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Betoniteräsverkkojen tuotanto perustuu vastuspistehitsaukseen ja standardin SFS 1300:2020 

asettamissa rajoissa tapahtuvaan raaka-aineen vaihteluihin ja ominaisuuksiin. Raudoitteiden 

laatua säädellään tarkasti johtuen niiden kriittisestä merkityksestä betonirakennusten ja  

-rakenteiden kestävyyden kannalta.  

 

Tämän työn tavoitteena on optimoida betoniteräsverkkojen hitsauksessa käytettäviä 

parametrejä yhdellä edustamani yrityksen verkkokoneista siten, että vaadittu laatu voidaan 

tavoittaa luotettavasti mahdollisimman alhaisilla parametreilla. Tässä tutkimuksessa 

matalimmat mahdolliset parametrit, joilla voidaan saavuttaa standardin asettama laatu, 

voidaan pitää tehokkuutena.  

 

Tutkimuksen pohja luodaan kirjallisuustutkimuksella vastuspistehitsauksesta, Taguchi – 

menetelmästä ja varmistutaan standardien asettamista vaatimuksista betoniteräsverkon 

osalta. Taguchi – menetelmää hyödyntäen suoritettiin neljä erillistä koeajoa käyttäen 

määriteltyjä parametrien tasoja perustuen niiden alkuperäisiin arvoihin. Taguchi - analyysin 

avulla saadaan laajempi kuva siitä, miten eri parametrit vaikuttavat hitsausliitoksen 

leikkauslujuuteen.  

 

Taguchi – menetelmästä saatujen tuloksien avulla laskettiin optimoidut taulukot niille 

parametreille, joille se oli mahdollista. Nämä parametrit olivat hitsausvirta, -paine ja -aika. 

Korkea keskihajonta aiheutti epätarkkuutta tuloksiin ja tämän vuoksi osa parametreistä jää 

optimoimatta. Niiden suoraa vaikutusta hitsausliitoksen leikkauslujuuteen ei voitu todeta.  
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Production of reinforcement meshes is based on resistance spot welding method and the 

variation and properties of raw material within the limits set by the standard SFS 1300:2020. 

Quality of reinforcements is regulated strictly due to their critical importance for the safety 

of concrete buildings and structures. 

 

The aim of this research was to optimize reinforcement mesh welding parameters for the one 

reinforcement mesh welding plant, owned by company I represent, so that the required 

quality can be achieved reliably with lowest possible parameters. In this study, optimization 

means lowest possible parameters which can reliably achieve quality demands and it can be 

considered as efficiency. 

 

Base for this research is created on literature research about resistance spot welding, Taguchi 

method and get to known with regulations set by standards according reinforcement meshes. 

Four experiment sets were executed separately by using Taguchi method with defined 

parameter levels based on their original values. Taguchi analysis provided wider view about 

that how each parameter affected to shear force of the joint.  

 

With the results from Taguchi analysis, optimized parameter matrices were counted for those 

parameters which it was possible. These parameters were welding current, welding pressure 

and weld time. High standard deviation caused inaccuracy to results and because of that 

some of the parameters are still unoptimized. It was not possible to diagnose the effect of 

those parameters to shear force of welding joint. 
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1 INTRODUCTION 

 

 

Concrete building is important part of both, house- and infrastructure building side, it is used 

for example on buildings, roads, bridges and dams. Another important area of usage of 

concrete, is structural applications like pipes and drains. Popularity of concrete is based on 

low price, resistance against humidity, stiffness, safety, stability and formability. 

(Betoniteollisuus ry. , 2020) 

 

Concrete is composite material made from cement, aggregate and water and it has multiple 

important properties if considered from structural view. Cement has good resistance against 

humidity, high compression resistance and very good formability. Problem on concrete 

building is that concrete has low tensile strength and because of that, it is common to add 

additional reinforcements inside the cast. Those reinforcements can be metal rods, tendons, 

meshes or fibers. (Betoniteollisuus ry. , 2020) 

 

Reinforcement meshes are typically welded together from longitudinal and cross wires 

between two electrodes. Two wires are welded together without any addon material by 

feeding current through them and melting wires together. Method is called resistance spot 

welding (RSW). Reinforcement meshes are made with reinforcement mesh machines. 

Reinforcement meshes and welded fabrics are same product, company where this research 

is done, is using reinforcement mesh title. 

 

There are two main types of reinforcement machines, another, the manual type needs 

straightened and correct length wires when more automated ones can straighten and cut wires 

by itself. Material for both machines is the same, cold- or hot-rolled structural steel. On this 

research, automated machine and cold-rolled steel is used. 

 

Standard SFS 1300:2020 (Suomen Standardisoimisliitto SFS ry, 2020) sets the standards for 

the wire and for the final product, reinforcement mesh and for the B500A wire used on 

meshes. Standard and qualification approval is defining the quality and company is using 

values set by standard on quality control. This research is about optimizing welding 
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parameters for RSW reinforcement meshes. (Suomen Standardisoimisliitto SFS ry, 2020, 

pp. 6-8) 

 

1.1 Research background 

This research will be made for Pintos. Finnish reinforcement production company, which 

was founded 1956, revenue is around 55 million euros per year. Pintos is producing 

reinforcement meshes, stirrup reinforcements, rebar coils, different kind of trusses, nails, 

lifting lugs and selling wide range of screws, building- and cast concrete accessories. 

 

Researcher has worked at Pintos since 2017, currently working as production supervisor. 

Previous job descriptions have been production foreman trainee, project engineer and 

development engineer. Researcher is second year M.Sc. (Tech.) student of LUT University. 

 

By making this research, Pintos is aiming to improve the quality of products, collect data 

about how adjustable parameters affects to shear force of the joint and optimize production 

of production plant. In this case, optimization will be measured as quality with lowest 

possible parameters. Quality requirements for B500A reinforcement mesh are set on 

standard SFS 1300:2020 (Suomen Standardisoimisliitto SFS ry, 2020), by the standard, 

properties are divided to two sections; categorizing properties which are minimum standards 

and demands of the usage, and possible extra demands which can be additional properties. 

