder pads. The 

material of the soldering - “solder paste” -  is mixed by small solder particles and flux (50-50 vol%; 

90-10 wt%) as a cleaning agent for removing the oxidation from the solder paste and enabling 

better wetting. During production, the PCB is loaded onto a conveyor belt, and it is moved to the 

stencil printing process for depositing the solder paste. The PCB proceeds to surface mount 

component placement (by automated pick-and-place or collect-and-place machines) to position 

the surface mount devices onto the deposited solder paste. Then the PCB is conveyed into the 

reflow soldering apparatus, which is usually a reflow oven. The temperature of the board and the 

components are increasing, with slight differences related to the thermal capacities of the 
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assembly. When the temperature reaches the melting point, the solder particles melt inside the 

solder paste that will join the component leads with the pads on the printed circuit board. The 

reflow process may be repeated if the PCB is double-sided, using either solder paste or glue to 

attach the components to the board. Specific manufacturing steps require cleaning the PCB from 

the solder flux traces after the reflowing [7]. 

Overall, the surface mount technology provides much higher efficiency, fast progress, and low 

cost. However, some components and thermal considerations require TH technology, which still 

keeps TH components relevant. The so-called Pin-in-paste technology can be used to apply TH 

components in standard SM processes [8]. 

1.2. Reflow soldering 

Reflow soldering is an essential phase in the part of the SMT process. In order to melt the solder 

paste, the applied heating should be controlled to reach the melting point of the solder paste. Each 

type of solder paste has a different melting point depending on its alloy. For instance, the standard 

lead-free solder used in electronics manufacturing is the SAC305 (96,5Sn/3Ag/0,5Cu) with a 

melting point of 217 °C; the generally used, but nowadays obsolete leaded alloy (63Sn/37Pb) [9] 

has a melting point of 182 °C [10].  

The heating phase of the reflow soldering can be accomplished with three possible methods. The 

first is infrared soldering, where there are two basic types of IR reflow systems: near wave length 

IR and medium wave length IR systems. Both of them are based on IR lamp emission and IR 

energy facing a target; some of this radiation gets absorbed, some can be reflected, and the rest 

transmitted through the target. This method faced many criticisms, such as the uneven heating and 

complicated profile setting due to the different surfaces with different absorption. The second 

reflow heat transfer method is the forced-convection. It is mainly characterized by the heat transfer 

coefficient, based on controlled heated gas inside the oven by using nozzles [11]. The third method 

is the Vapour phase soldering. It is a soldering method with filmwise condensation based heating. 

The heat transfer can happen when a cold PCB is immersed in an oven, which holds saturated 

vapours of a heat transfer medium. The functionality and steps of the vapour phase soldering are 

discussed in the next chapter [12]. 
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The thermal profile is the rate in the temperature function measured on the assembly over time in 

soldering. The thermal profile is suited for each solder paste type in SM technology. There are two 

main kinds of solder profile, Ramp to Spike (RTS), which is linear starting from the first point of 

the process and goes directly to the peak with a more considerable temperature changing at the 

cooling segment. The second type of thermal profile is the Ramp-Soak-Spike (RSS) and may be 

used with no-clean fluxes. RSS profile eliminates or reduces a large ΔT over the board surface. It 

is divided into 4 phases. “Ramp to soak” is the change of temperature over time. “Soak” is the 

thermal equilibration phase between the components and the PCB, also activating the flux, which 

starts to evaporate in this stage. “Peak” is a different ramp segment to the peak where the solder 

paste reaches the melting point. Usually, the good profile reaches temperatures up to 30 °C higher 

than the melting point, ensuring all solder material melting on the board. And the last part of the 

RSS is the cooling phase [13] (see Figure 2).  

 

Fig 2. Ramp-Soak-Spike (RSS) and Ramp-to-Spike (RTS) profiles 

The modern software and hardware implementation based on sensors in future applications could 

gather data from production and optimize the profile automatically. Improvement can also come 

from digital simulation, which minimizes the time needed to establish optimal parameters for the 

process. [14] 
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2. Vapour Phase Soldering – the basics 

2.1. History and foundation 

In 1974, the procedure of the vapour phase soldering was invented by Pfahl [15]. In the early 

eighties, vapour phase soldering technology was widely used in electrical manufacturing because 

of the excellent heat transfer capabilities and the much appropriate soldering technology for the 

SMT boards. In the scale of small and medium enterprises, many electrical manufacturers relied 

on the vapour phase soldering (VPS) method due to its quality factors. The manufacturing 

companies later stopped using the technique because of the vast amounts of the heat transfer liquids 

consumed by the VPS oven and their harmful nature, which is critical to the environment. The 

chemical components used in the process contained chlorofluorocarbons (CFCs) which is a toxic 

component. The vapour phase becomes limited to the large and heavy mass boards with a mix of 

different components with large thermal masses [16]. 

Nowadays, Galden fluids are based on perfluoropolyether (PFPEs), free of CFC's or other harmful 

ingredients; this caused a re-emergence of the vapour phase soldering method in the last decades. 

The main properties of Galden are safety (non-flammable), non-toxicity (it is also used in some 

medical treatment and cosmetics products), it has good electric insulation characters, high vapour 

density and good heat transfer performance for temperature lower than 400°C (see Table 1) [17]. 

The Galden PFPE is considered an adequate heat-transfer fluid used in temperature management 

in different high-tech applications, such as semiconductor production. The fluid types of Galden 

were evaluated to reach the increasingly demanding needs of the industry, where the material 

resists oxidation and serious thermal degradation. It has compatibility with various materials such 

as elastomers, metals, plastics and ceramics. It doesn’t have hydrogen in the molecular structure 

and has low water absorption properties [18]. 

Galden has multiple applications such as in Vapour Phase Soldering/Heating (LS – HS grades) 

[19], general heat transfer (Galden HT PFPE fluids) [20], electrical production equipments, 

semiconductor testing, thermal Shock testing (to calculate the resistance of the electronic devices 

MIL STD883 or MIL STD202), Hermetic Seal testing (Gross Leak Test Conforming MIL STD 

883, MIL STD 750 and MIL STD 202) [21], electronic reliability testing (D grades), fuel cells, 



 

9 

 

acid spill mitigation, and solar applications (SV grades) [22, 23]. The storage of Galden is 

performed in plastic canisters shown in Figure 3. 

 

Fig 3. Storage of Galden LS230 (Image by Solvay Solexis) 

The molecular formula of the Galden is under the form of [CF(CF3)CF2O]x(CF2O)y, where x 

and y denote the number of the chain links in the final composition (practically the length of the 

ether chain), where the exact x, y ratio is handled by the manufacturer (Solvay) (see Figure 4) 

[19].  

 

Fig 4. 3D Model of the Galden molecule 

Tab 1. The main physical parameters of Galden HT170 in its fluid and vapour state. 

 Specific 

thermal cond. 

[W/(m·K)] 

Specific 

heat 

capacity 

[J/(kg·K)] 

Latent heat 

(fluid-

vapor) 

[J/kg] 

Density 

[kg/m3] 

Thermal 

exp. coeff. 

[m3/(m3·K)] 

Mass 

diffusivity 

(air) 

[cm2/s] 

Galden vap. 0.065 973 NA 20 NA 0.35 

Galden fluid  0.065 973 63000 1820 0.1 NA 
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Summing up, Galden enabled safer work with VPS and made the VPS technology to come into 

the focus again to cover general SMT assembling and particular application fields [24, 25, 26]. 

Nowadays, it is recommended for many different electronics assembly applications with regular 

and fast heating of the components, minimalizing the voids inside the solder, and safety from the 

aspect of inert heat transfer material [24]. The vapour soldering technology has been chosen for 

many critical manufacturing domains such as medical equipment applications, aerospace and 

military, because of the relatively good soldering quality, its moderately increased defect-free 

advantages and the precise thermal maximums (boiling point temperatures) of the soldering 

profiles.  

2.2. Vapour Phase Soldering – process principles 

A general VPS oven is based on a simple principle [27, 28], where an external power source drives 

an electrical resistor (immersion heater) at the bottom of the oven to heat the Galden fluid, which 

is stored in a reservoir until the fluid starts boiling at a temperature (equal to 230°C, in the case of 

LS230 type Galden) [29]. Other Galden types can be used for different alloys with different 

melting points. The saturated vapour of the Galden will start distributing and ascend with a 

temperature of 230°C in the workspace of the oven; in such a way, the vapour will cover a lowered 

PCB inside the container. At the top, a cooling system prevents any overflow of the medium and 

condenses it to the liquid state again, enabling it to flow back to the reservoir at the bottom [30]. 

This shows the working principle of a closed system; however due to leaks or openings, or rapid 

removal of the PCB from the work zone, Galden loss can be registered during the process. The 

loss can be calculated over time, but its significance depends on the nature of use, whether the 

VPS system is used for prototyping [31] or mass manufacturing.  A basic setup is presented in 

Figure 5; the steps of soldering are described below it. 



 

11 

 

 

Fig 5. Basic VPS oven – a schematic of the apparatus 

To start the process of reflow with the basic principle of soldering in saturated vapours, the 

stabilization of temperature and saturation of vapour inside the oven is an essential requirement. 

The first step of the soldering procedure will start when the vapour covered the immersed PCB 

assembly. When the PCB is placed into the VPS oven, the vapour will take a short time to cover 

the board; during this process, the vapour changes state to fluid form to cover the whole board in 

a so-called “filmwise condensation” manner. The change depends on the material type, mass and 

size of the board itself. The thermal mass and thermal diffusivity of any material placed in the 

VPS’s oven could influence the PCB's heat-transfer. The vapour transfers its latent heat during 

condensation, onto the surface, to reflow the solder paste on the assembly where the solder paste 

and the components are already positioned [32]. 

The following basic equation determines the thermal energy needed to increase the temperature of 

the board to the maximum:  

𝑄 = 𝑚 · 𝑐 · ∆𝑇,  (1) 

where Q is the thermal energy [J], m is the mass [g], c is the specific heat of object (PCB) [J/(g-

ºC], ΔT is the change in temperature [ºC]. As it can be seen, the mass and specific heat capacity 

define the heating process.  

Comparing with other soldering methods, the VPS has numerous benefits. Among them is the 

relatively even temperature distribution around the printed circuit board (PCB) during the 

saturation of the vapour inside the oven. The coefficient of the VPS heat transfer can be an order 

PCB holder

Immersion heaters

Cooling

pipes

PCB with SMT

components

Vapour

Boiling

Galden
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larger than IR and hot gas convection. Also, there is no required setting for physical limitation of 

temperature maximums to control the overheating (boiling point temperature limits the process). 

That is also a reason for no overheat-quality issues and long-term reliability of the soldered PCB 

[33]. The required excess heat over the melting point of the solder paste to provide good quality 

of soldering can be just 5 to 10°C in selected cases. This advantage can avoid the thermal stress 

on the electronic elements and limits the sputtering of the paste, PCB delamination and the risk of 

the "popcorn" mechanism in packages [34]. Due to the full distribution of the vapour, the entire 

work zone chamber atmosphere is chemically inert, meaning that the VPS provides the minimum 

percentage of oxygen inside the workspace, which is equal to 0% in full saturation, without the 

need for nitrogen. This results in improving the wetting characteristics of different lead-free solder 

alloys. The vapour phase soldering preserves harmonic heating on any surface, shape or size of 

the board [33]. Every element will reach the same temperature, anyhow its location or component 

density of the assembly. 

The vapour soldering method provides high-quality joints between the components and the board, 

rapid and uniform heating of the assembly [18], joints with fewer voids in the solder joints when 

a vacuum is applied [35, 36]. Minimal emission of toxic gases are also an important and positive 

aspects of the technology; the used modern chemicals (Galden) are environmentally friendly, non-

corrosive and stable [37]. Most harmful components released during the process are originated 

from the flux from the solder material 

The VPS entered the competitive market for high volume production with the offering of high-

quality products. The increasing of the complex mixed small-large SMT components used on 

many assemblies points to the widespread application of the VPS, changing from being considered 

as an alternative solution to the main directions of modern reflow technologies. 

2.3. Implementations of VPS 

There are two main implementation options of the VPS technology based on whether they are the 

inline type for conveyor compatibility or batch type for smaller production or laboratory work. 

The manner of control implementations can vary the process methods. These are discussed below.  

The standard method used for the VPS heat transfer is the standard method discussed above, but 

it needs deeper clarification when discussing all control implementation variations. The standard 
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method is based on the following steps: Galden is boiled and evaporated to form saturated vapour 

inside a closed tank. When the vapour is saturated and reached the maximum height of distribution 

(e.g. the cooler level), the whole assembly is placed in the oven. The vapour serves as the heat 

transfer agent at the same time when the PCB is immersed. Because of the different temperature 

between the vapour inside the oven and the PCB, the vapour condensates on the board's surface to 

form a layer on the assembly. The vapour condensing on the surface of the PCB transfers the 

condensation based latent heat to the assembly. When the PCB temperature reaches the melting 

point of the solder deposited on the solder pads, the solder will start to melt, and it eventually wets 

the component terminals and the pads. Then the board should be lifted out from the workspace, 

then the solder joints cool down and solidify [38]. This method has rapid heating characteristics, 

so it was necessary to control and slow down heat transfer for more delicate assemblies.  

Other VPS ovens work on the principle of controlling the level of the vapour inside the oven 

chamber with adjusted heating power. This modern solution is called the “heat-level” (HL) 

method. The variation of the heating power will play an important role to provide linear thermal 

profiles similar to previously mentioned RTS profiles. The modernized VPS oven added many 

modifications in the soldering process to avoid the assemblies damage and improve the 

performance and the soldering quality. Few failures were reported with the vapour phase soldering 

standard method, such as the damaged components and the tombstoning. However, after the 

preheating was used for the first time in batch type, it became possible to use a nonlinear soldering 

profile and decrease the vapour dwell time; on the other hand, the problems of the paste spluttering 

will be reduced as well [39].  

In an HL-VPS oven, the vapour is generated onto the surface of the board from the bottom direction 

(bottom of the tank). In this case, the PCB is not immersed into the vapour but is left at a lowered 

height, waiting for the vapour to arrive.  At the step of the heating, the vapour heats the cold surface 

of the board gradually, but the vapour can not coherently cover the assembly before its full 

saturation. There is congestion, and eventual saturation of vapour at the surface of the assembly. 

The duration of the process will be controlled by applying a temperature sensor above the level of 

the board. When saturated vapours (or vapours triggering a specific temperature) overflow the 

PCB level, the sensor signals the end of the process. This method has a relatively simple procedure 

of operating precise setting possibilities, which is suitable with a wide variety of soldered 
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components in the term of the evenly heating power.  The standard solder pastes used in electrical 

manufacturing nowadays is lead-free, where eventual soldering quality is strongly dependent on 

the soaking part of the profile. With the HT method, the RTS type of soldering profile can be 

controlled with heating power control. With precise settings, a non-linear RSS thermal profile can 

also be achieved [40]. On the other hand, the experimental setting of the heating power for each 

PCB is needed in terms of total thermal mass coming from the assembly. Also, the vertical position 

of soldering goods must be taken into account accurately, while the control is based on the height 

of the vapour. 

