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Motivation 

Most of the modern electronic devices consist of a Printed Circuit Board (PCB), 

assembled together with components. These components are mostly mounted with 

surface mounting technology (SMT), where reflow soldering is used for joining the 

complex packages to the board itself.  During this method, the solder is deposited onto 

the contact pads of the PCB in paste form, then the components are positioned with 

manual or automatic placement methodology on the solder deposits, finally the heat 

transfer takes place to reflow the alloy. The joints are ready when the assembly is 

cooled back to solidus temperature of the alloy. In mass manufacturing, millions of 

joints are formed in such ways on one single production line on a daily basis.  

Nowadays mostly lead-free alloys are used for joining, where the melting procedure 

(practically the reflow procedure) is based on different heat transfer methodologies. 

For reflow soldering of the assemblies, different heat-transfer methods can be used, 

such as infra-red heating, forced convection, contact-based hot iron soldering, and the 

lately re-introduced “condensation-based” heat transfer. The machinery behind the 

technologies are usually prepared in “oven” constructions, ready for mass production, 

or for smaller scale prototyping.  

The vapour phase soldering (VPS) is a method based on condensation heat transfer, 

using a system which applies hot vapour onto the PCB, where the solder paste and the 

components are already positioned [1,2]. The vapour is used to heat the paste and the 

whole assembly [2,3,4]; also, the vapour medium itself is created by boiling the so 

called Galden fluid [5] which allowed reemergence and safe use of the technology. The 

VPS is recommended for many different electronics assembly applications because it 

provides unique advantages such as good quality joints between the electronic 

components and the board, regular and fast heating of the components [2], 

minimalizing the voids inside the solder [6, 7], and safety from the aspect of inert heat 

transfer material [8]. The working method of the VPS starts with applying heating 

power on the bottom of the oven where the Galden is reserved. At the temperature of 

boiling, the liquid will change its phase to hot vapour, and it is distributed inside the 

oven. Then when the PCB is lowered into the vapour, condensation gives off latent heat 

to melt the solder. 

Many electrical manufacturers started to develop their reflow processes based on 

the vapour phase soldering (VPS) method, due to its improved quality factors.  
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With the study of the scientific literature of the topic, I have concluded, that the 

description of the technology is based on either empirical observations or numerical 

modelling with different detail levels, but I also found that improvements can be done 

in the monitoring of the procedure. In my work, I have focused on further empirical 

observations by applied sensorics mindset, supported by the fundamental physical 

theories, to lay further groundwork in the overall knowledge of the topic. 

Problems of the Field Requiring Novel Solutions 

For equalized heat transfer along the board, the vapour concentration, the steady 

state of the system, precise parameter reading and proper power control (as actuation) 

is needed. Literature presented simple solutions for process mapping, both 

qualitatively and quantitatively.  

Also to start the process of reflow soldering, with the very basic principle of 

soldering in saturated vapours, the stabilization of temperature and saturation of 

vapour inside the oven is an essential requirement [9, 10]. For that matter, the 

literature shows the utility of the thermocouple based temperature detection on the 

PCB-s inside the workspace [11 - 14]. Due to the sensitive nature of the heat transfer 

medium, some cautions are defined on the thermocouple application. The previous 

literature [9] presented different approaches on fixing the thermocouples onto the 

PCBs for proper process mapping, but they not dealt with the problem of the additional 

thermal mass of the wiring, which – in contrary to traditional reflow methods – may 

cause significant perturbation in the medium, or “shadowing effect”-like transients in 

the process. Such effects were not discussed before in regards of the technology. 

Previously it was shown, that flow-based pressure measuring devices can be used 

[10], for investigating the saturation of the vapour space in standard control methods 

more precisely, than solely relying on thermocouple measurements. However, the 

previous results showed limitations both in revealing the dynamics of the vapour 

generation and in the instrumentation (e.g. resolution) used in during the process. 

Further clarification is needed on more precise process characterization. More 

sophisticated vapour phase controlling methods, such as the so called “heat-level” VPS 

process, where vapour is generated onto the surface of the PCB from below at a given 

height of the work zone, were not yet investigated with pressure sensing. 

According to the findings of [10], a 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 



4 

 

saturated vapours and this needs further evaluation. Newly applied gage-based 

pressure sensing principles will open up new paths of research and application, such 

as operation safety & health (OSH) aspects, or more precise power setup for 

appropriate oven control. 

Research Objectives  

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. 

 

Methodology 

In my research, I was working with two VPS ovens. The first one was a physical 

model station, an experimental VPS oven developed at the department, with standard 

heating mechanisms. The other was an industrial Asscon Quicky 450 vapour phase 
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soldering system with Galden fluid LS230. This is working with “heat-level” control 

methodology. 

In the experimental oven, a stainless steel tank a heater is positioned at the bottom 

of the tank, and the heat transfer fluid is filled in a way to cover the heater resistor. The 

heater power is adjustable from an external power source. On the top of the tank, there 

is a removable lid; the cooling appliance is placed under the lid.  

During the measurements in the experimental station, I have used Galden HT170 

type fluid, with a boiling point of ~170°C, which is often used in low temperature lead-

free soldering, but compatible with other Galden types, regarding the characteristics of 

the process. The heating power is adjustable from 250 W to 850 W in 100 W steps.  

The HL-VPS oven is working with the Galden LS230, with a boiling point of~230°C, 

with a heating power available to set between 0-100%, and a “heating delay” set to the 

practical values. 

For the temperature measurements, I focused on the using of the welded tip K-type 

thermocouples with operating range between -75 ºC to +250 ºC, and the precision of 

±1 °C. The thermocouples are connected to a compact thermal profiler (V-M.O.L.E.) or 

MyPClab DAQ-s given the task and accessibility. The insulation of the different 

thermocouples were PTFE, gas and water insulated PFA, Thin PFA, Ultra Fine PFA, and 

Fibreglass. 

In the measurements, I have used different PCBs for control measurement bodies, 

but all of them were glass fibre reinforced FR4 epoxy resin boards. The base board 

thickness was 2 mm. 

The application of novel gage-type pressure sensors started with the investigation 

of what was available on the market: Honeywell TBP, HSC and ABP gage type sensors,  

and Sensirion SDP (as a control flow sensor) were considered to be applied. The gage 

sensors are considered to be novel in the market in such form factors and resolutions. 

They can be applied to reveal hydrostatic pressure relations inside the vapour space 

with proper probe-hosing.  
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Novel Scientific Results 

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 thermocouples, the usual process runs in production 

go on without the additional thermal masses of the TCs with altered profiles.  

Related publications: L3, R1 
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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.  

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 



8 

 

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 shown, where a sustainable saturated vapour column can be developed for 

practical use in VPS processes.  
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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-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 
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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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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, in the meanwhile 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 

break points 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 gage-type sensors mean that 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 gage type 

sensors point to a more accurate representation of saturation, where not a dynamic 

settling of a signal, but the peak of gage 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 gage-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 exactly pinpointing critical timely point of 

saturation. The feedback on the control of more sophisticated VPS control paradigms 

may also help improved programming of the ovens. The operational, safety and health 

aspects can also point to leakage detection ensuring safety of the working personnel. 

With the detection of sealing state, not only the normal 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 huge improvement in terms of applying the process in 

traditional mass manufacturing and surface mounting. 
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