 

1.2 Research problems  

Pintos is using 50 000 tons of steel per year and reinforcement meshes are significant 

percentage from it. Quality is critical element of production. On reinforcement meshes there 

are two steps on quality control, first step is when raw material is going through cold-rolling 

and it becomes semi-finished B500A wire. Wire must fulfill quality standards regulated by 

standard SFS 1300:2020 (Suomen Standardisoimisliitto SFS ry, 2020) before it can be used 

to make meshes. Quality standards are set for the wire on standard SFS 1300:2020 (Suomen 

Standardisoimisliitto SFS ry, 2020). Second step of quality control is after welding, for the 

reinforcement mesh, final product must fulfill quality standards set by standard SFS 

1300:2020. (Suomen Standardisoimisliitto SFS ry, 2020) 
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On this research, welding of final product is being investigated. Welding can be adjusted 

with six parameters on the mesh welding machine, those parameters are welding current 

(WC), welding time (WT), rise time/upslope time (RT/UST), fall time/downslope time 

(FT/DST), welding pressure (WP) and post-weld time (PWT). Pintos has not made research 

about that how each parameter affects to welding joint and properties of the wires. On some 

of the adjustable parameters, it is possible that too high welding values can lower the 

properties of wire and with too low values, welding joint is not strong enough. 

 

Pintos does not have working guideline for employees about that which parameter should be 

changed to which quality problem. Older employees have experience about adjusting 

parameters, but it is not systematic. Different employee can adjust different parameter to 

same problem than another. By making the guideline for mesh welding, overall quality 

should increase, because production is not based on trial error method anymore. If quality 

can be increased, it will have positive impact on production- and financial efficiency. This 

research should find answers for both problems, non-optimal parameters for the machine 

and lack of knowledge from effects of parameters.  

 

1.3 Goals 

Goal of this research is to create information about that how each parameter affects to 

welding joint, find optimal values for welding, and create basis for adjusting the parameters. 

Research questions and hypothesis are formed to find answers for these goals.  

 

There are six parameters that can be changed on the welding machine. After this research, 

there should be information about that which parameter has biggest effect on the welding 

joint and which parameter should be adjusted when facing quality problem. By optimizing 

parameters, required quality should be achieved more easily and reliably. Basis about 

parameter values will help operators on adjusting correct value for quality problem.  

 

 

 

 



11 

 

1.3.1 Research questions 

First research question is looking for answer to; “Is there countable scalability between wire 

diameters and parameters?”. If there is scalability, it will help on creating larger welding 

parameter matrix. Tests will be done for only limited combinations of diameters.  

 

Second research question is “Is it possible to achieve reliably the quality set by standard by 

optimizing parameters?”. Research is looking for reliable parameter values which gives good 

quality regardless changing variables. Most optimal values are those which gives reliably 

required quality but are lowest possible. When parameters are lowest possible, efficiency on 

the machine is maximized. Higher values mean more energy or time used to perform same 

interaction. Quality goals will be set considering the spread on the values. Best quality value 

is as close as possible the limit value.  

 

Last research question is looking for answer to one of main ideas of this research; “How 

different parameters affects outside basic values to quality and shear force of the joint of 

welding joint?”. With this question, research is trying to increase knowledge about that how 

each parameter affects to welding joint. This knowledge will help employees in the future if 

adjustments must be done to parameters.  

 

1.3.2 Hypothesis 

Hypothesis of this research is “It is possible to find parameters for welding which can be 

used to achieve reliably required quality despite the variables”. Variables are changing raw 

material, abrasion on welding electrodes and positioning between the wires. Hypothesis is 

considering if it is possible to find values which can deal possible changes on raw material 

and on welding process.  

 

Chemical composition of raw material can change in range of standard value so weldability 

of it, is changing. Also positioning of two wires can be different on welding joints and there 

can be impurities on the surface of wire. Welding electrodes can wear when all diameters 

are produced with same electrodes. This can cause problems when changing to lower 

diameters.  
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1.4 Research methods 

This research will be made by using literature research to find information about RSW 

method, weldability of applied material and usage of Taguchi method. Literature research is 

making a base for testing program, increasing knowledge from RSW, and getting known 

with quality demands.  

 

Effects of welding parameters are tested with experimental testing guided by Taguchi 

method. Taguchi method will be used for welding test program to minimize the number of 

samples needed, but to maximize the information got from tests. These results will be 

analyzed with statistical software, Minitab.  After analyzing values got from tests, those will 

be compared to possible results from literature research.  

 

1.5 Framing 

This research is made with company’s reinforcement mesh plant made by Progress 

Machinen & Automation (PROGRESSGROUP, 2021). Results from this research might be 

scalable to another mesh plants, but on this research, it will not be inspected. Efficiency of 

machine is not the key point and it will not be monitored, optimization means in this case 

lowest possible values and it can be seen as efficiency.  

 

On this research, reliably quality means that external variables are tried to be mitigated by 

adjusting parameters. Parameters should be high enough to mitigate possible positioning 

differences of wires, impurities on the surface of wires and different chemical composition. 

Wear on the welding electrodes must be taken out, because if there is no contact to wire, it 

cannot be mitigated by parameters.  

 

Materials used on this research, are qualification approved B500A materials which can vary 

in the range of standard SFS 1300:2020 (Suomen Standardisoimisliitto SFS ry, 2020). 

Weldability of used wire will be counted, and it can be used on later research. Diameters are 

not mixed, only same diameter on one mesh. This research is not concentrating on the quality 

of raw material or B500A wire itself, only the quality of welding joint on final product. 

Quality of wire will be checked for that it fulfills the requirements set by standard SFS 

1300:2020 (Suomen Standardisoimisliitto SFS ry, 2020) and if welding lowers the properties 

of wire.  
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Experimental testing is guided by Taguchi method, orthogonal matrices and analysis of 

experimental testing results is done as Taguchi analysis. Matrices used on experimental 

testing is done according Taguchi method and it will be used on analysis. No other 

comparable methods used.  