The current vapour phase soldering was further improved with Soft VPS (SVP) approach (see 

Figure 6), which is noted as a non-saturated application based on a non-linear thermal profile [41], 

possible to achieve RSS characteristic. The non-saturated vapour space will provide a gradient in 

the process of the vapour concentration that will result in a change in the coefficient of the heat 

transfer depending on the height [42].  

During the Soft VPS method, the PCB enables to be placed in variant heights level inside the oven 

[43]. The principle of this method is to immerse the assemble in non-saturated vapour and elevation 

the PCB frequently. In this case, the height has a clear impact on the heat transfer. Furthermore, 

with the increase of the height, the decrease of the temperature occurs. The SVP method 

corresponds with several solder pastes requirement by creating the most detailed thermal profile. 

IBL developed this method to control the soldered assembly in real-time by controlling the heating 

[44]. The soft VPS method could be an excellent solution to avoid many reflowing problems such 

as package delamination, tombstoning or the voids in solder joints. 

While the above mentioned methods were introduced to further improve soldering quality, an 

additional improvement was developed to face a specific failure type. The technology of vacuum 

suction was added to the process, which draws out the voids from the molten solder [45, 46]. 

Usually, the pressure of the vacuum chamber is between 10 and 20 kPa. This method is embraced 

by most of the oven producing companies nowadays. 
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a)  

b)  

c)  

Fig 6. a) Standard method, b) Heat level method, c) Soft vapour phase method of vapour phase soldering 

2.4. Monitoring the VPS processes 

Many researchers investigated heat transfer during condensation even recently [47, 48]. Still, the 

topic of VPS is rarely discussed in details, and the current literature didn't look deeply into the 

characteristics of the heat transfer of the assembly in the VPS. There are plenty of recent research 

works about heat transfer during condensation, but the topic is rarely discussed in detail. The 

monitoring of the PCBs and the work zone during the soldering process can be handled with 

different temperature sensors. A thermocouple type is usually chosen to meet usual industrial 

standards: Type-K version is used by the industry, and later in my work. The Type-K TC has a 

wide temperature range (depending on form and construction), relatively linear characteristic, and 

it is relative robustness helps practical application. To obtain a well assembled electronic board, 

there is a need for proper control of the stencil printing and component placement [49, 50] and on 

the reflow (heat transfer). The monitoring and optimization of the reflow profile in ovens is the 

key to control the soldering characteristics [33]. The heating factor gives an optimal parameter for 

evaluating the reflow profile from the control of the process. The time spent by the temperature 

over the solder liquidus temperature is an important factor for measuring differences between 

Initial state Immersion of PCB in 
saturated vapour

Solder-Break Cooling

Initial state Immersion of PCB Heating Solder-Break Cooling

No saturated 
vapour setup

Immersion of PCB Height control of PCB Cooling
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profiles. The area of the measured temperature above the liquidus temperature, with respect to the 

time (integral), is called the heating factor (see Fig. 7). The heating factor provides a quantitative 

measure between the melting/solidification point and the dynamic heat transfer time [51].  

 

Fig 7. The heating factor area of a soldering profile 

The heating factor of each profile gives a precise analysis of the reflow itself, and it is defined by 

(2): 

 𝑄η = ∫ 𝑇(𝑡) − 𝑇1 𝑑𝑡
𝑡2

𝑡1
 , (2) 

where Qη is the heating factor [s·°C], T(t) is the temperature in the centre of the PCB or at selected 

components or joints [°C], (t2–t1) is the length of time spent above liquidus [s], T1 is the liquidus 

of the solder (217 °C, it is the temperature of the SAC305 melting). 

2.5. Physical basics 

As mentioned before, whenever the assembly is immersed in the workspace during the reflowing 

process, the vapour of the transfer fluid which exists in the oven will condense on the top of the 

assembly, which will make a fluid film on the surface of the PCB. Because of the different 

temperature between the PCB body and the vapour, the condensate layer of the fluid on the board 

will transfer the emitted latent heat to the assembly. The equation that calculates the latent heat 

energy transferred between the Galden fluid and the PCB is:  

𝑄 = 𝑚 × 𝐿,   (3) 

where Q is the energy of the phase change (J), m is the mass of the condensed fluid (kg), and L is 

the specific latent heat of the fluid (J/kg). Gradually, the condensate film will decrease its 

temperature because of the heat transfer with the PCB. So the hot vapour must permanently support 

the fluid layer to provide good continuity of the reflowing process. Condensation reduces vapour 
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concentration, for that the continuity of the fluid boiling is needed to compensate for the lost energy 

of the condensed vapour. Whenever the fluid film is cooled down, partially the film is dripping 

down to the reservoir, and partially the newly condensed vapour gives off additional energy, 

keeping it warm. The condensate film is theoretically evaporating from the board when the body 

inside the oven reaches the same temperature as the boiling point. Usually, the thickness of the 

fluid film is not constant because it strongly depends on the PCB material, the components on the 

board, and the thermal diffusivity of the assembly. 

For the continuity of the heating, there is a requirement of permanently saturated vapour (the basic 

vapour phase methodology) supplied by a permanent vapour source. The condensation pulls and 

condenses the vapour from around the cooling, walls, and the PCBs. This effect ultimately results 

in the need for a continuous supply of vapour produced by the boiling liquid. On cooler condensate, 

continuous condensation ensues, and the process continues until the maximum temperature 

reaches the boiling point of the liquid. At this point, the steady-state of the PCB assembly is 

reached, the heating is practically finished. Based on the Newton law of cooling [52], the following 

form can be written (4): 

v b

v b b b

T T (t) h A
ln t

T T (0) m C

 − 
= −  

−  
,  (4) 

where Tb(0) is the initial temperature of the body [K]. In this case, the temperature of the body 

over time Tb(t) is written according to (5), where the equation gives an exponential plot (Figure 8) 

for the temperatures: 
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,     (5) 

The model can be easily resolved using numerical methods, for example, the time-stepping finite 

difference method. Analytical solutions can also be superimposed on any data measured. It is 

important to note that the heat transfer coefficient can be calculated from the measurements. 
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Fig 8. Exponential heating in saturated vapour 

In this situation, the numerical-based time-stepping equation for the calculation can be described 

as (6): 

( )
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i
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h
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  −
,         (6) 

where i is an index for the steps. The analytical solution to obtain the heat transfer coefficient can 

also be done by various methods. The first is to investigate the film condensation on the upper and 

lower surfaces and to find the appropriate explicit formula for the particular case [53]. 

During the process of the vapour soldering, the assembly is horizontally immersed inside the 

vapour. The board's upper surface is considered as free edges with upward facing plate, where the 

condensed liquid can spill down at the edges then lead back to the oven's reservoir. The steady-

state film thickness is adjusted with the balance of the condensation rate at the surface and the 

downward flow rate along the edges. According to Rayleigh-Taylor instability, the condensed fluid 

forms a wavy surface at the bottom side of the immersed surface. The generated condensate drips 

intermittently from the "wavy film." 

The first person who clearly described the heat transfer during filmwise condensation on walls was 

Nusselt. His model was based on the presumption of a vertical wall, which is not appropriate for 

discussing VPS on PCBs. After some time, the model of Nusselt for horizontal cases was refined 

according to experimental, analytical data. During the years, the investigation in the different 

horizontal plates continued [53]. Bejan adds a requirement of zero film thickness at the top edge 

of the plate, at which the flow rate reaches its highest specified value [54]. Roshenow showed [55] 
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that the latent heat of vaporization must be  refined if the temperature of the filmwise condenser is 

allowed to have a non-linear distribution within the film itself, ”according to (7): 

' 0.68 ( )lv lv v bh h C T T= +   − ,        (7) 

where (hlv
’) [kJ/kg] is the corrected form of the latent heat, (C) [J/kg·K] is the specific heat of the 

condensate (the Galden itself). According to Drew, an additional empirical correction should be 

applied.[56] He highlights that the physical properties and dynamic material parameters should be 

evaluated at a reference temperature presented by (8): 

( )REF SAT SAT bT T K T T= −  −         (8) 

where (K) is a constant, which was defined to be 0,75 according to Drew. Drew suggested his 

correction for the cases where 1/μl can be considered linear. With Galden in VPS processes, the 

relevant temperature range the nonlinearity is approximated with a linear solution. According to 

the calculated formula of Bejan, the heat transfer coefficient hL_BE for the top side of the plate is 

(9): 

1
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_
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    −  
=   

−   
,     (9) 

where L is the z dimensional length of the film condensed on a vertical wall [m], hL is the L-

averaged heat transfer coefficient [W/m2·K], Nu is the L-averaged Nusselt number, kl is the 

thermal conductivity [W/m·K], hlv is the latent heat of vaporization [kJ/kg], ρl is the density of the 

liquid [kg/m3], ρv is the density of the vapour [kg/m3], g is the gravitational constant [m/s2], TSAT 

is the temperature of the vapour [K], Tb is the temperature of the body [K], and μl is the dynamic 

viscosity [kg/m·s]. The effect of condensation was investigated by Gerstmann and Griffith on the 

bottom side of horizontal plates [57]. Their analytical approach can be used as a complementary 

solution - in addition to the calculations on the top side [58]. According to their work, the Nusselt 

number (NuGG) is shown in (10): 

1

50.69GG GGNu Ra=  ,         (10) 

where (Ra) is the Rayleigh-number. It is calculated with (11),  
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where (γ) is the interfacial tension [N/m] and ‘denotes corrections according to Drew and 

Roshenow. Finally, the heat transfer coefficient for the bottom side can be calculated with (12): 

' '

_
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L GG GG

k
h Nu

D
=  ,       (12) 

The methods mentioned above can be used to investigate the heat transfer during VPS with an 

explicit approach. The heat transfer coefficient calculations with this method can be high-speed, 

but the method has its limits regarding components in different sizes [59]. Heat transfer can also 

be calculated from temperature measurement [60, 61], but this approach is just explored at the 

department in the time of writing this dissertation. 

Moving on to the workspace of a vapour phase soldering oven, the linkage between the property 

of the vapour in the term of the pressure and concentration can be explained by following the ideal 

gas law (13): 

𝑃 = 𝑅 · 𝑇 · 𝐶  (13) 

Where P is the pressure of the vapour (Pa), R is the ideal gas constant (8.314 J/kg · K), T is the 

temperature (K), C is the molar concentration (mol/m3). The molar concentration can be defined 

as (14): 

𝐶 =
𝑛

𝑉
,    (14) 

Where n is the number of moles, V is the given volume. If the gas is not ideal and mixed with 

other gas, such as the first phase of the evaporation (the gas existing is mixed between the Galden 

vapour and air), the following equation will provide a correct calculation of the Energy E (15): 

𝐸 = (𝐶𝑔 · 𝑚𝑔 + 𝐶𝑎 · 𝑚𝑎) · 𝑇,   (15) 

Where E is the energy, 𝐶𝑔 is the specific heat capacity of Galden, 𝑚𝑔 is the mass of Galden, 𝐶𝑎 is 

the specific heat capacity of air, 𝑚𝑎 is the mass of air, T is the temperature (K). During the 

soldering procedure, the energy will keep changing because there is decreasing in the amount of 

air; on the other side, the Galden vapour will be more concentrated in the work zone, as boiling is 
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happening, so overall the amount of Galden will be increasing. The equation of the energy during 

the time is defined by (16) which presents the increase of available energy due to increasing 

vapours: 

𝜕𝐸

𝜕𝑡
= 𝑇𝑔 · 𝐶𝑔 ·

𝜕𝑚𝑔

𝜕𝑡
− 𝐶𝑎 · 𝑇𝑎 ·

𝜕𝑚𝑎

𝜕𝑡
,   (16) 

According to the previous equation, Energy E depends on the temperature T - the following 

equation of the temperature explains this (17): 

𝜕𝑇

𝜕𝑡
=

1

𝑚𝑔·𝐶𝑔+𝑚𝑎·𝐶𝑎
·

𝜕𝐸

𝜕𝑡
,    (17) 

The hydrostatic pressure relation later used in my works describes the vapour column height based 

on the hydrostatic pressure of the vapour column (18): 

𝑃 = 𝜌 · 𝑔 · ℎ,   (18) 

where P is the pressure [Pa], ρ is the density [kg/m³]; h is the height [m] of the hydrostatic column, 

g is the standard gravity [m/s²]. The concentration of the Galden vapour is ~20 [kg/m³] around the 

saturation. Hydrostatic pressure is the pressure at the bottom of a column of fluid or heavy vapour 

caused by the weight of the medium and the pressure of the air above it. Therefore, the hydrostatic 

pressure depends on the air pressure, the fluid density and the height of the column of fluid. We 

can use any measured pressure with the following equation (19), assuming that the atmospheric 

pressure is already compensated, which assumption needs the use of gauge-type sensors [62]. 

Figure 9 shows the methodology of classic hydrostatic measurement with gauge sensors where a 

probe (e.g. a silicone hose) is attached to the barbed port of the sensor. This approach will be used 

in my works as a reference for the new characterization methods. 

∆ℎ =
𝑃

𝜌×𝑔
    (19) 

 

According to the former equations, the saturated concentration of the vapour inside the workspace 

is a necessary stage to reach temperature saturation. Therefore, even the energy and the heat 

transfer will get affected by the amount of vapour distributed inside the oven. The pressure of the 

vapour will become an important factor of the process observation. The dynamic concentration 

and absolute concentration control might be variable according to the ideal gas law when a pressure 
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sensor used to measure the concentration. That will allow the immediate observation of the 

concentration changing during the process zone. 

 

 
 

Fig 9. Hydrostatic pressure measurement in fluids with probes attached to sensors - according to [62] 

2.6 Applied Sensors in VPS 

2.6.1 Sensor Basics 

Throughout history, the advancement of sensor technologies was driven by engineering and 

materials science development. For example, in 1860, Wilhelm von Siemens developed and 

applied a temperature sensor based on a copper resistor after the temperature sensitivity of 

electrical resistance in various materials was noted in 1800 [63]. Recently, a new age in sensor 

technology has begun with the development of silicon processing on a large scale. 

Usually, active sensors need an external supply power to work and an excitation signal used to 

produce the output signal by the sensor. Active sensors have their properties changing in reaction 

to the influence, making it a self-generating device. Also, active sensors can produce an 

amplificated signal. A passive sensor type does not require any voltage excitation or supply power 

source. Alternatively, a passive sensor produces a signal (output) in reaction to some external 

stimulant, such as, a thermocouple which produces the response output voltage on its own when 

exposed to heat. The passive sensors can also change their physical characterisations directly, such 

as inductance, capacitance or resistance, etc. But in addition to analogue sensors, digital sensors 

generate a separate output that represents binary numbers such as "0" logic level or "1" logic level. 

Analogue Sensors generate a voltage or output signal in the form of a continuous signal 

representing the measured quantity. Generally, temperature, speed, pressure, displacement, strain 

etc. are all analogue physical quantities as they naturally tend to be continuous. For instance 

(Figure 10), the temperature of a vapour or liquid might be measured using a thermocouple that 
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responds continuously to the changing of the temperature as the control of the fluid is heating or 

cooling profile [64-66].  

 
Fig 10. Thermocouple used to produce an Analogue Signal [64] 

The value generated from an analogue sensor usually tends to be small on the scale of milli-volts 

(mV) or micro-volts (µV); for that, several forms of amplification is needed. The analogue output 

might be converted from analog to a digital signal using a microcontroller system or Data 

Acquisition. Further important parameters are sensitivity, range, precision, resolution, 

linearity,,different error ranges, response time and hysteresis. 

2.6.2 VPS Related Sensors 

For temperature detection, investigations are widespread in this topic [67, 68], with the general 

use of thermocouple based temperature detection on the PCB-s and inside the workspace as well 

[69, 70]. Previously, it was shown that flow-based pressure measurements and static pressure 

measuring devices could be used to investigate the saturation of the vapour space more precisely 

[32] than solely relying on thermocouple measurements. However, the previous results showed 

limitations in revealing the dynamics of the vapour generation and the instrumentation used during 

the process, which my presented findings in this dissertation can supersede. 

A thermocouple is an electrical device consisting of two dissimilar electrical conductors forming 

an electrical junction. The temperature producing by the thermocouple is the dependent voltage as 

a result of the Seebeck effect, then the voltage interpreted to measure the temperature. 

The K-type thermocouples (chromel -alumel) is generally the most used thermocouple for general 

purposes. Commercially, it is cheap compared to temperature sensors [71] and has a large variety 



 

24 

 

of probes in a different range varying between -330 °F to +2460 °F / −200 °C to +1350 °C. The 

TC has a Sensitivity around 41 µV/°C [72]. 

The K-type thermocouples work with good performance in oxidizing atmospheres. However, if 

the atmosphere has a small amount of oxygen and contacting directly with the wires, the 

chromium, which is 10% of the chromel alloy, will oxidize [73]. This chemical reaction might 

affect the reading. Because of the influenced alloy colour, this phenomenon called a green rot [74]. 

In VPS processes, the effect of oxygen can be neglected due to the presence of vapour, which 

eventually closes out oxygen from the work zone. 

The K-type thermocouples (TC) are used in the VPS in two different ways: attached on PCB 

assemblies, representing the highest and the lowest thermal masses (e.g. smallest or largest 

components, as it is usual in reflow technologies), or connected to the Galden vapour in a separated 

form in different positions, to provide feedback on the state of the oven. K-type thermocouples 

generally measure the vapour and fluid temperatures, either immersed into the liquid or the vapour 

at different depths. [75]  

The attaching method of the TCs to the surface of the PCB can be varied to have as long insulation 

on the wires as possible, and that the bare ends should be covered: it is possible to use different 

fixing materials such as high-temperature solder (HTS), polyimide tape, Alu-tape or SMD 

adhesives. According to a previous study [76], the proper method for my presented investigation 

is the Alu-tape adhesive fixing because it has good repeatability and no inconsistent thermal 

conductivity issues. The adhesive Alu-tape will cover the exposed welded tip of the TC directly 

on the PCB surface without any bores. If bubbles or channels left empty under the tape, the fluid 

could flow under it and cause the detachment of the thermocouples. The material is negligible from 

the aspect of heat transfer due to its thin layer compared to the PCB (~0,1 mm compared to 2 mm), 

the proper adhesion, and high thermal conductivity. 

Several types of thermocouples can be used in the industry. The range of the thickness can be 

varied. For example, a common PFA insulated has (⌀0.5mm conductor, 1 mm overall) dimensions, 

and the so-called “ultra-thin” TCs has (0.08 mm conductor, 0.2 mm overall) dimensions. This 

characteristic barely affects the shadowing of radiation-based heat transfer or the forced-

convection based heating – but it might affect the reflowing profile in VPS ovens because the 

thermal mass of the TCs impacts the heat transfer phenomena inside the vapour workspace. There 
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are alternative solutions, which can help to avoid this kind of issue, such as use the same length 

and type of the TC for the measurement, the wires of the thermocouples should be organised and 

fixed on the level of the work carrying support that will eliminate the condensation of the vapour 

on the thermocouples wires inside the work zone, also using the thinner TCs is recommended 

because it has less thermal mass. It doesn't have a significant effect on the process of the 

measurement. However, the topic was not yet investigated in depth before, so one aim of my work 

is to clear these questions regarding TC applications. 

In reflow soldering, the use of thermocouples is a reliable method in the aspect of temperature 

detection. Still, it is not enough to precisely detect the height of the saturated vapour. In contrast, 

unsaturated vapours heat the small hot joints of the TCs. in parallel, the gauge sensor application 

becomes an additional idea to monitor the state of the oven based on the hydrostatic pressure 

relations. Such alternative sensors can improve the detection of the vapour blanket inside the 

ovens, which gives another vital motivation in my work. 

The vapour column will saturate (reach its steady-state) after a considerable time compared to the 

slow temperature saturation. Thus, the pressure monitoring gives a more precise time for 

highlighting this steady state. This identification step is recommended before starting the process 

of soldering in saturated vapours. However, it is required to increase further the precision of 

pressure saturation identification with novel sensor devices. The investigation of the vapour 

generation process with the change of the heating power, and the resulting changes of the saturation 

time are also needed. With those approaches, more precise and faster oven control can be achieved, 

ultimately pointing to better soldering quality. 

The temperature and pressure relations are helpful to understand for a better soldering quality also 

for precise reading of the vapour development. The vapour movement during the soldering process 

is critical so that any change that will happen inside the VPS can influence the distribution of the 

vapour [28]. Because of the fast pressure variation inside the VPS during this phase, the selection 

of the pressure sensor must be careful and meet the need of the process. 

This investigation of the pressure sensor application during the vapour phase soldering can open 

many other doors for the research, focusing on the vapour movement, the thermal mass of the PCB 

and the effect on the vapour distribution on the PCBs, and so on.  
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2.6.3 Alternative VPS Sensors 

One of the alternative sensors used with the VPS is the optical probe to investigate the current state 

(propagation) of the vapour, during boiling, with controlled dipping of the probe. The two opposite 

sides of the optical fibres operate as a probe. One end is interfaced to a LED, and the other end is 

connected to a photodiode. The output can then be verified with an appropriate DAQ system. The 

heat capacity of the probe is almost negligible. Despite condensation at the ends of the fibres, the 

probe can reveal the saturated vapour state, and also check the upper limit of the vapour, and at 

the same time check the upper cooling effect within the working area [77]. Livovsky introduced a 

high-temperature panel capacitor for elevation monitoring [78]. The change of the dielectric 

characteristic between the two panels of condenser changes as the saturated vapour condenses 

within the plates. Capacity change is a defining feature of the specific oven and can be measured 

for various largely used Galden types (LS200, LS230, and HS260). The capacitance change can 

be used to set the control of the heater via the PID controller. Figure 11 (based on [79]) illustrates 

the two new approaches: 

 

Fig 11. Alternative experimental sensors detecting vapour in VPS ovens [66] 

I have investigated the possibility of applying an IR-based thermal imaging FLIR camera [R1]. 

However, the method has limitations, which are also limiting the reasonable applicability. 

Figure 12 shows that the limitations of the measurement method are clear (the immersed PCB is 

not visible from the top opening, volumetric information is not available on the vapour) - the 
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vapour is obstructing the view on the immersed PCB sample. The dynamics of vapour generation 

is not followable with such method. The results are discussed in [R1], but the conclusions are not 

part of this dissertation. 

 

Fig 52. Thermal imaging of PCB immersion into VPS oven with FLIR camera 
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3. Research Objectives: 

In my work, I focused on applying sensors inside the VPS oven, and I have chosen to specify and 

clear some sensor-related questions in this particularly complex reflow soldering method. 

According to the literature in recent years, the researchers are focusing on the modelling aspects 

and improving control parameters of the VPS – this aspect, the general goals of Industry 4.0 

directives, and the above mentioned applied sensor possibilities steered my work to some clear 

goals. Usually, the literature characterized that the VPS has an advantage in heat transfer. In 

contrast, the VPS technology can provide uniform heating on the surfaces of any immersed 

assembly. However, to reach this impact, the temperature and the distribution of the vapour and 

its concentration are essential parameters to be monitored. On the other side, the datasheets and 

the manuals of the oven markets explain only the good practice of the machines. The literature 

misses explaining the physical phenomena that happen in the workspace, and it doesn't work with 

the process itself in the complete understanding. Still, it is mostly just describing the active event. 

For equalized heat transfer on the board, the vapour concentration, the steady-state of the system, 

precise parameter reading and proper power control (as actuation) is needed.  

The literature focuses on the control and the measurement of the physical property inside the 

process zone. Still, it lacks the description of the performance of the measuring instrument or even 

the influence of the measurement sensors on the working process. Also, just a few scientific papers 

were characterizing the advantages and disadvantages of using specific temperature sensors. 

Many literature papers tackle the problems of heat transfer during condensation, even recently. 

Still, the topic of VPS is rarely discussed in details, and the current literature didn't look deeply 

through the characteristics of the heat transfer of the assembly in the VPS, especially from the 

aspect of the heat-level method. The temperature measurement of the PCBs during the soldering 

process can be handled with different temperature sensors. The heat-level method is particularly 

sensitive for any inclusion of additional thermal masses inside the process zone. Thus the profile 

altering effect of different sensors used for investigation also needs evaluation. 

One previous work of my lab showed [32] that pressure sensing can be used to find the saturation 

point of the work zone more precisely than thermal measurements. IR inspection (with thermal 

cam) was mentioned previously for electronic assembly processes [80, 68]; however, direct use in 
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VPS investigations was never discussed in-depth details, so I aimed to find further possibilities in 

these two directions (the latter was ditched, as it was discussed before). Also, to start the process 

of reflow soldering, with the basic principle of soldering in saturated vapours, the stabilization of 

temperature and saturation of vapour inside the oven is an essential requirement [32]. The 

widespread literature [67] showed the utility of the thermocouple based temperature detection on 

the PCB-s inside the workspace [69, 33]. But the literature research misses the description of the 

measurement techniques of temperature detection in more sophisticated, e.g. heat-level type ovens. 

Previously it was shown that flow-based pressure measurement and static pressure measuring 

devices could be used [32] for investigating the saturation of the vapour space more precisely than 

solely relying on thermocouple measurements. However, the previous results showed limitations 

in revealing the dynamics of the vapour generation and the instrumentation of the controls of the 

process. 

After research on the literature, I have set the following points as milestones of my research: 

• To investigate the effect of different thermocouple sensors on heat-level based VPS 

processes, where in theory, additional thermal masses may significantly affect the process 

control due to the condensation based energy draw from the slow system and the resulting 

perturbing effect caused by the wires. 

• To characterize a VPS process zone with gauge-type pressure sensor-based measurement 

methodology to enable improved control possibilities over the limitations of 

thermocouples; to pinpoint the time needed for steady workspace before and after 

immersing a PCB inside the oven, and to reveal the impact of the power change on the 

pressure and the time of saturation. 

• To validate the process phases of a more sophisticated heat-level control in VPS ovens with 

gauge-type pressure sensors, to significantly improve process characterization compared 

to the available thermocouple-based methodologies, and to reduce the need and perturbing 

effect of added sensors in the work zone. 

• To investigate the applicability of gauge-type sensors for further applications, such as 

sealing/leakage detection. 

• Investigate the compatibility of the novel paths of the equipment control for machines built 

with the "Industry 4.0" mindset. 
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4. Application of K-type thermocouples in HL-VPS method 

(Thesis point I) 

4.1 Overview on the thermocouple measurement in an HL-VPS oven 

The following experiment will be operated in the Asscon Quicky 450-type heat-level VPS oven, 

focusing on the HL-VPS methodology. 

To sum up, heat-level based VPS processes, the following basics must be described again: the 

board is positioned in a given height of the workzone. The vapour is generated onto the surfaces 

on the board from the bottom of the tank, enabling gradient setting by heating power alignment 

[81]. Finally, the vapour exceeds the vertical level of the PCB, and the control system waits for 

preset temperature information coming from a sensor positioned above the level of the soldering. 

When the vapour of a set temperature reaches the sensor height, the process stops, and the PCB is 

elevated into the loading level of the system. K-type thermocouple sensors are commonly applied 

in soldering temperature profiling [69], where precision and practicalities are both critical from 

production aspects. However, as an addition to the vapour space, thermocouples and their wiring 

may affect the processes considerably due to the perturbing nature of any thermal mass introduced 

to the vapour space. It is suggested that in heat-level VPS, any thermally significant addition to 

the workspace will affect the resulting soldering profile unwittingly.  

Figure 18 shows a representation of the Galden vapour distribution inside the VPS oven and the 

vapour concentration around the PCB. The vapour space is developed by boiling Galden fluid at 

the bottom of the tank. The immersed PCB assembly causes condensation. Any additional thermal 

mass in the verticality of the system perturbs this configuration. Note that Figure 13 omits the 

intricate sample holder system; on the other hand, this system is fixed in the oven, so practically 

all runs are performed with the same sample holder geometry configurations. However, the 

thermocouple wires are usually lead into the vapour space with no specific rules on length and 

alignment.  

The arising problem can be summarized in the following way:  

- The operator wants to measure the thermal profile in the oven for a given PCB assembly 

configuration as a validation of the process.  



 

31 

 

- He uses one or more thermocouples introduced in the workspace, attached to different 

components. 

- The operator measures the resulting profile, which is affected by the TC wiring. The 

operator iterates until the process is close to the requirements. 

- The operator starts production without the sensors. While the additional load on the 

workspace is not present, the resulting actual temperature profiles on the PCB will differ 

from what was measured. 

 

Fig 18. Immersed PCB with the thermocouple and perturbing wiring inside a heat level type vapour phase soldering oven 

Summing up, the main goal for this research is to evaluate the temperature measurement of the 

heat-level VPS from the following aspects:  

• Investigate the influence of different constructions of K-type thermocouples on heat 

transfer. 

• To evaluate the resulting thermal profiles of each thermocouple and their timely 

differences in the most critical parts of heating. 

• Measure how the amount and positioning of the TC wire placed in the workplace affect 

heat transfer.  

• To elaborate on the effect of the heating power changes on the impact of previously 

discussed effects. 
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Also, there is an investigation about the relation between the positioning height of the assembly 

inside the workspace and the thickness of the PCB in the wake of temperature profile dynamics. 

Proper process control is not only necessary because of the assembling quality optimization, but 

for sensitizing the VPS process for lead-free soldering [82] on heat-sensitive materials, like 

biodegradable [83, 84] printed circuit boards. 

With the assumed influence of the thermocouples, the results between an industrial test 

measurement and actual temperatures during production may differ significantly. My presented 

results may help avoid any distortion in the desired profile and point to better profile application 

during soldering, ultimately resulting in the desired or even improved soldering quality. 