 

1.6 Contribution of the thesis 

As a contribution of this thesis should be new information about RSW and how parameters 

effects to welding joint of reinforcement mesh. Also, after tests, it should be possible to 

optimize parameters and create parameter - diameter – matrix which company can use for 

welding.  

 

After this research, it should be easier for the company to make new welding tests with same 

format as used on this research. Company has eight reinforcement mesh production plants 

and each of those might need more optimization, frame of this research can be used on 

upcoming researches.   
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2 THEORETICAL BACKGROUND 

 

 

This research is done by using literature research, welding tests with Taguchi method and 

quality tests for welding joints. Literature research is done before welding tests for better 

understanding and knowledge about RSW and effects of parameters. Literature research will 

guide the rest of research. Required quality goal will be set and Taguchi method explored on 

literature research.  

 

Taguchi method is the way how welding tests are planned to be executed. By using this 

method, number of meshes produced will be lower than other possible testing programs such 

as original experimental design. Taguchi method was chosen because of recommendation 

from the company and early research done before starting current one. Company has not 

used Taguchi method before. 

 

2.1 Material and B500A definition 

Properties of concrete steels are regulated on standard SFS 1300:2020 (Suomen 

Standardisoimisliitto SFS ry, 2020). That standard is regulating quality of rebars, rebars 

straightened by manufacturer, rebar coils and reinforcement meshes. SFS 1300:2020 

(Suomen Standardisoimisliitto SFS ry, 2020) is referencing to another standards, welding is 

regulated on standard SFS 1202 (Suomen standardisoimisliitto SFS ry, 2008) and SFS-EN 

10080 (Suomen Standardisoimisliitto SFS ry, 2005). Quality testing is regulated on SFS 

1202 (Suomen standardisoimisliitto SFS ry, 2008), SFS-EN ISO 6892-2 (Suomen 

standardisoimisliitto SFS ry, 2018). SFS-EN 10080 (Suomen Standardisoimisliitto SFS ry, 

2005). SFS-EN ISO 15630-1 (Suomen standardisoimisliitto ry, 2019) and SFS-EN ISO 

15630-2 (Suomen standardisoimisliitto ry, 2019). (SFS 1300:2020, 2020, p. 6) 

 

Weldability and chemical composition of raw material used on B500A wire is regulated on 

standard SFS 1300:2020 (Suomen Standardisoimisliitto SFS ry, 2020).  Weldability is 

defined with two properties, carbon equivalent and concentration limits of specific chemical 

elements. Chemical composition of used steel must follow concentrations from table 1. 

Another demand is that materials chemical composition must be consistent of standard table 

2. limit values for non-alloyed steel. (SFS 1300:2020, 2020, p. 10) 
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Table 1. Chemical composition (mass-%) (SFS 1300:2020, 2020, p. 11) 

  
Carbona 

max. 
Sulfur 
max. 

Phosphorus 
max. 

Nitrogenb 
max. 

Copperc 
max. 

Carbon 
equivalenta 

max. 

Cast analysis 0.22 0.55 0.05 0.012 0.6 0.5 

Product analysis 0.24 0.55 0.055 0.014 0.65 0.52 

a over 0.03 mass-% carbon concentration is allowed if carbon equivalent value is counted with 0.02 
mass-% 

b Higher nitrogen concentrations are allowed if steel is containing enough materials which ties 
nitrogen, for example Al, V, Nb. In this case, back-bending test must be done according chapter 

7.2.5.2. On higher nitrogen concentrations, ageing must be done before back-bending by heating 
the test piece to temperature 250°C +/- 10°C and keeping it on that temperature for at least 30 

minutes and maximum 45 minutes, after that test-piece is cooled off on room temperature in flow-
free area. Heating method can be chosen by producer. Back-bending test is done at factory’s inner 

quality control to three test-pieces per batch. 

c In case of higher copper concentrations, cast analysis max 0.8% and product analysis 0.85%, 
fatigue strength test must be done to ensure the fatigue strength properties. 

 

Carbon equivalent Ceq is counted with formula (SFS 1300:2020, 2020, p. 10) 

𝐶𝑒𝑞 = 𝐶 +
𝑀𝑛

6
+
𝐶𝑟 +𝑀𝑜 + 𝑉

5
+
𝑁𝑖 + 𝐶𝑢

15
 

  

 

 

Figure 1. Cross-sectional cut from welded reinforcement, heat affected zone and indentation 

visible. (Domov, Frantov, Bortsov, & Tsyba, 2015, p. 407) 

(1) 
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Cold crack formation tendency on the welded nugget can be determined by the carbon 

equivalent of material. Formation of cold cracking or delayed heat affected zone failure is 

depending from three different aspects. Cooling rate and stresses in the welded joint, 

microstructure and tendency to hardening and chemical composition. (Domov, Frantov, 

Bortsov, & Tsyba, 2015, p. 406) 

 

Large welding heat input and slow cooling rate can transform austenite to ferrite-pearlite on 

the microstructure. Ferrite has lower hardness, so microstructure of heat affected zone 

becomes softer than rest of the material. With higher cooling rates, formation of martensite 

is 10-50%. Martensite has higher tendency to cold cracking than ferrite. (Domov, Frantov, 

Bortsov, & Tsyba, 2015, p. 412) 

 

According research (Domov, Frantov, Bortsov, & Tsyba, 2015, p. 412) under 0.45 carbon 

equivalent can be welded with additional production measures and under 0.35 carbon 

equivalent reinforcing bar materials can be welded without limitations with RSW and 

manual arc welding with tacking. On that research, material which has carbon equivalent 

0.53, has been established to possess with limited weldability. As mentioned above, with 

low cooling rate, welding is making heat affected zone softer, but vanadium on material can 

mitigate that problem. (Domov, Frantov, Bortsov, & Tsyba, 2015, p. 412) 
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Table 2. Boundary between non alloy and alloys steels (ladle analysis). (SFS-EN 10020, 