4.2 Experimental 

4.2.1 Apparatus 

Asscon Quicky 450-type heat-level VPS oven was used in the works; the applied medium was 

Galden LS230 (boiling point: 230 °C) [19]. The boards applied to the machine work zone can be 

up to 450*450 mm and with a maximum assembly height of 60 mm [81].  The sample used for 

temperature profiling was a bare FR4 laminate in circular form with a diameter of ~20 cm and 

thickness equal to 2 mm (this results in a mass of ~115 g). The chosen common FR4 material is a 

widely used substrate in PCB manufacturing. The machine parameters were fixed in constant 

values: vapour temperature = 155°C (used for sensing the readiness of the soldering) and heating 

delay = 15 s. Power was set to 60% and was later varied according to the discussions below. K-

type thermocouple sensors were used in the experiment, and their setup is mentioned in the 

following subchapters. 

4.2.2 Materials 

The experiments are divided into different measurement runs. A varied range of thermocouples 

was used. 

Five types of welded tip K-type thermocouples, with an optimal operating range between -75°C 

and 250°C (±1 °C precision) was applied; The isolation material for the used thermocouples was 

based on different substrates: PTFE (Polytetrafluoroethylene), PFA (Perfluoroalkoxy) and 

Fibreglass. The wires had different insulator and wire constructions, and they ranged with different 

wire flexibility, which can affect efficient positioning during their application.   
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For the measurements, I used the following commercially available constructions (with 

abbreviations used later during results discussion): 

a.) PTFE Teflon insulated TC (⌀0.376 mm conductor, ⌀2,3 mm overall); (PTFE)  

b.) PFA Gas and Water insulated TC (⌀0.5mm conductor, ⌀1 mm overall); (G&W) 

c.) Fibreglass insulated TC (⌀0.3 mm conductor, ⌀1.65 mm overall); (Fibre) 

d.) PFA insulated TC (⌀0.2 mm conductor, ⌀0.45 mm overall), (PFA) 

e.) Ultra Fine Wire PFA TC (⌀0.08 mm conductor, ⌀0.2 mm overall). (Ultra) 

The thermocouple fixing was performed in the approximated centre of the round-shaped sample 

PCB. The attaching method of the TCs to the surface of the PCB can be varied: it is possible to 

use different fixing materials such as high-temperature solder (HTS), polyimide tape, Alu-tape or 

SMD adhesives. According to the previous study [24] and the sensors discussion in the previous 

chapter, the proper method in our investigation is the Alu-tape fixing. 

Summing up, Alu-tape adhesives were used for TC fixing, which is optimal from the aspect of 

repeatability and thermal coupling between the condensate and the PCB. This construction is 

shown in Figure 14. The thermocouple data was logged with an ECD V-MOLE multi-channel data 

acquisition system with a registration time step of 0.1 s. The V-M.O.L.E. is a thermal profiler tool 

compacted and full-featured; it uses three channels for K-type thermocouple measurements. V-

M.O.L.E. is used in the industry for supervising the oven settings and the observation of PCB 

thermal profile. Three thermocouples were used to simulate the usual industrial scenario, where 

several points are monitored on the PCB. The actual board is just a bare laminate substrate to avoid 

other effects of different thermal masses on a varied surface mounted assembly. 

The thermocouple wires are fixed at one point to the grille of the sample holder with thin copper 

wire to avoid accidental pull of the wires from the fixture; the rest of the wire length is left non-

aligned in the work zone (such ovens are usually not prepared for more precise and intentionally 

aligned thermocouple entry). 
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Fig 14. Sample PCB and the TCs fixed with the adhesive Alu-tape 

4.2.3 Methods – Stages of experiments 

The first stage of the experiment focuses on the variation of the thermocouple types with a fixed 

heating power and wire length; and measuring their effect on heat transfer. To ensure repeatability, 

each measurement run was repeated three times with the three TCs mentioned above during one 

measurement. The length of TC wire used for each type is 1,2 m with heating power equal to 60%.  

For a control measurement, the same oven profile was also measured with all TC types added to 

the oven simultaneously on the same sample PCB. 

To investigate the nature of heating in focus of the solder alloy quality, the heating factor must be 

considered [85, 86, 87], which was already discussed in Figure 7.  

The second phase of the experiments focused on changing the TC wires length inside the oven and 

investigating any following effect during the soldering process. The length of the TC wires placed 

in the work zone of the oven varied between 90, 120 and 150 cm. Smaller and longer lengths are 

non-practical, considering the required reasonable distance and flexibility needed to cover the 

depth of the workspace in the oven. 

The third part of the experiments focused on the heating power to investigate its impact on the 

thermal profile for each thermocouple type. The heating power was varied between 60%, 80% and 

100%. According to the initial findings, 150 cm of wire length wire was applied in the oven for 

each TC type to emphasize the differences with a more significant deviation. This length is still 

valid from the aspect of practical use. 
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The fourth part investigates the relationship between the positioning height of the assembly inside 

the workspace and the thickness of the PCB in the function of the temperature profile dynamics. 

It is essential to mention that the starting PCB sample temperature was around 25 °C at every 

measurement. However, the oven’s initial state and any pre-heating effect can vary the initial parts 

of the profiles significantly. For the analysis, we start from 100 °C temperature to eliminate minor 

differences originated from initial temperature variation and pre-heating effects of the system. 

4.3 Results  

4.3.1 Result of the TC thermal-mass effect on the resulting process parameters 

Figure 15 shows a comparison between the five different TC’s averaged readings. Each plot of the 

temperature represents a soldering profile of the system. There is explicit detectable nature of the 

timely differences between curves. 

 

Fig 15. The result of different thermocouple readings with the same heating power (60 %) 

According to the results, it can be seen that the thermocouples with the larger thermal mass give a 

slower overall system response than in the case of measurements with TCs with the smaller thermal 

mass. The observation of Figure 15 shows that the Ultra and thin PFA has an almost similar result, 

and their profiles are considerably faster than the others. With the help of energy calculation for 

120 cm wire length (according to equation (1) and later seen in Table 2) to be heated from 30 °C 

to 230 °C, we can confirm that the introduced thermal mass of the wires is considerably affecting 

the results.  
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The Ultra and PFA insulated wires are in a similar range of required energy (the Ultra TCs 

practically have negligible thermal mass); thus, the measurement plots are very close. The rest of 

the wires has a considerable step in the overall energy requirements, and their results can be 

intercepted as a separate group. The exact order between the thermocouples may not be concluded 

in such precision due to the error/precision of the thermocouples themselves and the unaligned 

nature of thermocouple wires in the work zone. The energy values are calculated according to (16). 

Tab 2. Energy requirements to heat up thermocouples 

Energy, J Ultra PFA PFA G&W FIBRE PTFE 

TC wires 10 63 392 141 222 

Insulation 13 154 711 1027 1923 

Total: 23 217 1104 1168 2145 

 * Material parameters were obtained from MatWeb.com 

Figure 16 extends the findings of the first experiments according to the time required to reach 

given temperatures. It was found that with the same boundary conditions, the thermocouples 

introduced to the workspace caused significant perturbation in the reflow profiles, where the 

differences between the results are in the 20-25 second range around the reflow melting point 

temperature in the ramp phase of the profile.  

It can also be concluded that the thermal mass of the TCs have a significant impact on the 

maximum temperature reached because the system breaks the soldering process at different times. 

Again, there are two groups; the thinner thermocouples enable higher overall temperature. 

Overall, the results presented above might be even more significant if the number of thermocouples 

and their length inside the workspace is increased due to practical reasons. 

To evaluate the first approach, in Figure 17, I show the reading of the five different TCs used in 

one measurement run simultaneously in the oven in the same length; the five different TC types 

are fixed in the centre of the PCB during the measurement. 
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Fig 16. Timely differences according to selected temperatures 

 

Fig 17. The reading of the Thermocouples at the same time in the workspace 

There was total similarity in the aspect of the output signal when the five thermocouples were 

merged in one measurement. There are minor differences in time and maximum reached 

temperature, but the transients are similar without significant changes. This shows and 

consequently strengthens the previous findings. When different thermocouples are used 

simultaneously in the same work zone, the additional thermal mass will be the same, and the 
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differences originated from any variation between the thermocouple constructions will be 

insignificant. 

4.3.2 Result of the TC wire length on the resulting process parameters  

According to the previous result, the thermal mass of the wire inside the oven has a significant 

impact on heat transfer. To support the result, the experiment focused on change the length of the 

TCs placed in the oven and observing the difference that can happen on the thermal profile because 

of the variation. Figure 18 shows an example of a run with 90 cm, showing reduced timely 

differences compared to Figure 15. 

 

Fig 18. The result of the temperature with 90 cm of the Thermocouples length wire 

Tab 3. The result of the temperature with a variation of the thermocouples length wire 

 

 

 

With keeping the exact parameters of the VPS oven, Table 3 shows the overall result, which 

calculated from average values of the thermal profile timely differences when the length of the 

TCs is changing at the practical temperature point of solder melting.  

The first observation is the decrease of the previously investigated deviation effect whenever the 

length of the TC wire is shorter - at 90 cm; the TCs impact is considerably smaller.  From 120 cm, 
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the differences are much more emphasized, which is further increased with longer wires. It is 

apparent that the changes are non-linear, which can also be because the organization of the wires 

can also have a random geometric effect inside the workzone. (This aspect will be discussed later.) 

4.3.3 Result of the heating factor variation with different TCs 

The results of maximum logged temperatures between different TCs can be seen in Figure 19. 

 

Fig 19. The maximum temperature reached by each thermocouple 

As it mentioned previously, three thermocouples have been used for each measurement; the min-

max deviation of the result is under 0.5%, which is expected from the evenly heating of VPS. The 

observation of Figure 19 can confirm that whenever the thermal mass increases, there will be a 

direct effect on the maximum temperature reached by the thermal profile. Comparing with Table 

2, there is a slight difference in the step-by-step order of TCs. Still, the temperature maximums 

and the deviations are almost in the error range of the TCs (±1˛°𝐶), so further conclusions cannot 

be drawn from the resulting order. Further clarification is required, while the time differences are 

obtained from a synced preheating stage (practically depending on the starting temperature of the 

oven, which can not be controlled precisely in a practical manner). The maximum temperatures 

are close to the error range of the TCs. A more apparent aspect can be shown by the time above 

liquidus times, and more importantly, by the heating factor (Fig 20). The results show the averages 

of two measurements to make the conclusion more general and precise. We can observe the same 

exact group alignment with the range change of the thermal masses. The min-max deviation is 

omitted from Figure 54, while the range of the min-max values resulted under ±1%, proving the 
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excellent repeatability of the process. In previous studies [88], the deviation of heating factor 

measurements with K-type TCs fixed with alu-tape on a square-shaped PCB was (± 100 s°C), 

pointing to approximately ±5% in the given range. The current improvements also come from the 

fact that in my experiments, the deviation caused by corners of a square-shaped PCB (condensation 

congestion at the corners, corner effects, etc.) can be neglected due to TC positioning and round-

shaped PCB design. 

 

Fig 20. The heating factor between the five thermocouples responding in 120 cm and 60% of heating power 

According to the results shown in Figure 20, the thermocouples placed in the VPS oven affect the 

soldering process and significant differences in the heating factor, where the relative differences 

can be in the ~10-22% range. 

4.3.4 Results of the varied heating power 

Next, the impact of heating power is investigated. Table 4 presents Δt values at the solder melting 

temperature (217°C), when heating power is varied, with fixed 150 cm wires. Table 4 shows that 

whenever heating power is increasing, the difference between the readings is minimal. 

Tab 4. Timely differences at solder melting point with varied heating power 
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4.3.5 Suggestions for application 

According to the findings above, we propose the following for future work. While the standard 

ovens do not have well-defined lead-in channels for thermocouple monitoring, the operators 

usually work with a manual organization of thermocouple wire leading to the work zone (see 

Figure 21 - left) without any fixture leading into the workzone. Even a semi-organization (Figure 

21 – centre) with fixing the wire in two or three points at the sample holder level can help to reduce 

the found differences discussed above. The best solution is a maximized organization of leftover 

wire length in the sample holder level of the oven, where only the minimal amount of wire is left 

hanging in the work zone volume above the PCB in the oven. While the additional thermal mass 

of the thermocouples blends in the sample holder system below the level of the PCB and the 

components to be soldered, the actual condensation on the surface is not perturbed significantly 

by the wires – this is also shown in Figure 21 (right), and Figure 22 (right). With the organization 

of the thermocouples, the time differences can be reduced from the range of 20-25 s to below 10 s 

in the presented situation (120 cm wires, 60% power). 

 

Fig 21. Methods of the thermocouples organisation in the oven; a.) Unorganized (left); b.) Semi-organized (centre); c.) Organized 

(right) 

 

Thermocouples

a) Unorganized TCs b) Semi-organized TCs c) Organized TCs
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Fig 22. Various aspects of soldering profiles -  organized (left) and unorganized (right) TCs inside the oven with 60%/120cm 

setup. 

To sum up my findings, during industrial and experimental solder profiling in heat-level based 

VPS ovens, it is suggested to organize the wires so that minimized wire length is left in the volume 

of the work zone above the PCBs. 

4.4 Closing Remarks 

The investigated points are clearing an interesting and practical aspect of thermocouple wiring on 

the effect of the soldering profiles. This is demonstrated from different approaches, and finally, 

there is a conclusion and a recommendation to the industry. The overall results in thesis point 

format and future research paths are described in Chapter 6. 
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5. Monitoring VPS Process with Gauge Pressure Sensing (Thesis 

II and III) 

5.1 Experimental 

As the VPS process is based on the controlled distribution and condensation of the vapour around 

the solderable item inside the VPS oven, the use of the pressure sensor can be essential and a novel 

way to control the efficiency of the oven itself. To understand and monitor the process, the 

feedback signal of the pressure sensor is necessary to be investigated – on the other hand, this 

solution was only presented experimentally before; it is not used yet in industrial ovens.  

In my experiments, I extended upon previous research data [32] measured at the department. In 

my works, I extend upon these foundations. 

To highlight the goals of these thesis groups, I wanted to investigate the applicability of the gauge 

sensors in a model oven. In these experiments, I focused on the following aspects: 

• Choice of sensors from a list of commercially available components. 

• Initial validation of the gauge measurement in standard VPS environment. 

• Heating-up phase evaluation to show the steady-state of the system. 

• Investigation of cold PCB immersion on the pressure (vapour collapsing and energy 

drawing). 

• Pressure and saturation time in function of the power. 

• Extension to HL-VPS processes. 

The vapour phase soldering oven I initially used for this experiment is an experimental model 

machine based on a stainless-steel tank (Figure 23). The tank's dimensions are the following: the 

width is 180 mm; the length is 280 mm; the height is 170 mm; the wall tank thickness is 0.5 mm 

[89, 90]. The upper cover lid of the tank is removable, with a glass window in the middle. The 

glass window is heat-resistant; also, it could be removed for the access of any measuring 

instrument. The level of the heating resistor is immersed in the Galden liquid 10 mm from the 

bottom of the tank. The shape is shown in Figure 23 – it is important to note that the shape affects 

the optimal process volume of the whole workspace. [91]. The temperature of heating was varying 

depending on the need from 250 W until 850 W. In those experiments, I focus on three parts: the 
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characteristics of the pressure in different heights, the feedback of the sensor pressure in the case 

of varied heating power, and the detection of the inserted thermal-mass, and its effect on the 

pressure. This last aspect is used to approximate the effect of PCB assembly insertion. 

Due to practical reasons, HT170 type Galden is the used fluid in the experimental oven with 170 °C 

boiling point, which enables faster processes, and it is substitutable with the more common LS230 

type. 

 

Fig 23. The VPS tank (experimental oven) with an immersed  sensor probe. 

 

Fig 24. The bent shape of the immersed resistive heater 

Moving on from the experimental oven, the following experiments are performed in a commercial 

HL-VPS Asscon Quicky450 type oven, which is both used in a laboratory environment and low 
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production quantities by the industry [81]. The Asscon Quicky 450 station (Figure 25) is a 

professional VPS machine (batch type) usually used in prototyping, not intensive manufacturing 

production. The maximum solderable piece height is reportedly 60 mm, the maximum power 

drawn by the system is 3.3 kW. This oven was used in the works of the previous chapter too.  

LS230 type Galden is the used fluid for a lead-free process; the boiling point is 230 °C, a typical 

temperature fluid used in AQ450. This is used in the current measurements as well. 

 

Fig 25. Asscon Quicky 450 soldering station [L4] 

To clarify and emphasize the main parameters of the oven, important for the current experiments, 

some information is summarized again. The Quicky 450 VPS has a vertical lift allowed to move 

the soldered board from the bottom of the tank to the top of the cooling system. Around the edges 

of the machine cover, there is a rubber insulator ring enabling proper sealing – the fitting allows 

the immersion of the thermocouples wires and any additional pressure hose/probe into the process 

zone. The heating power can be varied, but the nominal boiling point of the LS230 Galden is 

always 230°C. Galden is heated at the lowest point of the workzone with a plate heater. The heating 

is supposed to be homogeneous along the heater surface, enabling homogeneous vapour build-up. 

The process zone is oxygen-free, while the saturated medium forms a barrier to the lowered PCBA 

[35, 36, 92]. The heating temperature maximum is limited because it depends on the boiling 

temperature of the applied Galden liquid. 

A programmable logic controller controls the vapour production according to the output of the 

initially installed temperature sensors of the oven. The soldering phase is finished when the 

temperature reaches the defined soldering limit and a programmed heating delay is over. Then the 

electric motor moves the workpiece carrier to the position of the cooling. At this moment, the VPS 
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will turn on the cooling blowers and close the reservoir of the vapour where the last phase comes. 

When the cooling phase is ended, the machine indicates a signal to indicate the safe removal of 

the assemblies. The glass window can allow the observation of the whole soldering process. 

The settings are constantly the same (Table 5) for designated measurement cases to provide a 

repeatable experiment. 

Tab 5. AQ-450 Parameter settings for experiments 

Parameter Type Parameter Setting 

Heat Output 60%, 80%, 100% (Variable) 

Medium Type 240 °C 

Max Vapour Temp. 150 °C 

Heat Delay 15s 

 

The department laboratory widely uses the settings for good practice in actual production, so this 

practical setting was chosen for the experimental. While the Heat-Level method is universal for a 

wide range of assemblies, the oven cannot reconfigure itself during the process. The starting point 

of the experiment is to fix the oven to the given practical settings and investigate arising limitations 

this way. 

5.2 Sensor selection and Data Acquisition (DAQ) 

According to the requirements of hydrostatic pressure measurements, the following can be stated. 

The vertical dimension of the tanks of the VPS ovens range in the n*10 cm height, so the 

calculation of hydrostatic pressure must be taken into account up to 50 cm height value as an 

absolute maximum. It can be said that according to the density of the Galden (approximately 20 

kg/m3) and the height, the maximum of the measurable pressure value is around ~100 Pa. Hence, 

the range of the used sensor needs to include this value. I aim for gauge type sensors, showing 

overpressure over atmospheric states. Such sensors are not ready in the hundred Pa range, but even 

with a range more extensive with an order of magnitude, analogue and digital sensors can be 

considered efficient for my experiments.  

E.g. novel gauge sensors (out in the market in the last couple of years) come with a typical 1 PSI 

(6894 Pa) range. 100 Pa is in its lower ranges. Still, with a 14 bit AD, the resolution of a 

measurement can be under a Pa, which is a clear advantage over previous experiments [32]. Digital 
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sensors might offer even better resolutions, and the matter of resolution with analogue data 

acquisition depends on the AD resolution of the DAQ device. 

The following sensors have been considered in this experiment (also shown in Figure 26) which 

are novel in such applications from gauge-type cores with high sensitivity. 

- TBP (Honeywell) a gauge type pressure sensor with a range of 0 psi to 1 PSI; it is unamplified 

and compensated [93].  

- HSC (Honeywell) amplified /thermally compensated sensor, with the gauge range from 0 mbar 

to 60 mbar (0.87 psi – similar range as TBP) [94]. 

- ABP (Honeywell) is a piezoresistive silicon pressure sensor; it contains the same range and 

characteristics of the TBP series, except the ABP is amplified. It is a board mount type component 

[95]. 

- SDP1108-R (abbreviated later as SDP, product by Sensirion), differential dynamic pressure 

sensor, with high resolution (up to 0.05 Pa and accuracy up to 0.2% full scale (±1 Pa)) as a control 

sensor, also used in [32]. This serves as a control unit for our current investigations [96]. 

 

Fig 26. Pressure sensors used in our investigations 

The sensors have been chosen to focus on similar pressure ranges (see Table 6) to optimize 

readings and form a coherent setup. With the harmonized ranges, similar AD resolution becomes 

available from the side of DAQ for all sensors. Note that SDP has a different range, but it is also 

working on a different principle, as it is a flow-through sensor [97] compared to the MEMS 

membrane principles used in the rest. The limitation of flow-through sensors is described in [32]. 

The sensor is described below in deeper details. 

While my focus will later be on HSC sensor, I describe its accuracy at this point as an example. 

According to the datasheet [94], the laboratory environment is perfect for the compensated 

temperature range (0-50°C); the start-up time is 5 ms, which is three orders of magnitude smaller 
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than the observed sec-range changes in the experiments. The accuracy is ±0.25% in the full scale, 

considering all errors due to non-linearity, hysteresis and non-repeatability. It must be noted that 

the datasheet mentions a minimum resolution of 0.03 of the full scale span (%FSS), meaning that 

it is around ~2 Pa in the given range of the HSC sensor. However, it is also important to note that 

this is a guaranteed minimum resolution in the given precision. The analogue nature of the sensor 

might enable much more refined resolution when appropriately monitored.  

It is also essential that there is a 1% total error band in the compensated pressure range. In the 

ultra-low pressure range, between 0 and 250 Pa, the total error band can increase to ±3%.  

The values mentioned above are still acceptable in my case, while the measurements are not used 

for nuanced characterisation. Focusing on the vapour blanket development changes and a rough 

estimation of the blanket height does not require improved accuracy and error at this point. Also, 

the experimental nature of the model oven adds similar imprecisions with, e.g. the hose insertion, 

analogue control in the heating, changes in the water cooling temperatures and ambience in the 

lab, etc. However, the repeated measurements were always set with the same parameters in a 

supposedly equivalent laboratory ambience. 

To execute efficient measurements with ABP, support from a test board (SEK002) and recorded 

data with Arduino Platform are needed - thus, the acquired information is readable on a PC (see 

Figure 27).  

Tab 6. The Ranges of the pressure sensors 

Sensor Ranges (Pascal) 

TBP 0 - 6894 

HSC 0 - 6000 

ABP 0 - 6894 

SDP 0 - 500 
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Fig 27. The system of ABP pressure sensor 

SEK002 is a support board for humidity, temperature and pressure sensors, adapting with ABP, 

MPR, HDH and HPM series. The support board is working together with the classic Arduino Uno 

platform. TBP, HSC and ABP are gauge type sensors, which are considered novel in the market 

in such form factors and resolutions.  

The calculation of hydrostatic pressures was described before. In Honeywell sensors, the actual 

pressure values can be calculated with the following analogue transfer function (24): 

Output(V)=(0.8⋅Vsup)/(Pmax-Pmin )⋅(Papp- Pmin )+ 0.1 ⋅Vsup,   (24) 

Papp (Pa) is the required pressure information, Pmax and Pmin are the maximum and minimum 

pressure values in the measurement range, Vsup (V) is the supplied voltage to the sensor. 

For the SDP sensor, the transfer function comes from the following formula (25) on ambient 

laboratory environment:  

Diff.Pres=((Output-0.25⋅Vsupp)/(3.75⋅Vsupp))
2⋅500    (25) 

The amplified differential sensor SDP1108-R has a tolerance of ±0.05 Pa that enables it to reach a 

precise measurement point in the lowest ranges of the sensor. The sensor thermal core is the basis 

of the SDP, which is requiring gas movement [91]. When the pressure inside the work zone 

increases, the vapour starts pushing the air inside the probe through the sensor core and continuing 

to the port (-) until it ends in the atmosphere. This process will help to identify the variation of the 

dynamic pressure by the effect of the air mass through the sensor core. All (-) ports are left out to 

the ambient atmosphere so that overpressure can be measured. This overpressure is compared to 

the laboratory environment. 
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As it was already discussed in Figure 9, the sensors need interfacing to the measured hydrostatic 

column. The components cannot resist the heat inside the work zone. Therefore, a silicone hose is 

required. 

The vapour distribution inside the oven is susceptible to any perturbation [38]. The measuring 

probes were developed from flexible, heat-resistant silicone hoses (1 mm Ø) combined with K-

type thermocouples. The probes had 1 m overall length. Where it was required, a short interface 

hose was applied to the smaller ports of the pressure sensors. The immersed part of the hose into 

the ovens was the same for all experiments.  According to the datasheet of the SDP device [98], 

the measured output could be deviated by approximately 2% due to the length of the hose. The 

result values have been treated according to the influence of the hose length on the pressure 

depending on the datasheet correction suggestions. 

The welded tip PFA K-type thermocouples have varied commercial range and options to be placed 

in a different form inside the VPS ovens (even without fixation due to its flexible wiring). The 

PFA K-type are covered by insulation (Teflon) layer increase the resistivity to operating range 

between -75 ºC to +250 ºC and the precision of ±1 °C (acceptable tolerance), and it has a small 

diameter of the welded spot equal to 0.5mm [99]. The length of the thermocouple wires was chosen 

to be well immersed in the oven and minimize the impact on the measurement result. 

The other sensors are logged with MyPCLab type data loggers (DAQ) from Novus with 15-bit 

ADC configurations (see Figure 28). 15-bit configuration enables ~0.2 Pa resolution. 

 

Fig 28. Sensors system connection with the myPCLab 
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The DAQ device is configurable for two channels. The measuring ranges and the input signals are 

listed in Table 7. 

Tab 7. MyPCLab module sensors and signals 

Input Type Maximum Range 

K Thermocouple -200 to 1370 °C (-328 to 2498 ºF) 

Pt100 RTD -200 to 650 °C (-328 to 1202 ºF) 

0 to 50 mVdc Adjustable from -32767 to +32767 

0 to 10 Vdc (Channel 1) Adjustable from -32767 to +32767 

4 to 20 mAdc Adjustable from -32767 to +32767 

 

• Thermocouples: K types. Input Impedance >> 1 MΩ  

• Pt100: Three wires connection, 625 µA bias current, α = 0.00385.  

• Linear Signals:  0 to 50 mVdc: Input Impedance >> 1 MΩ 

0 to 10 Vdc: Input Impedance = 1 MΩ. Available only in channel 1.  

4 to 20 mAdc: Input Impedance: 22 Ω (+ 2,0 Vdc) 

The total accuracy with maximum AD resolution for the MyPCLab is defined as 0.25% of the 

maximum range ± 1 °C of the K-type thermocouple (with maximum analogue/digital resolution); 

0.2% of the maximum range of the Pt100 both current and voltage (with maximum 

analogue/digital resolution). There is no data available regarding the AD accuracy of MyPClab, 

but it is supposed, that 0.25% precision defined for thermocouples are applicable for the AD 

channel as well. For the ambient temperature channel after 20 minutes connected to the USB port 

it is equal to ± 1.5 °C [100]. 

Figure 29 shows all the possibility of the input connections. 
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Fig 29. Description of the MyPCLab ports [93] 

To keep a better performance of the DAQ device, all the inputs wires must be separated from the 

power wires or the USB connection itself. According to laboratory measurement experience, the 

connecting USB cables are assembled with choke coils to reduce any disturbance originated from 

the power lines. MyPCLab uses its proprietary software and exports the data in Excel or CSV 

formats. 

As a control device, a compact thermal profiler (V-MOLE) was also used in our measurements 

[101]. The Thermal Profiler uses the Machine Assembly Process (MAP: interpretation and data 

collection) software.  

The sensors and DAQ kits were left in an ambient laboratory environment; the hose openings were 

applied approximately 1-1.5 cm above the boiling Galden so that the measurements can be 

considered as a gauge. K-type thermocouples were positioned to measure the temperature at the 

“hot” end of the hose. 

5.3 Validating the repeatability of gauge sensors in VPS environment 

Before actual measurements, the performance of the sensors should be verified. Figure 30 

measures the efficacy of the HSC gauge sensor dipping into the steady-state, saturated vapour of 

the experimental oven, with short periods. The heating power fixed at 650 W, and the same 

pressure sensor has been placed in the oven during the process reflow four times successively to 

the same height. The time between taking off the sensor probe and put it back is approximately 

25 s (to let the sensor set up again). 
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Fig 30. The reading data of the pressure sensor in several attempts 

The HSC sensor shows a fast rise following the fast dip, even after successive dipping; also, it 

highlights precision reading (Table 8), where the maximum value of the pressure sensor is always 

similar. The average error is ±1 Pa, and that comes because of the vapour movement that happens 

when the sensor placed inside the oven. ±1 Pa is well within the accuracy (±0.25%) and error range 

(max (±3 FSS%) of the sensor [87]. The Pa value showed ~8,5 cm of saturated vapour height; this 

will be later evaluated at maximum heating power. 

Tab 8. The maximum and minimum reached by the pressure sensor [Pa] 

 Maximum 

[Pa] 

Minimum after 

300s [Pa] 

1st test 17.3 10 

2nd test 17.4 10 

3rd test 16.3 9 

4th test 17.3 9.5 

However, the dipping experiment brings new questions, while after the maximum, the sensor 

signal starts to decrease. It is supposed that the sensor diaphragm might relax when any dynamic 

response is over (the probe is inserted and stopped at a given height) – the recorded values are in 

the lower 0,3% of the sensor, meaning the signal is unstable. However, the recorded maximum 

values are valid, while the height of the vapour is in alignment with the immersion depth. 

Unplugging and plugging the probe again from the sensor core or the shutdown and restart of the 

sensor did not help the signal decay – it is necessary to pull out and reinsert the sensor probe from 

the vapour in the given application to record this maximum. Later it is shown that while vapour 

dynamics are present, the signal maximums gives valid values compared to calculations. 
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Honeywell was also contacted about the matter in my late stage of PhD work. The matter of water 

hammer effect, an effect where the fast dynamics could harm the diaphragm, was ruled out. Most 

probably, the heat resistant silicone hoses were prone to minimal gas leakage due to the nature of 

the material, as they are oxigen permeable. In the future, alternative hose material applications are 

required. 