2000, p. 9) 

Specified element 
Limit value % 

by mass 

Al Aluminium 0.3 

B Boron 0.0008 

Bi Bismuth 0.1 

Co Cobalt 0.3 

Cr Chromium 0.3 

Cu Copper 0.4 

La Lanthanides (each) 0.1 

Mn Manganese 1.65a) 

Mo Molybdenum 0.08 

Nb Niobium 0.06 

Ni Nickel 0.3 

Pb Lead 0.4 

Se Selenium 0.1 

Si Silicon 0.6 

Te Tellurium 0.1 

Ti Titanium 0.05 

V Vanadium 0.1 

W Tungsten 0.3 

Zr Zirconium 0.05 

Others (except carbon. phosphorus. 
suplhur. nitrogen (each) 0.1 

a) Where manganese is specified only as a maximum 
the limit values is 1.8% and the 70% rule (see 3.1.2) 

does not apply. 

 

Company has qualification approval for B500A bars, coils and reinforcement meshes, 

qualification approval is given by Inspecta Sertifiointi Oy. Qualification approval is 

document which is given if products fulfill the requirements for B500A class. Approval has 

been given according older standard, SFS 1300:2017, but critical requirements according 

this research has not changed so it is still legitimate. (Metalliteollisuuden 

Standardisoimisyhdistys ry, 2020) 

 

2.1.1 B500A wire 

Material is cold rolled at factory for rib pattern on the surface and change the properties of 

the wire. After cold rolling, material is semi-finished B500A classified wire and it has 
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several regulated properties. Properties has three classes, classifying-, performance- and 

additional performance characteristics ones. Nominal diameter, nominal cross-sectional area 

and masses per metre are regulated and bars used on meshes must be in the range of values 

set by standard SFS 1300:2020, shown on table 3. (SFS 1300:2020, 2020, p. 9) 

 

Mass per metre is monitored after cold rolling the wire from raw material to B500A wire. 

Wire is cut to 1 m piece and its weight is measured. Nominal mass per metre is calculated 

with using nominal cross-sectional area and density value of 7.85 kg/dm³. Minimum and 

maximum mass per metre values are shown on table 3. (Suomen Standardisoimisliitto SFS 

ry, 2005, p. 35) 

 

Classifying performance characteristics (Minimum requirements): 

- Yield strength 

- Ductility class 

- Fatigue strength 

 

Performance characteristics based on intended use (additional): 

- Fatigue strength to other than hot rolled steels which has yield strength 500 MPa 

- Strength at higher temperatures  

 

Performance characteristics higher than minimum (additional) 

- Verification of the weldability 

- Tensile strength 

o ratio Rm/Re 

o total elongation Agt 

o bend test or rebend test 

- Bond performance characteristics and surface geometry 

o  Relative rib area (SFS 1300:2020, 2020, p. 9) 

Chemical composition shall have been determined by the steel producer. Company is not 

normally making own chemical composition tests except on situations when there are doubt 

about that material is not what it should be, or company is having quality issues with the 

material. All severe incidents due cracking of material are inspected and material is analyzed 

by external operative.  
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Table 3. Nominal diameter, nominal cross-sectional area and mass per metre tolerances for 

bars. (SFS 1300:2020, 2020, p. 16) 

Nominal 
diameter 

Nominal cross-
sectional area 

Mass per metre 

d An 
Nominal mass per 

metre 
Tolerance 

Minimum mass 
per metre 

Maximum mass 
per metre 

mm mm² kg/m % kg/m kg/m 

4 12.6 0.099 +/- 6 0.093 0.105 

5 19.6 0.154 +/- 6 0.145 0.163 

6 28.3 0.222 +/- 6 0.209 0.235 

7 38.5 0.302 +/- 6 0.284 0.32 

8 50.3 0.395 +/- 6 0.371 0.419 

9 63.6 0.499 +/- 6 0.47 0.529 

10 78.5 0.617 +/- 4.5 0.589 0.645 

11 95 0.746 +/- 4.5 0.712 0.78 

12 113 0.888 +/- 4.5 0.848 0.928 

14 154 1.21 +/- 4.5 1.16 1.26 

16 201 1.58 +/- 4.5 1.51 1.65 

20 314 2.47 +/- 4.5 2.36 2.58 

25 491 3.85 +/- 4.5 3.68 4.02 

28 616 4.83 +/- 4.5 4.61 5.05 

32 804 6.31 +/- 4.5 6.03 6.59 

40 1257 9.86 +/- 4.5 9.42 10.31 

 

2.1.2 B500A reinforcement mesh 

Final product in this case is reinforcement mesh, which is made from B500A classified 

wires, so it is B500A reinforcement mesh. According standard SFS 1300:2020. 

reinforcement mesh must be welded with machine by using RSW method. Welding joint 

provides resistance against shearing. Material of longitudinal- and cross wires can be 

different class, but parallel wires must be mainly from the same batch. (SFS 1300:2020, 

2020, p. 10) 

Standard SFS-EN 10080(SFS-EN ISO 15630-1 and SFS-EN ISO 15630-2) is regulating 

quality tests for reinforcement meshes. Following tests are done to reinforcement mesh: 

- Tensile test 

- Shear force of the joint 

- Axial fatigue testing (only for B500B and B500C) 

- Chemical composition analysis 
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- Measuring surface geometry 

- Relative rib area 

- Determination of deviation from nominal mass per metre  

 

When B500A wire is welded to reinforcement mesh, mesh has more requirements, and these 

are requirements that are vital on this research. Reinforcement meshes has minimum 

requirements and performance characteristics based on intended use. These three values are 

inspected on this research. 

 

Minimum requirements: 

- Yield strength Re 

- Ductility class 

 

Performance characteristics based on intended use 

- Shear force class SF (Suomen Standardisoimisliitto SFS ry, 2020, p. 63) 

 

Shear force of the joint and tensile testing are crucial values according quality on welding. 

On tensile testing the size of the test piece is optional, but long enough for determination of 

the percentage elongation after fracture or the percentage total extension at maximum force. 