5.4 Measurement Setup – interfacing the sensors to the ovens 

5.4.1 Standard method VPS in the experimental oven 

The installation of the probe inside the oven took different forms in the experiments; the general 

setup is attaching the K type thermocouple to the pressure sensor hose with Kapton tape, then both 

the hose and the TC is immersed into the working zone as a probe with a sensor fusion mindset. 

The height of the measurement could be variable, but always during the investigation, the end 

probe of the hose and welded hot spot of the thermocouple can be placed at the same level. This 

is shown in Figure 31. 

 

Fig 31. The reading data of the pressure sensor in several attempts 

The maximum depth of immersion into the experimental VPS oven is 1.5 cm above the Galden 

liquid. Otherwise, the pressure signal will get affected by the boiling of the Galden when it touches 

the inner end of the probe. On the other side, out of the process zone, the gauge sensor should be 

placed at the same height as the hose end inside the oven to keep the same reference compared to 

the atmospheric pressure.  

The DAQ device used (My PCLAB) works as a mediator between sensor output and the PC by 

digitizing the analogue signals coming from the sensor to be readable for the computer (Figure 

32). 
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Fig 32. Experimental VPS Block Diagram System 

5.4.2 PCB Immersion for controlled thermal mass response investigation 

The primary material of the PCB used for immersing calculated thermal mass is FR4 glass-fiber 

epoxy substrate, and the thickness is 2 mm (the area is changed according to the given experiment). 

To change the PCB thickness, we adhere two or more boards together by SMD adhesives (in terms 

of thermal parameters) compatible with the FR4 based epoxy. In the process of adhesion the board 

together, the glue took some space between the boards. The thickness of the glue is just between 

0.05 mm and 0.1 mm. The thickness of the board is 2, 4, 6, 8 and 10 mm in this cases, and the size 

of the surface was 8×8cm (see Figure 33). The boards were glued together with SMD adhesive 

(epoxy), which has similar material parameters as the FR4. The adhesive layers are considered to 

have negligible thickness. 

 

Fig 33. The different thickness of assemblies with keeping the exact top/bot surface size 

The power of the heating and the amount of the fluid volume directly impact the saturated height 

level of the vapour above the surface of the Galden fluid. In case the heater does supply uneven 

heating, it might cause fluctuation in the height level of the vapour; on the other hand, the local 

temperature distribution varies in the working space VPS chamber due to the bent shape of the 

immersion heater (as seen in Figure 33). The setting of the thermocouple should be in the correct 

position to define the saturated vapour at the same point with the pressure measurement to allow 
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a precise comparison. This optimal positioning is described in [91], which I tried to follow in my 

works. 

I aimed to change the power of heating combined with monitoring the vapour concentration inside 

the process zone to figure out the variations occurring for the pressure changes inside the working 

space of the oven. 

The heating power has been modified according to the following settings: 250W, 350W, 450W, 

550W, 650W, 750W and 850W.  

5.4.3 Heat Level VPS oven (Quicky450) 

The experimental setup was based on monitoring the temperature and the pressure of the vapour 

concurrently, similarly to what has been described above. The probe passed through the original 

sealing and was immersed in the workspace at the intended PCB lowering height, practically the 

soldering level inside the oven. The other side of the pressure sensor was left out in the ambience. 

The TC was placed at the same level as the end of the pressure probe (at the final soldering height 

of the PCB in the oven). The influence of the thermocouple thermal capacities could be omitted 

because the heating cycles period of the investigation generally takes around 15 min in the 

workspace, which was conceded as long term compared to the response of the used TCs. This is 

further discussed later in my works. 

The assembled measurement system can be seen in Figure 34. 
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Fig 34. 3D model of the applied VPS oven 

5.5 Results of pressure measurements 

5.5.1 Result of the novel gauge type sensors performance in the standard VPS processes 

For the first experiments, the different sensors discussed in Table 6. were compared with each 

other with the same setup and the same initialization run (heating up) of the oven. Figure 35 shows 

a raw comparison between the sensors and a temperature plot showing the setting of the system. 

The plots are transparent to reveal direct differences between them. 

By combining the results of TBP, HSC, SDP and ABP (heating power was at the suggested 

maximum in the experimental oven - 850W) as seen in Figure 35, the sensors give similar 

outcomes regarding absolute maximums and peaks (showed in Table 9). However, signal clarity 

was different.  

According to Figure 35, three phases can be differentiated: 1 – slow heating of the system, 2 – 

vapour generation, 3 – steady state. This is also presented in [32].  

SDP is giving dynamic feedback on the build-up of the vapour – the second tall peak of SDP gives 

more accurate information on the steady-state of the vapour space than temperature. The slow 

ramp of temperature in Phase 2 will take a long to interpret by a logical evaluator to make sure 

that the system has reached saturation, while SDP shows a peak. This signal can be considered a 

control plot based on the previous findings at the department [32, 41]. 
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It is seen that HSC type gauge sensor with amplified-compensated core gives a defining 

characteristic that has a peak a bit later than the peak of SDP.  

Due to its unamplified nature, TBP is considered noisy, even with appropriate interfacing to the 

DAQ system. This is because much finer AD resolution is needed, or a designed amplification 

module should be used, which both were not available at the point of the experiments; it was much 

more straightforward to choose HSC with proprietary amplification and temperature 

compensation.  

It can be stated that the ABP sensor has the noisiest output plot, even with a prepared, proprietary 

Arduino data acquisition system with a SEK board. This suggests that it is not adequate for usage 

without any further signal processing compared to the other sensors. Use of TBP and ABP is not 

recommended without proper interfacing, compared to HSC due to the noisy signals, although they 

all exhibit similar characteristics. It was seen later that the ABP sensor in the setup is not able to 

follow up with changes caused by immersed PCBs because of the inadequate density of data in a 

short period. Further digital interfacing and programming may improve ABP data, but it was 

omitted from further investigations due to the current impractical nature.  

The differential output of SDP is left in the mV range, while the flow-based readings of the sensor 

do not precisely fit from the aspect of hydrostatic pressure. 
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Fig 35. The three gauge pressure sensors reading with the SDP measurement, compared with the temperatures measured at the 

hose openings – heating up of a VPS oven 

It is an interesting finding that when the peaks of the gauge-type sensors are recorded, the intense 

dynamics of SDP settled already. This means that the actual hydrostatic maximum of the system 

is reached later than the peak of the SDP sensor. This points to the novel finding that the peaks of 

the membrane-based gauge type sensors point to a more precise representation of saturation, where 

not the settling of the dynamic signal but the peak of gauge type sensors show the steady state. 

Previously [32, 41], it was shown that the peak of dynamic SDP gave a more precise representation 

of saturation compared to temperature measurements (which is still a valid point). Now the aspect 

was clarified further with the use of such sensitive gauge type sensor devices. 

Tab 9. The result of steady-state time point with heating power 850W, based on HSC results 

Sensor Time of 

saturation, s 

Gauge pressure 

peak, Pa 

Gauge value at the 

peak of SDP, Pa 

ABP 677 24.2 17 

HSC 678 23.9 14.7 

TBP 679 24 12.6 

SDP 667 - - 
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Table 9 clears out the slight differences between the different sensors in time and absolute pressure 

values. ABP, HSC and TBP practically enable the steady-state signalling of the system, adding 

~10 seconds to the peak of SDP. SDP recorded values are not directly compared due to the sensors 

flow-based nature. In the last column in Table 9, I searched for the “peak” signalled by SDP and 

the recorded values of the ABP, HSC and TBP gauge sensors. At this point, it could mean up to 

~12 Pa difference, meaning that the fast build-up of the vapour height is still not finished at the 

peak of the SDP signal. A more precise pinpoint on the steady-state by gauge sensors enables 

better process control and ultimately better soldering quality. The pressure values are helping to 

identify the height of the vapour blanket, too, according to the hydrostatic pressure equation. The 

calculated height is around ~12 cm, a good approximation of the work space height between the 

top level of the Galden and the bottom of the cooler circuit (12.5 cm). While the sensor probe 

opening is positioned 1 cm above the fluid, the result shows that the saturated vapour column 

might protrude 1 cm up into the cooler zone. This is at the optimal workzone middle point [91], 

an XY location where the hose is positioned. (The XY centre of the oven is considered a traditional 

Cartesian coordinate system.) The recorded pressure results also extend the validation presented 

in Chapter 5.3; the possibility of hydrostatic pressure measurement principles with gauge-sensors 

in VPS ovens, while the recorded pressure results represent the height of the vapour in a practical 

and industrially applicable fashion.  

It was found that the most effective solution (regarding required hardware, further development of 

interfacing the sensors), that the HSC sensor component will be used for further investigations. 

The amplified-compensated nature enables more straightforward application without the need for 

compensating steps. 

It is shown that all sensors (including gauge type ones) show relaxation after reaching the peak, 

meaning that such slight pressure is difficult to be sustained in the core of the sensor. 

For the investigations of vapour recovery (stabilization), the following results are presented. In 

Figure 25, SDP and HSC, in Figure 36, HSC was used to show full heating up period and 

relaxation, respectively. HSC is chosen because it gave the most accurate and stable results. The 

first peak (according to Figure 23) appeared precisely when the temperature of the oven started 

increasing (1), which meant the beginning of the vaporization of the Galden. This is only shown 

with SDP type of sensors. The slight pressure collapse (2) after the first peak signs an opening of 
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the oven lid – this small change reveals that pressure sensors can also monitor the closure and any 

intrusion of the system. The third point (3) occurred with the vapour saturation, point (4) is 

showing pressure plot relaxation.  

At this point, we prepared a PCB (FR4, 2mm thickness, 8x8 cm) for immersion to see how the 

vapour is collapsing. When the board was immersed inside the oven, the vapour structure collapsed 

as some vapour was consumed by the condensation, for which the small dips in the process were 

signed – this is seen in continuation later in Figure 37. 

Any smaller peaks or dips in the signal between 1 and 4 (and after) are minor signatures of manual 

inspection and manipulation of the oven involving the movement of the lid. 

 

Fig 36. Pressure meaurement dynamics 

The PCB was immersed and taken out several times in the oven after the saturation to check the 

feedback of the pressure and the distribution of the vapour inside, with the help of the HSC sensor. 

This is concluded in Figure 37-38. 

 

Fig 37. The change of pressure at the time of putting the board by using the HSC sensor 
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After each immersion of the board in the VPS oven, there were dips of pressure recorded 

approximately between 4.7 Pa and 3.16 Pa. It took between 10 s and 20 s for the system to recover 

to full saturation again. That is shown in Figure 43, where the focus is on the third time of putting 

PCB into the oven (Figure 37). 

The time needed for the vapour to get its distribution to the original state is 14 s in this case, and 

the pressure fall is 3.68 Pa. This value is interesting from the aspect of consumed vapour. However, 

only an approximation can be drawn; the immersion consumes that ~2 cm layer of vapour. 

 

Fig 38. Sample of the system feedback courant the PCB entre the oven 

After regaining saturation again, it is getting more difficult in time to read out the same 

characteristics. The pressure values decreased directly in a slow manner - this is seen in Figure 37, 

which was mentioned previously. The cause of this phenomena is that after the saturation of the 

hydrostatic pressure, the vapour column will be constant. Still, the sensor's diaphragm will be 

reacted to the driven equilibria between external atmospheric pressure and the internal strain. This 

strain on the diaphragm is caused by the shallow pressure of the vapours. The amount of pressure 

is small compared to the given, relatively large total pressure range of the components. (As 

discussed before in the experimental chapters.) Another explanation can point to slight leaking of 

the setup (at the hose interfaces or at the package) or electrical-mechanical drifts caused in such 

low pressure values in the sensor device structure. This phenomenon is remarkable with such low 

pressures (the measurement still uses ~0.3% of the full range.) This is still a limitation of the used 

devices; future sensor developments in such components may help avoid such measurement 

uncertainties. 
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The previous result substantiated that the vapour availability and the resulting PCB heat transfer 

inside the oven can be affected by the thermal mass of any material added to the workspace. In the 

following experiment, the pressure sensor is applied to measure the dynamics of the vapour 

pressure in different immersed thermal masses. Note that the following results are not used in my 

thesis points; they only serve as an approximation. 

The same experiment was repeated with the five different PCB thickness discussed in the 

experimental chapters.  

To provide a precise result, each PCB immersion is repeated three times to investigate the 

consecutive dipping (Figure 39). 

 

Fig 39. The change of pressure at the time of putting the board by using the HSC sensor 

Figure 40 shows the comparison between the three attempts of immersion (dipping) for each 

thermal-mass using PCB with size 8×8cm and thickness between 2 and 10 mm 

 

Fig 40. The measurement of the vapour  pressure decreasing after placing a  different type of PCB in the oven 

Figure 40 validates that the pressure loss will be more significant when the thermal mass is more 

significant. Between the 1st, the 2nd and the 3rd dips, there a decrease in the recorded vapour loss 
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- after each attempt, the PCB is getting warmer compared to the last dip, and the overall amount 

of vapour is decreasing in the oven. The shown results have been measured with heating power 

equal to 650W, so the values may change when the power is changed, proved later. At this point, 

I can state that a gauge sensor can detect the immersion of a PCB (or additional thermal mass) 

inside the oven. Still, the method has limitations for a universal recommendation of application 

(pressure signal decay, unvalidated height loss compared to vapour and resulting energy loss). This 

can be a good research direction for the future when more sensitive sensors become available in 

the market. 

5.5.2 Result of pressure measurement with the changing of power and height 

The use of the HSC gauge pressure sensor with different heating power was investigated next. The 

results provide that heating power has an essential role in the dynamics of the system saturation in 

the time aspect. Figure 36 shows a comparison between different heating powers and the signal of 

the pressure sensors regarding full heating up cycles.  

The experiment focuses on keeping the sensor at the same height and varying the heating power 

from 250W to 850W with a step of 100W. The previous research proved that the pressure of the 

vapour would increase depending on the application of the heating power. The pressure sensor has 

an interpretable response to this variation (see Figure 35). 

 

Fig 41. The characterization of the pressure at modification of the heating power 
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Whenever the heating power is changed, the peak and the relaxing of the sensor have a different 

result.  

Figure 42 measure the pressure loss of the sensor in the relaxing period after a chosen 100 s from 

the peak of the curve. Also, Figure 42 indicated a relationship between the dynamics of the sensor 

relaxation and the heating power (vapour dynamics) in the VPS. 

 

Fig 42. The relation between the heating power and the pressure loss in the relaxing after 100 s for each dip 

It is apparent that the results change with the applied power; thus, the relaxation is more significant 

whenever the heating power is increasing. On the other hand, if the pressure takes a long time to 

reach saturation, the pressure sensor relaxing will be slow and vice versa.  