If percentage elongation is measured manually, markings on the test piece are regulated on 

standard ISO 6892-1 (Suomen standardisoimisliitto SFS ry, 2018). If the percentage total 

extension at maximum force is measured manually, should be either 5 mm, 10 mm or 20 

mm.  (Suomen standardisoimisliitto ry, 2019, p. 8) 

 

 

Shear testing is done with tensile testing machine, which must be verified and calibrated in 

accordance with ISO 7500-1 for at least class 1 (Suomen standardisoimisliitto ry, 2019, p. 

8). Reinforcement meshes are tested on aged state, according table 4. and test piece must 

include at least one welded intersection in the free length. There are three holders which can 

be used on testing process. Used one explained and shown on figure 2., two others only 

explained below: 

- Type A: the crosswire is supported by steel plate, deflection of pulled wire or rotation 

of the crosswire is not prevented 
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- Type B: Deflection of pulled wire is limited, but rotation of crosswire is not. Tail of 

the pulled wire should be supported from 30-50 mm from the support surface. Allows 

small movement on the tail and side movement is prevented by stoppers. 

- Type C: Also, the rotation of cross wire is prevented with jaws. No possibility to 

move sideways. (Suomen standardisoimisliitto ry, 2019, pp. 11-15) 

 

Figure 2. Type A holder on shear force testing 
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Table 4. Conditions of testing (SFS-EN 10080, 2005, p. 31) 

Manufacturing and delivery conditions of the product Conditions of testing (test pieces) 

Produced in straight lengths by hot rolling As delivereda or agedb 

Produced in straight lengths by cold working Agedb 

Produced as coil and delivered de-coiled Agedb 

Produced and delivered as coil Straightened and agedb 

Welded fabric Ageda.b.c 

Lattice girders Ageda.b.c 
a Aged in the case of dispute. 

b Aged means: Heating of the test piece to 100 °C. maintaining at this temperature +/-10 °C 
for a period of 1 h (+15/0) min and then cooling in still air to room temperature. The method 

of heating is left to the discretion of the manufacturer. 
1 h min and then cooling in still air to room temperature. The method of heating is left to the 

discretion of the manufacturer. 

c Or as delivered when the constituents are produced in straight lengths by hot rolling. 

 

Shear force Fs is calculated with formula Fs=0.25 x Re x An where Re is specified 

characteristic yield strength and An is nominal cross-sectional area of larger wire of the joint. 

 

Measuring surface geometry and relative rib area are done after cold rolling the wire to 

B500A material and after it has been welded to reinforcement mesh. Quality control 

department is making these measurements with visual inspection and using caliper. Surface 

geometry is not dependent from the welding, so it is not inspected further on this research.  

 

2.2 Resistance spot welding 

Resistance welding is based on usage of pressure and heat when joining two or more pieces 

together. Heat is generated to objects with electrical current which is lead to correct position 

with electrodes. Resistance welding is not using addon materials to joints, which means that 

joint is purely containing the main material, no addon material blended in.  Resistance 

welding is divided to three different lines, lap joints, related processes and butt joints. RSW 

belongs to lap joints and it means that electrodes are held at the position stationary when 

weld is made. (Resistance Welding Manufacturing Alliance, 2003, pp. 1-1 - 1-2) 

RSW belongs under resistance welding class, shown on figure 3, and its number is 21 

according standard SFS-EN ISO 4063. (Suomen standardisoimisliitto ry, 2011, p. 14). If 
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comparing RSW to other welding methods, for example to arc welding, biggest difference 

is that RSW does not have arc, protective shielding gases or additive materials. (Chaturvedi 

& Vendas, 2021, pp. 2-9) 

 

 

Figure 3. Welding processes (Chaturvedi & Vendas, 2021, p. 2) 

 

On RSW the welding joint is done by feeding current for a timed interval through the 

workpieces with electrodes. Electrodes are pressurizing the workpiece from welding area 

during welding process. Spot welding methods are separated to four categories, direct-, 

parallel, series and indirect. This research is about plant which is using mixture of direct and 

parallel spot-welding method so only that category is investigated. On parallel spot welding 

two or more direct welds are done simultaneously and current is coming from one 

transformer. However, in this research, there are 20 welding heads and nine transformers 

and each welding head can work individually. Those welding heads are numbered from 1 to 

20. (Resistance Welding Manufacturing Alliance, 2003, pp. 2-1 - 2-2) 

 

Biggest advantage on parallel welding on reinforcement machine is that multiple welding 

joints can be done simultaneously in the same time interval. This option makes 

reinforcement mesh plant faster. Investigated plant is using 20 welding heads and nine 

transformers so it can do 20 welding at the time, but welded materials are bars, not plates 
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like usually. Each transformer can have own interval and welding heads can be used 

individually.  (Resistance Welding Manufacturing Alliance, 2003, pp. 2-6 - 2-7) 

 

Figure 4. Welding current with upslope and downslope features (Resistance Welding 

Manufacturing Alliance, 2003, pp. 2-6) 

 

From Figure 4. can be seen what each parameter means except WP, adjustable parameters 

from the machine are WC (welding current), WT (weld time), UST (rise time/upslope time), 

DST (fall time/downslope time) and PWT (post-heat time). Figure 1 shows cross-sectional 

cut area from welding on reinforcement mesh and figure 5. shows what does welding joint 

look like on the mesh. Those welding joints are not the same one.  
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Figure 5. Welding joint on B500A reinforcement mesh 

 

2.3 Definition of quality on resistance spot welding 

Quality can be defined as an ability to duplicate results which means lower deviation under 

controlled conditions, outside controlled conditions there are factors and variables which 

cannot be controlled. Main idea of this research is that controllable factors and variables 

should mitigate the effect of uncontrollable ones. (Resistance Welding Manufacturing 

Alliance, 2003, pp. 24-1) 

 

Pressure which is pressing the electrodes against material can be hydraulic or pneumatic, 

this machine is using pneumatic force and upper electrode is attached to piston and lower 

electrode is attached to beam, both are moving. Movement is dependent from the diameters 

of wires used. Low force causes high resistance which will generate more heat, porous welds, 

sticking electrodes, poor electrode life and low strength welds. (Resistance Welding 

Manufacturing Alliance, 2003, pp. 24-2) 

 

Welding current has highest effect on the size of nugget made from welding joint. By 

increasing welding current, size of nugget it increases, but with too high current, material 

suffers from it. Too low current however it may cause incomplete nugget.  Next parameter 

which has higher effect is welding time, relationship between welding time and welding 
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current is shown on figure 6. Acceptable welds field shows that if making welding time 

longer, it is possible to weld with lower welding current. (Mallick, 2010, ss. 276-281) 

 

Coating has effect on size of nugget, if material has coating, it needs longer welding time 

and/or higher welding current. By increasing upslope time, the coating can be melted before 

welding. For example, on aluminium welding, upslope time can be used to melt the oxide 

layer. On this research, there are no homogenous coating on material but the ribs of wire and 

impurities on the surface can act like one. Downslope and post-heat time are used to heat 

welding joint after welding process, so it does not chill crack that easily. (Resistance 

Welding Manufacturing Alliance, 2016, s. 35) 

 

 

Figure 6. Welding time and -current acceptable area (Mallick, 2010, s. 279) 

 

According article from (Resistance Welding Manufacturing Alliance, 2016, pp. 57-58) if 

other parameters are correct, quality of welding joint should be adjusted by changing the 

welding current. If other parameters are wrong, those will show up as different kind of 

problems. Common problems listed below on table 5. 
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Table 5. Common problems caused by parameters or external variables on resistance 

welding (Resistance Welding Manufacturing Alliance, 2016, pp. 57-58) 

  Too short/small Too long/big 

Weld time + post weld 
time 

Bad welding joint, metal expulsion, 
burned electrodes 

- 

Weld time Low strength welding joints 
Wear on electrodes, too high 

indentation and internal cracks  

Hold time 
Surface expulsion, sticking 

electrodes, internal cracks on 
welding joint, cracks on material 

  

Weld pressure 

Expulsion of metal, wear on 
electrodes, shorter electrode life, 

internal cracks on welding joint and 
too high indentation 

Low or variable weld strength, 
demand of higher weld current, 
damage on electrodes, too high 

indentation or no weld at all 

Electrode contact area 
Too small welding joint, damage on 
electrodes, too high indentation, no 

weld at all 

Too large welding joint, internal 
cracks, no weld at all 

Electrodes mismatched 
Expulsion and displaced weld nugget, wear on electrodes and deformed 

materials 

Insufficient cooling 
Damage on electrodes. cracks on the surface of electrodes and too high 

indentation 

Dirty material Shorter electrode life, poor welding joint 

Welding same spot 
Welding same spot should be done after welding joint has cooled and with 

higher current 

Parts not fitting together 
If parts are not fitting together before welding, welding joint will be low 

quality 

 

Shear force Fs of welded reinforcement meshes are regulated according the standard SFS-

EN ISO 15630-2 (Suomen standardisoimisliitto SFS ry, 2018). For a joint force of welded 

reinforcement mesh there are defined joint classes listed below on table 6. 

 

Table 6. Joint force classes on reinforcement meshes 

Joint class SF 

35 

55 

75 
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If this class is specified for the reinforcement mesh, shear force must fulfill the following 

term: 

𝐹𝑠 ≥ 𝑆𝑓 ∗ 𝐴𝑛 ∗ 𝑅𝑒 

Fs = Shear force as kilonewtons 

Sf = Shear force value specified with joint force SF as percents 

An = nominal cross-sectional area of attached bar as mm² 

Re = Specified characteristic yield strength of concrete steel as N/mm² 

 

There are two formulas for counting the Fs value, depending about the holding unit used on 

the test: 

 

Minimum values set for joints can be counted with formula: 

Type C: 𝐹𝑠.𝑚𝑖𝑛 ≥ 0.25 × 𝑅𝑒 × 𝐴𝑛 

Type A: 𝐹𝑠.𝑚𝑖𝑛 ≥ 0.14 × 𝑅𝑒 × 𝐴𝑛 

 

On factory quality control three samples must fulfill the quality demands or if using average 

six tests needed. On determining long term quality with holder type A, 84% (5/6) 

characteristic shear force value of joints should be equal or higher than shear force class 

value. (Suomen Standardisoimisliitto SFS ry, 2020, pp. 12-13) 

 

If using average from Rm, Re, Agt, Rm/Re and bond strength SF, it should be counted with 

formula: 

𝑥 − 𝑘𝑠 ≥ 𝐶𝑣 

Where  

x is the average value  

s  is the estimate of the standard deviation of the population 

k  is the ratio for bond strength SF with holder type A, SF=2.04. Re=3.09 with 6 

samples (Suomen Standardisoimisliitto SFS ry, 2020, pp. 98-99) 

Cv is the specified characteristic value (Suomen Standardisoimisliitto SFS ry, 

2020, pp. 13, 99-100) 
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2.4 Original parameter values on reinforcement mesh welding plant 

The reinforcement mesh plant used on this research is using method where cross wire is 

under the longitudinal wire on welding process. Lower electrode beam lifts and welding 

head moves to right spot above the longitudinal wire and presses down. Each welding head 

can weld one crossing at the time, welding heads are automatically operated. Reinforcement 

mesh data is fed for the plant and the plant produces it from the start to end. Mesh must be 

modeled for the plant as XML -file. XML -file contains data about dimensions, diameters. 

and positioning of wires.  

 

Original values that has been set to reinforcement mesh welding plant by supplier, are shown 

on table 7. There are irregularities between values and diameters, for example on welding 

current there are 1000 A per millimetre which seems odd, because nominal cross-sectional 

area of bars is changing differently.  

 

Table 7. Original values from reinforcement mesh welding plant and further analysis of 

welding current.  