From Figure 43, it is apparent that saturation time is exponentially decaying with the increase of 

the heating power, while the maximum hydrostatic pressure of the vapour column increases in an 

approximate exponential saturation manner according to the increase of the power. The figure has 

interpolation between the recorded values. 

The saturation time in function of the power plot is in accordance with [77], where the same 

characteristic was shown, but only with temperature measurements. The current finding with 

time/power relations extends on the previous results, which can be discussed both with temperature 

and pressure sensors. 
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Fig 63. The peak of the max. pressure and the time saturation versus the change of heating power 

The plot of pressure values with the increase of power can be discussed with the following 

assumptions. At small powers, the system cannot withhold a vapour column with usable height, 

while most of the power is lost at the non-adiabatic walls and ambient surroundings and the 

cooling. However, it seems (Figure 43 and Figure 41) that from and above 350 W, a stable 

improvement is observed in the vapour column development; this is also reflected in the 

Power/MaxPressure plot, where the inflexion point is present at 350 W. This is the point, from 

where the system can withhold a stable vapour column. The saturation of the pressure (the limit of 

the saturation plot) is practically limited by the upper lid and the cooling circuit, shown in Figure 5. 

The slightly protruding endpoint at 850 W (Figure 41) can be due to either an overshoot of the 

cooling circuit in spatial direction with the vapour blanket or a higher recorded value in the wake 

of the measurement uncertainty. 

To validate this result, an additional measurement and calculation were performed. ~20 l of water 

was set for closed circulation in the water tank of the system. According to the increasing 

temperature of this fixed medium (~7 °C increase in around 45 minutes), the cooling system can 

draw 200-250 W from the system, depending on the ambient relations in the laboratory. According 

to the data in Table 1, the overall cooling of the ambience can also be calculated. When the system 

is left to cool on the ambience, it takes approximately 3 hours of the filled 2 litres of Galden to 

cool down to a handling temperature of 50 °C from the boiling point of the applied Galden HT170 

(from ~170 °C). This means that around 30-50 W can be drawn by the ambient surroundings. 

Summing up the ambience and the effect of cooler, the overall loss can be around 230-300 W 

which is approximately around the inflexion point presented above in the power/pressure curve.  

It is clear that the cooling power can be varied due to the temperature conditions of the laboratory, 

offsets in the boiling point (boiling point drift due to continuous usage), etc. And it must be noted 
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that more sophisticated validation could be performed; however, it would alone require intricate 

modelling approaches, which is not an aim of this dissertation. I assume that the presented range 

is closely correlated to my findings with the pressure sensors, with approximations grounded in 

reality. In actual working conditions, the immersion of PCBs and intended power-off periods can 

be applied to avoid overflow of the vapour above this point of lower power limit. 

To sum up, it is shown that the method of pressure sensing in the vapour workspace can predict a 

proper power setting for a sustainable vapour column in a system. 

The experiments were extended to different height positions. Figure 44 shows the maximums 

recorded with the HSC sensor at 750 W heating power. 

The results showed that the pressure depends on the height of the vapour compared to the 

measuring point. Directly, the pressure decreases with increasing the height level of the sensor 

probe from the surface of the Galden. The sensor has been placed just above (~0), 1, 2, 3, 4, and 5 

cm up from the surface of the Galden liquid – which was found to be a fixed reference point for 

the measurement. This means that in practice, the saturated vapour column is measured between 

the hose and the cooler. 

 

Fig 44. The pressure of the vapour at different height levels from above the Galden surface 

Figure 44 gave a precise observation of the maximum pressure value decreasing whenever the 

sensor was placed in a higher position according to the hydrostatic pressure relations (18). The 
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current findings precisely refine the findings of [32]. The hydrostatic pressure nature can be seen 

in the following Table 10 as well. Calculating with the maximum pressure values and the height 

of the blanket, we can say that with the fixed height between the Galden surface and the cooler, as 

we increase the height cm by cm, the measured vapour column thickness is decreasing. With the 

~12.5 cm height of the tank, it is assumed that by increasing the height of the probe, the values 

should decrease, as Table 10 shows. Also, it is an interesting observation that around 0-1 cm, the 

change is minimal. The remaining height values are not changing with the fix 1 cm step, but this 

is a problem that can be originated from the hose insertion more than the imprecision of the sensor. 

Tab 10. The result of steady-state time point with heating power 850W, based on HSC results 

Height, cm Recorded P, Pa Remaining height, cm 

~0 23,5 12,0 

1 24,6 12,6 

2 21,9 11,2 

3 18,3 9,3 

4 16,2 8,3 

5 14,6 7,4 
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My work reflects the measurements which were performed at the time, when I published the results. 

To validate the previous measurements, with the state of the art components, later available 600 Pa 

ranged HSC components were acquired and used. Figure 45 shows a heating up with same parameters 

(750W, ~1-2 cm height above the fluid) in the same model oven.  

 

Fig 45. Two different sensors, same system setup, similar readings 

It can be said that the new sensor shows a much finer resolution, which is apparently due to the 

refinement of the full scale with one range (600 Pa compared to 6000 Pa). It can be said that the new 

sensors enable better results with smaller noise or quantization error. The absolute maximums, the 

nature of the characteristic is practically identical, however minor refinements can be seen with the 

new sensor, regarding the amplitude (this difference could also come from the imprecision of hose 

insertion). Also the new sensor has smoother relaxation after reaching the peak. It is recommended to 

use the new sensors in future experiments after my dissertation. 

5.5.3 Observation of the pressure changes during heat-level VPS 

The experiments moved to the next step, the heat-level VPS oven (Quicky450), used by the 

industry. As discussed before, the heating power was set to specific values: 60%, 80%, and 100% 

to investigate the effect of heating on the pressure and temperature profiles. This setting ultimately 

affects the actual product – the soldered PCB assembly and, more specifically, the joint quality. 
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The actual power use is masked behind the controls of the system, but it is supposed that the given 

maximum reported power drawing of the oven is close to the actual 100% setting. Each set power 

value was derived from actual production, so they are based on practical experience. Also, finer 

power setting steps were not considered, as roughly these steps are used in everyday production, 

enabling considerable quality changes on the soldered goods.  

It was found that the identification of the heat-level VPS process is possible in fine detail with one 

gauge-sensor based pressure measurement inside the work zone. During the soldering process, the 

output of the pressure sensor reveals the phases (PH1-4) of the process in fine details, where four 

steps are distinguishable from analyzing the pressure signal (Figure 46). The different steps are as 

follows: PCB immersion, heating, solder-break, and cooling (see Figure 47 for a graphical 

representation). 

 

Fig 46. The steps of the heating profile during the soldering process 

At this point, we discuss the phases of the measurement. (See Figure 46). Phase 1 (PH1) represents 

the closure of the cover after loading the assembly (initial state) and the immersion of the PCB to 

the vertical depth of the workzone, as the first step of the soldering. The pressure decrease is due 

to the closing of the lid and the downward movement of the colder lift, which causes vapour 

condensation and perturbs the initial state around the heater at the bottom. It must be noted that 

this period is approximately similar for every setting, even if the heating power or other process 

parameters are varied. 
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During Phase 2 (PH2), the heating period is presented, which is the main part of the soldering 

temperature profile. The pressure peak is again (similarly to Figure 34 in the standard-method 

based model oven) more defined than the exponential nature of temperature increase, highlighting 

that the vapour blanket generation can be easily monitored with pressure signals. Usually, the 

control of the oven is solely based on the temperature results. According to our findings, it is 

recommended to expand the general concept of solder profiling to measure the peaks of the 

pressure signal. (Represented at around 380 s in the case of Figure 46.) The pressure peaks are 

later observable in Figures 48 and 49 too. Generally, temperature measurement-based control will 

take longer to detect the exponential saturation – pressure peak detection can reduce this time and 

increase productivity. 

In Phase 3 (PH3), the workpiece carrier moves up after the heating to prepare the VPS for the 

cooling stage. This step was referred to in the introduction when the oven “breaks” the process. 

As in the first phase, the support movement can easily perturb the concentration of the vapour. 

Therefore, the pressure suddenly shows a decreasing and increasing nature in a short time. 

At the start of Phase 4 (PH4), the oven signals that the PCB is ready to be taken out. The cooling 

cause additional condensation, a significant amount of the vapour transforms again to the liquid 

state, which results in a negative swing in the pressure plot. In this stage, the temperature and the 

pressure inside the oven going back to the starting point. The phases are represented in the 

following Figure 47. 

 

Fig 517. The Phases of the heat-level VPS 

5.5.4 Results of power settings in heat-level VPS 

For the subsequent investigation, the heating power was fixed, and the heating delay parameter 

was varied between 10 s, 15 s, and 20 s. The delay enables longer dwell in the saturated vapour, 

but the fine-tuning option needs clarification from the pressure measurement aspects. 

Initial state Immersion of PCB Heating Solder-Break Cooling



 

72 

 

Figure 48 shows that the pressure plot could well define the essential part of the heating process. 

The approximate peak of the pressure reaches around 20 Pa, and this occurs under the saturation 

of the temperature at 230 °C. The minor overshoot on 230 °C signals an insignificant boiling point 

drift in the applied heat transfer medium. 

 

Fig 488. The hydrostatic pressure and temperature measurement during the heating phase inside the work zone of a heat-level 

VPS oven with 80% heating power (HP) 

The signal of the pressure shows decreasing after reaching the peak, which represents the full 

distribution of the vapour inside the designated work zone. The sensor plot shows a slight 

relaxation, which eventually settles to a flat plateau (this can be seen after 400 s in the pressure 

plot of Figure 46). After the initial peak of the hydrostatic pressure, the height of the column, also 

the available saturated vapour settles to a steady state, meaning that at this point, the oven is not 

necessarily increasing the saturated vapour column height but keeps it at a relatively steady height. 

The increased temperature from the overreaching vapours above the PCBA stops the soldering 

process (this is the “solder break control”). Still, heating comes from an unsaturated mixture of 

vapour and air, which heats the integrated TC to a pre-programmed level of 150 °C. This also 

suggests that non-saturated vapours are enough to break the process. 

Also, it is important to note that temperature can give the necessary feedback to control the 

soldering process. Still, the slow saturating maximization nature of the heating plot is more 

0

20

40

60

80

100

120

140

0

2

4

6

8

10

12

14

16

18

0 50 100 150 200 250 300 350

Te
m

p
e

ra
tu

re
, °

C

P
re

ss
u

re
, P

a

Time, s

Pressure Temperature



 

73 

 

difficult to handle during control compared to finding peaks. Also, thermocouples do not indicate 

the dynamics and actual height of the vapour blanket. 

Figure 49 shows the variation of heating power, the maximum of the temperature is not affected 

in a significant manner. At the same time, the fast thermocouples could be heated up by unsaturated 

vapour as well. 

 

Fig 49. Pressure and temperature measurement with the variation of the heating power (*HP=Heating Power) 

Heating power affects the resulting height of the saturated vapour, consequently the measured 

hydrostatic pressure - the pressure signal shows that the vapour blanket reaches different levels 

when the power of heating is modified (see Tables 11 and 12). The time of the saturation depends 

on the heating power. In case the heating goes lower than 60%, the pressure sensor loses stable 

and repeatable performance, with flat response curves, meaning that the oven is working on the 

boundary of producing saturated vapour at the measurement height. For delicate heating, this can 

be a good approach in reflow soldering. However, the process becomes long and non-practical for 

actual production, reducing the actual output of manufacturing. Also, the role of the pressure 

sensor decreases in such cases. 

The results in Table 7 show that with lower heating power, the delay between the saturation of the 

vapour and the temperature becomes slightly longer too. The vapour height of around 60% also 
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shows that the technical maximum height (60 mm reported by the manual of the oven [81]) 

becomes an invalid value below such power settings. 60 mm is only necessary for special 

electronics; however (e.g. power modules), classical surface mounted PCBA-s range from 

approximate 4 to 20 mm height.  

 

Tab 11. Comparison between two different sensors by saturation time. 

 Saturation time, s 

Heating Power 60% 80% 100% 

Gauge-type sensor (Pressure) 477 282 186 

Thermocouple (Temperature) 498 284 186 

Tab 12. Comparison between two different sensors by vapour height. 

 Vapour height, mm 

Heating Power 60% 80% 100% 

Gauge-type sensor (Pressure) 60 105 150 

Thermocouple (Temperature) - - - 

To validate the effect of height, I investigated the heating of PCBs in the HL-VPS type oven at the 

heating power of 60%. For proving this impact, I have investigated the heating factor; PCBs are 

placed with the same surface size and thickness but on different height level in the oven (showed 

in Figure 50). The PCB is positioned at a determined height in the oven by supports in each corner 

of the board, the material used for the support is the same material for the PCB, and the surface 

size is one cm² each. Figure 54 presents the support to change the height of the PCB knowing that 

the PCBs have the same dimension (8x8 cm length, width and 2 mm thickness). Four height used 

for this experiment: directly on the sample holder surface of the oven (0 mm), 2 mm, 6 mm and 

12-13 mm (the supports added up +1 mm after the positioning). 

 

Fig 50. The PCBs in the same thickness paced in different height 
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The support’s thermal capacitance may have a slight effect on the results, which is now neglected. 

Figure 51 shows a decrease in the heating factor when the PCB gets higher in the oven. 

 

Fig 51. The heating factor for different height settings inside the VPS oven. 

 At this point, we can prove that the height has a clear impact on the heat transfer. Furthermore, 

(see Figure 52), with the height increase, the decrease of the temperature occurs. It is  

 

Fig 52. The maximum temperatures 

This phenomenon opens up new investigation possibilities for the future – as even at 60% heating 

power, there is a significant effect on the heating at 10 mm height change. 

5.5.5 Results of heat-delay settings in heat-level VPS 

After measuring the three different heating delay settings (10-15-20 s), the result in Figure 

57 shows similar results in the heating. It is also interesting to see that the pressure peaks are very 

similar within the low-frequency noise suggesting good repeatability. The similarity changes at 

the break, where the ending of the process is really elongated with the delay setting. The large and 

rapid pressure peaks can also follow this delay, meaning that the method can verify this specific 

parameter too. Figure 53 also shows the repeatability of the measurements in the absolute values 
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of the investigated pressure and temperature parameters during the heating. The pressure peak 

differences at the break can be due to the slight differences in the vapour perturbance when the lift 

starts to move up in the oven.   

 

Fig 53. Pressure and temperature measurement with the variation of the heating delay; top: complete profile; bottom left: heating; 

bottom right: solder break (*HD=Heating Delay) 

5.5.6 Validation of the sealing efficiency with the feedback of the gauge-type pressure sensor  

The use of a pressure sensor also elevated a hypothesis where the signal can reveal leakage of the 

system. To avoid the case, which might be hazardous for the operators around the oven, I simulated 

leakage. The sealing ring was deliberately broken at a given point. For a complete evaluation, there 

was no barrier to face the vapour escaping from the process zone to the outer atmosphere. The 

pressure probe and the thermocouple placed inside the oven were kept in the same position for 

each measurement. The experiment was executed under the heating power of 100%. 