Ø [mm] 6 8 10 12 

Nominal cross-sectional 
area per wire 

28.3 50.3 78.5 113 

Nominal cross-sectional 
area per weld 

56.6 100.6 157 226 

A/mm² (bar) 0.004717 0.006288 0.00785 0.009417 

A/mm² (weld) 0.009433 0.012575 0.0157 0.018833 

Welding current [A] 6000 8000 10000 12000 

Welding time [s] 92 148 220 308 

Upslope time [s] 40 40 50 50 

Post-weld time [s] 25 35 45 55 

Welding pressure [mbar] 2083 3125 4167 5208 

Downslope time [s] 40 40 50 50 

 

On table 7. A/mm² (bar) is counting how many amperes per millimeter on one bar and 

A/mm² (weld) is counting same thing but for two bars which is whole welding joint.  
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Welding time is increasing when cross sectional area is growing which seems logical and it 

has constant slope. It can be seen from figure 7. This value can be considered as researches 

knowledge because it seems logical that welding time increasing every time when diameter 

is growing.  

 

 

Figure 7. Welding time per cross sectional area 
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Figure 8. Welding current and pressure per diameter  

 

Figure 8. shows that welding pressure is increasing with smaller slope than welding current, 

but slopes are constant. These values can be considered as researched knowledge, but it is 

not confirmed. It is logical that welding current and -pressure are increasing when diameter 

is growing. 

 

 

Figure 9. Upslope-, post-weld- and downslope time per diameter 
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On Figure 9. upslope- and downslope times are same line and those are not increasing 

regularly when diameter is growing. 6-8 mm has same value and 10-12 mm has same value. 

which is not logical and this data can be considered as suspicious. Post-weld time is 

increasing with constant slope when diameter is growing so it seems to be logical. It cannot 

be said that these values are based on researched knowledge or not.  

 

2.5 Taguchi method 

Taguchi design of experiments (DOE) method is based on ideology where are three main 

ideas. It starts with idea where quality should be designed into the product, not inspected 

afterwards, called primary design. Second idea, parameter design is that best quality is that 

when there is deviation minimized from a target value, it should be possible to block 

uncontrollable factors by designing. Third idea, tolerance design is that the cost of quality 

should be measured as a function of deviation from the standard, but the losses should be 

measured entire system. (Ranjit, 2010, p. 10) 

 

Taguchi method is good on developing products or investigating complex problems and it 

provides cost-effectively means from available alternatives. Method is based on five 

different steps: 

1. Brainstorming the quality values and designing important 

parameters for the product 

2. Designing the experiment and creates individual test programs 

3. Guiding the experiments 

4. Analyzing the results to find the optimum values 

5. Running new tests to confirm the optimum values (Ranjit, 2010, 

p. 37) 

Taguchi method can reduce the work needed to investigate determination of parameter 

effects, it is possible to gain necessary data in smaller amount of experiments. In normal 

design of experiments cases, possible variables are growing exponentially but with taguchi 

method variables are growing proportionally. (Ruefer, 2019, p. 3) 

  

Primary designing is based on testing and designing the factors of process or product. 

Designing and testing is done with already known information and data about the process. 
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This phase can be innovative and can benefit from interdisciplinary information from other 

fields. (Ranjit, 2010, p. 12) 

 

On parameter design factor levels are determined and solution for best overall performance 

is seek. Best performance is achieved when noise factors has minimum effect on the final 

product or process. Noise factor are uncontrollable factors. Adjusting parameters does not 

cost anything or is low cost designing. (Ranjit, 2010, pp. 12-13, 103) 

 

Tolerance design is fine tuning done after parameter design. Tolerances are tightened on 

parameters which has biggest effect on the process or product. In this phase, it is possible to 

make decisions about different materials, machine or further investigation (Ranjit, 2010, p. 

12). Strategy on tolerance designing is to use widest possible tolerances, cheapest possible 

material and use best combination of parameters that are investigated with the experiments. 

(Karjalainen, 1990, p. 75) 

 

On taguchi method, experimental designing is based on usage of orthogonal arrays. 

Orthogonal arrays are found by Jacques Hadard at the end on 1880s. On experimental 

designing orthogonality offers information that can be separated from big picture, orthogonal 

arrays offers flexibility and can handle high amount of factors with small amount of 

experiments. If comparing usage of orthogonal arrays to conventional design of experiments, 

amount of experiments needed is much lower, factors are balanced, and all factors are equal, 

main factors can be separated and final result is reliably and repeatable. For example, using 

orthogonal array, 13 factors with 3 levels can be executed on 27 tests instead 133 = 1 594 322. 

(Karjalainen, 1990, pp. 54-55) 

 

Karjalainen (1990. pp. 70-73) has explained parameter designing step by step 

1. Find out the problem 

2. Define the target of experiment 

3. Define measuring method 

4. Define factors which may have affect on the performance 

5. Separate guiding factors and noise factors 

6. Define amount of levels and values for each factor 

7. Define factors that might affect to each other 
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8. Draw linear graphs for factors and dependencies 

9. Choose orthogonal arrays 

10. Place factors to orthogonal array 

11. Execute experiments 

12. Analyze results 

13. Analyze final results 

14. Choose optimum factors and levels 

15. Execute checkup experiment 

16. Go back to step four if checkup experiment didn’t success or better results needed 

 

There are over 30 known orthogonal arrays and the size of used array is based on the number 

of factors and factor levels. Most common orthogonal arrays used are L4(23), L8(27), 

L12(211), L16(215), L9(34), L27(313) and L18(21x37). First number after L means how many 

tests are needed for the result, number on inside the parenthesis is relating number of possible 

factor levels and exponent is about number of possible factors. On this research there are six 

factors and three factor levels so correct orthogonal array would be L27(36). (Karjalainen, 

1990, pp. 54, 90-93) 

 

After executing experiments and analyzing the results, results will be mean values. On 

analysis of results from the experiment, there are several different possibilities, few of these 

listed. Observation-, ranking- and column methods, analysis of variance (ANOVA). S/N 