Figure 58 highlights the detection of vapour leakage during the soldering process. If there is a risk 

of damaged sealing, the safety norms of operation are also broken. Simultaneously, the hot vapours 

can leave the workzone, but harmful and challenging to sense VOCs from the soldering process 

(e.g. solder-flux gases). 

Focusing on the essential part of the profile, Figure 41 shows similar results when the oven is 

sealed, like in the previous cases. However, when the sealing is broken, the signal response 

becomes flat. 
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Fig 549. Comparison between the pressure signals at the sealed and non-sealed oven during heating 

According to Figure 54 and later from Figure 56, the leakage can be characterized with applied, 

sensitive pressure sensors. The pressure amplitude drops significantly to a near-zero level when 

the sealing fails; meanwhile, the temperature values read similar results to the standard 

programmed temperature profile. The temperature work zone monitoring feed is not able to 

highlight changes in the sealing. This is observable in Figure 55. While it is apparent that the 

vapour heats the small TC similarly in both cases, the vapour column is not building up 

appropriately in the case of the broken sealing. It is supposed that vapour partially condenses in 

the upper regions of the oven due to the opening and cooling effect of the ambience. It is supposed 

that saturated vapour cannot escape the oven due to the density of the saturated vapours. However, 

while only unsaturated vapour is present during heating up, the air-galden mixture is driven up by 

convection, which results in additional condensation at the upper colder parts of the work zone. 

Also, part of the vapour is lost via the leakage. To improve my qualitative investigations of this 

phenomenon, the issue might require intricate modelling to assess the problem of leakage 

quantitatively.  
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Fig 55. Comparison between the temperature signals at the sealed and non-sealed oven during the whole process 

Figure 55 and Figure 56 shows a similarity between the temperature during leakage and the regular 

use of the oven. This confirms that the temperature values recorded by the monitoring small 

thermocouples are not affected by the leakage. 

I recommend that at the practical heating power settings above 50-60%, a practical threshold must 

be defined for the pressure signal so that when it is not crossed by the actual pressure value, the 

oven controls can give feedback about leakage. It can be a practical application for the operator at 

the electronics manufacturing shop floor, signalling a hazard around the oven. This threshold could 

be set to 5 Pa in my investigated case, which is sufficient, considering an unfiltered raw signal, as 

shown by Figure 56. The threshold setting should be investigated for each oven type and data 

acquisition methodology. 
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Fig 56. The profiles of the pressure and temperature during the hermetically non-hermetically sealed 

 

The experiments highlighted the efficient application of the gauge-type pressure sensor in control-

related questions of the VPS. The summary of the findings and future possibilities are discussed 

later in Chapter 6. 
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6. Conclusions 

THESIS I: I showed with calorimetric approach that the “heat-level” based vapour phase 

soldering (HL-VPS) processes are significantly sensitive to generally applied additional 

monitoring thermocouple sensors compared to other reflow processes due to the instability of the 

heat-transfer medium (vapour) and the slow response of the system, affecting critical reflow 

soldering parameters, such as the ramp, the TAL (Time-above-liquidus) values and the resulting 

heating factor. 

TP I/1 I showed that in an industrial Heat-Level type VPS oven with general size dimensions, the 

insulation and the wire types of additionally applied monitoring thermocouples may significantly 

affect the resulting solder profile parameters (generally in the range of n*10s timely difference at 

reaching liquidus point by the ramp).   

The inserted colder wires perturb the developing vapour, drawing away heat and condensing a 

significant amount of vaporized heat transfer medium. 

During the heat-level method based VPS process, the monitoring of a new soldering job in 

manufacturing consists of measuring the temperature on the printed circuit board with additional 

thermocouples. The inclusion of the thermocouple with wires and consequently, a larger thermal 

mass in the work zone does not perturb IR-radiation based or forced convection based reflow 

processes – however, it affects the process (the soldering profile) of HL-VPS according to the 

construction and length of the sensor wires.  With calorimetric measurements, it was found that 

reaching the liquidus temperature of the most common lead-free soldering alloy (SAC305, 

217 °C), the maximum Δt can point to up to ~30 s difference due to slower ramps, where the time 

differences can reach up to ~7.5% compared to the total timely range of the solder profile. The 

differences are relatable with the ranges of the thermal mass of the thermocouple wires. While the 

work zone is a standard stand-alone industrial machine, and the mass of the PCB is in the order of 

an usual application, the results can be generalized to other ovens with similar dimensions and 

load. 

This point shows that the usual validation of the process might settle false preconceptions with the 

procedure. After the initial soldering job, where the validating measurement happens with the 
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thermocouples, the usual process runs in production go on without the additional thermal masses 

of the TCs with altered profiles.  

Related publications: L3, R1 

TP I/2 I showed that the heating factor of the resulting soldering profiles suffer even more 

significant differences, where the maximum relative difference at an identical oven setup with and 

without thermocouples can reach up to the order of n*10%. 

During the heat-level method based VPS process, the relative difference of the heating factor can 

be in the range of 10-22% according to the introduced thermal mass of the thermocouples to the 

work zone. The differences are in alignment with the order of the thermal masses of the 

thermocouple wires. This must be noted when the quality and the reliability of the solder joints are 

in focus. Similarly to the previous point, the results can be generalized to other ovens with similar 

dimensions and load. 

The amount and positioning of the thermocouples were based on practical experience. Increasing 

the number of thermocouples increase the scale of the problem as well. 

Related publications: L3, R1 

TP I/3 I showed that during the heat-level method based VPS process, the increase of the heating 

power could not eliminate the influence of the additional thermocouples on the heat-transfer, only 

minimise the difference.  

I have suggested minimizing the effect to under a 1,75% difference: fixing the inserted wire length 

to the vertical height of the sample holder can lead to the minimization of the timely transient 

differences in the resulting soldering profiles. 

 With the increase of the heating power, the time differences are in the range of 5% to 22%, 

regardless of the practical amount of the thermal mass immersed into the workspace with the 

thermocouples. Note that the increased heating power might not be optimal from the aspect of the 

assembly. During thermocouple positioning, it is suggested to minimize the thermocouple length, 

which can be practically problematic, with more robust, insulated wire types.  
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With the points above in mind and minimized thermocouple length, the range of timely differences 

can be kept around 2.5% between the different wire types. With organized and minimized 

thermocouple wire positioning, the value can be kept under 1,75% acceptable in repeated 

manufacturing production. 

Related publications: L3, R1 
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THESIS II: I showed that in standard vapour phase reflow soldering processes –  compared to 

regular temperature measurements – dynamic process characterisation and control is 

improved with the application of high sensitivity gauge type pressure sensors - highlighting 

exact vapour saturation in time, the steady-state of the system, the required lower power 

threshold to achieve a sustainable vapour layer ready for reflow soldering, and the hydrostatic 

height of overshooting above the cooler. 

TP II/1: I proved experimentally that in standard VPS ovens, with gauge-type pressure sensors, 

vapour saturation (and dynamic buildup of the vapour) can be detected more precisely than with 

previously applied dynamic flow-based pressure sensors or thermocouples, improving the timely 

accuracy of detection and oven control in the range of n*10 seconds. 

I presented a ~5% improvement upon a standard VPS profile with dynamic flow sensors. This is 

also an improvement on the previous results, where the dynamic changes in time were not, only 

the hydrostatic nature was highlighted with gauge-based sensors. 

The offset of thermocouple readings ranged between (0-40%) on the linear range of time for the 

complete profile compared to the detected saturation with the flow-based sensor; with the gauge 

sensors, I revealed (5%) timely precision improvement upon this value.  

Gauge sensors have a more straightforward implementation, and they are cheaper than previously 

presented solutions. 

It was found that with gauge type sensors, saturation can be shown in a more precise manner in 

time, but with the limitation of plot relaxation due to the limitations of the physical sensor devices. 

The gauge type sensor reaches a maximum after a dynamic rise. This peak is practically at the 

settling of the dynamic flow sensor signal. 

It was found that the gauge type sensor output can highlight the drop of pressure when a PCB 

is immersed into the vapours. The drop can be characterized by the decrease of hydrostatic pressure 

(practically the volume of the consumed vapours) and the sensor's recovery.  

Related publications: L2, R1, M1 

TP II/2: I showed that with a single measurement point, with one gauge type pressure sensor 

interfaced with a probe, the suggested lower power limit of the standard VPS oven control can be 
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shown, where a sustainable saturated vapour column can be developed for practical use in VPS 

processes.  

This is demonstrated by the inflexion point of the ”Power”/”Pressure” curve, following the ”Time 

to reach saturation”/”Power” curve.   

This result was validated in the experimental model oven. The approximated power loss by the 

ambience and the loss of the cooling system is approximately identical with the power at the 

Power/MaxPressure inflexion point.  

Related publications: L2, R1 

TP II/3: I showed that the control limits of power settings can be investigated with the hydrostatic 

approach. The time point can be shown when the system is overshooting the vertical level of the 

cooler.  

It was found that the saturated vapour column might protrude above the zone of the cooler with 

extended power settings, so with a precise gauge-based sensor setup, overshoot over the cooling 

can also be identified, and an upper power-time threshold can be defined for the process, which is 

precisely shown by an upper threshold limit of the registered hydrostatic pressure values. 

Related publications: L2, R1 
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THESIS III: Focusing on the more advanced “heat level” VPS method, according to the medium 

sensitivity and the hydrostatic behaviour of the vapour, I have found a novel characterization 

method for the validation, identification and control of the “heat-level” VPS process with the 

application of single ported gauge type pressure sensors, improving upon traditional temperature 

measurements, clearly highlighting all phases of HL-VPS, the closed state of the oven and power 

thresholds for developing sustainable vapour blanket. 

TP III/1: I showed that with single point gauge-sensor based pressure measurement inside the 

work zone, the four steps of the heat-level VPS process is detectable from the single port sensor 

based gauge pressure signal, which is not possible with the use of temperature measurements: 

immersion of PCB, heating, solder-break and cooling. 

The typical application involves a temperature sensor, where the classic temperature(time) relation 

of the PCB and the work zone can be recorded. This plot is masking the actual phases of the 

machine. On the other hand, the one-point pressure measurement at the PCB level can reveal the 

four phases of the heat-level VPS method distinctively with breakpoints in the signal, which is not 

possible with thermocouples.  The pressure(time) function represents the state of the oven and 

gives information about the buildup of the vapour column, with the exact hydrostatic pressure over 

the PCB assembly. The novel measurement opens up new possibilities in intelligent oven control 

and a more precise time setting of the oven. The results also show a possibility of sensor fusion 

based on the thermocouples and the pressure measuring devices. 

Related publication: L4, L2, R1 

TP III/2: I showed that with a gauge pressure sensor and single probe insertion, it is possible to 

construct a threshold-based work zone state detector, where the closed state or (on the other hand) 

a leak is signalled by significant loss of the (over)pressure. 

This new application can be used for Occupational Safety and Health (OSH) purposes.  

According to my findings, there are two primary states of a VPS oven (semi-hermetically closed; 

leaking), characterized with gauge pressure sensors. The characteristic change of vapour pressure 

signals the leakage of the physical sealing on the oven, which is not detectable with the currently 

applied thermocouple-based oven setups. The pressure amplitude drops significantly to a near-
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zero level when the sealing fails; meanwhile, the temperature values read similar results to the 

standard programmed temperature profile. In the investigated oven, such threshold (based on the 

signal characteristics) was set at 5 Pa. 

Related publication: L4, R5 

TP III/3: I showed that the practical lower power limit observations for sustainable saturated 

vapour in “heat-level” based VPS processes can be performed with gauge sensors. 

 I showed that there is a minimum power threshold well above the minimum of the actual control 

parameters, where a saturated vapour column with practical height (based on the general height 

of printed circuit board assemblies) is present for reflow soldering in HL-VPS processes.  

Related publication: L4, R5 
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7. Practical Utilization of the Results  

The results of Thesis point 1. can be utilized in the advancement of controlling the temperature of 

the PCB inside the heat level based VPS with the thermocouples. The different available K-type 

TC constructions can significantly alter the programmed temperature profiles due to their thermal 

masses while affecting the required soldering profiles. This might affect the quality and long term 

reliability of the joint because the differences in the ramp, heating factor and different temperature 

breakpoints at the start of the cooling phase (practically the end of the soldering process) can 

significantly alter the structure of the joints. With more refined control, better quality and 

reliability can be achieved in production. This can lead to novel research paths in the wake of 

metallurgic parameters and overall quality-reliability aspects of the produced boards. 

With the results and methods of Thesis points 2-3, it becomes possible to monitor different state 

variables (temperature and vapour concentration, closed nature) of the process zone with the 

mindset of precise control and steady-state recognition both for standard vapour phase soldering 

and HL-VPS control-based processes. The peaks of the gauge-type sensors mean that the actual 

hydrostatic maximum of the system is reached, considerably later than the peak of the flow-based 

sensor, which was reported previously as the most accurate method [13]. In other words, the peaks 

of the gauge type sensors point to a more accurate representation of saturation, where not a 

dynamic settling of a signal, but the peak of gauge type sensors show the steady-state. Also, it was 

found that the saturated vapour column might protrude above the zone of the cooler with extended 

power settings, so with a precise gauge-based sensor setup, the overshoot of the cooling and an 

overload on the system can be identified. The control method may help to reduce idle times of the 

ovens by pinpointing the critical time of saturation. The feedback on the control of more 

sophisticated VPS control paradigms may also help improve the programming of the ovens. The 

operational, safety and health aspects can also point to leakage detection, ensuring the safety of 

the working personnel. With the detection of the sealing state, not only the regular operation of the 

oven is sustained, but losses of the expensive heat transfer fluid can be avoided. 

Also, with more precise process identification, better timing, improved manufacturing yield, 

improved reflow soldering quality, and reduced costs could be achieved, which can be a 

considerable improvement in applying the process in traditional mass manufacturing and surface 

mounting.  
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8. Previous, Current and Future Alternative Research Paths 

Future experiments will involve characterizations of vapour workspace as a function of the sensor 

position inside the chamber. The recovery of pressure after the drop during PCB immersion is also 

an aim for future investigations in the function of powers, which might compensate for fast vapour 

recovery. Future components with improved sensitivity might provide more stable results for 

investigating steady-state over a more extended period. The methods are compatible with novel 

paths of the industry, namely IoT and Industry 4.0 aspirations, where digitally interfaced sensors 

are used for more precise and flexible process control. The improved yield might be an interesting 

question regarding productivity and failure costs at a company applying the given VPS ovens. 

Future research can focus on investigating the variation of the vapour pressure with different 

thermocouples. Also, simulation of vapour concentration and further industrial thermocouple types 

can be investigated to increase the general understanding and practical industrial applicability. 

Future works can investigate the application of PEEK, PTFE or VITON hose materials to 

investigate gas permeability and pressure plot relaxation. Also it is recommended to validate dual 

ported gage sensors in the HL-VPS process with the insertion of the negative port to the upper side 

of the oven to investigate internal differences in the work space. 

Better control can enable soldering on heat-sensitive polymers, such as biodegradables, a goal for 

a longer research time in the future. 

All of my presented results can lead to metallurgy, material, failure analysis aspects in the future 

of VPS applications. 
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