(signal to noise) -ANOVA, mean graphs, reciprocity impact and response graphs. On this 

research, results will be analyzed with Minitab software which means that ANOVA method 

is used. ANOVA means analysis of variance, and it is based on how significant each mean 

value is. (Karjalainen, 1990, pp. 72-74) 

 

On Taguchi optimizing method, factor can be divided to four different categories: 

1. Has effect on the investigated mean value and waste percentage 

2. Has effect on the waste percentage 

3. Has effect only to mean value 

4. Has no effect 

First and second categories are controlling factors, third is signal factor and fourth are those 

which can be adjusted to lower expenses. (Karjalainen, 1990, p. 73)  
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After completing and testing experiments, results will be analyzed with response graph 

where it is possible to see which parameter has most effect on the result. From response 

graph it can be seen which combination is giving best results. Each parameter can be counted 

out from experiments when it is done using orthogonal arrays. (Karjalainen, 1990, p. 58) 

 

On parameter designing the idea is to choose best parameters to achieve maximal goal value 

and minimal error value. Signal to noise -ratio is looking answer to this problem and it is 

used to find maximum value to each parameter. On taguchi method, signal to noise -ratio is 

using ratio of desired value and spread of means on calculations as logarithmic. There are 

three different possible goals on signal to noise -ratio: 

1. Bigger is better 

2. Lower is better 

3. Desired value is the best 

After calculation of signal to noise -ratio, response graph will be counted. From response 

graph, it is possible to read the impact of each parameter. (Karjalainen, 1990, pp. 63-70) 

 

Optimal values will be searched with response optimizer on Minitab with values from 

Taguchi method results. Response optimizer uses the combination of input parameter levels 

and uses that to optimize the response value. Minitab response optimizer searches optimal 

solution to reach the wanted response value. (Minitab LLC, 2021) 

 

2.6 Literature review of scientific researches 

There are very limited number of possible researches made from reinforcement mesh 

welding published. On literature review of this research, resistance welding and RSW 

researches are used as source for base information.   

 

Parameter values got from this research can be compared to research done by (Scotchmer , 

2007, pp. 37-39). On that research, 8+8 mm diameter wires are weld together and figure 

drawn by using those values got from it. Those values can be seen from figure 10.  
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Figure 10. Cold rolled reinforcement steel welding current per shear force. Ceq = 0.24. 

(Scotchmer , 2007, p. 38) 

 

There are very limited resources about wire or rod welding with RSW method. Most of 

reasonable found possibilities are considering sheet metals and calculation of welding nugget 

diameter. (Mallick, 2010) (Resistance Welding Manufacturing Alliance, 2003) (Domov, 

Frantov, Bortsov, & Tsyba, 2015) (Chaturvedi & Vendas, 2021). 
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3 EXPERIMENTS 

 

 

Produced reinforcement meshes must be cut to pieces for tensile testing. Pieces will be 

marked with tapes and marker pen before cutting according. Markings are planned on figure 

11. below. Longitudinal bars are marked as L and cross bars are marked with C. Numeral 

marking is increasing from left to right and from up to down. Each set of three samples will 

be marked with tape, containing information which experiment and which wires there are.  

Meshes will be cut by using Hikoki mesh cutter 18V NB 16 model. Tensile testing of 

welding joints are done with MFL Prüfsysteme UHP 100 at Lappi’s factory using holder 

type A and yield strength of wires will be tested and Eura’s factory with Zwick 250kN 

RetroLine. Test samples for the yield strength are aged in the oven for 1h as explained on 

table 4.  

 

 

Figure 11. Drawing of reinforcement mesh used on experiments and piece marking plan. 
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Orthogonal array was produced with Minitab 19 and values for that are based on the 

reinforcement producing plants original values. Taguchi design is made for 3-level design 

with 6 number of factors. These options gave table 8, which will be used on all experiments. 

Three levels for parameters are coming from original value set by supplier of reinforcement 

plant and normally used adjusting range. This adjusting range is based on the implicit 

knowledge of operators on the machine. Used range is ±20% from original value, it means 

that level 1 is 80%, level 2 is 100% and level 3 is 120%. 

 

 

Figure 12. Experiment reinforcement mesh and markings on practice without tapes  
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Table 8. Orthogonal array used on all experiments. 

Run Order Current Weld time Upslope Post-weld Pressure 
Down-
slope 

1 1 1 1 1 1 1 

2 1 1 1 2 1 2 

3 1 1 1 3 1 3 

4 2 2 2 1 1 1 

5 2 2 2 2 1 2 

6 2 2 2 3 1 3 

7 3 3 3 1 1 1 

8 3 3 3 2 1 2 

9 3 3 3 3 1 3 

10 1 2 3 2 2 1 

11 1 2 3 3 2 2 

12 1 2 3 1 2 3 

13 2 3 1 2 2 1 

14 2 3 1 3 2 2 

15 2 3 1 1 2 3 

16 3 1 2 2 2 1 

17 3 1 2 3 2 2 

18 3 1 2 1 2 3 

19 1 3 2 3 3 1 

20 1 3 2 1 3 2 

21 1 3 2 2 3 3 

22 2 1 3 3 3 1 

23 2 1 3 1 3 2 

24 2 1 3 2 3 3 

25 3 2 1 3 3 1 

26 3 2 1 1 3 2 

27 3 2 1 2 3 3 

 

All experiments on 6 mm, 8 mm, 10 mm and 12 mm wire diameters are made by using 

values on table 8. As base value for each diameter, original value from the machine has been 

used. Original values shown on table 9. Levels on orthogonal array are from 1-3. level 1 is 

80%, level 2 is 100% and level 3 is 120% from the original value.  
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Table 9. Original values from the plant, defined by supplier of the reinforcement mesh 

welding machine.  

Ø 6/6 mm 8/8 mm 10/10 mm 12/12 mm   

Current 6000 8000 10000 12000 A 

Weld time 92 148 220 308 ms 

Upslope 40 40 50 50 ms 

Post weld time 25 35 45 55 ms 

Pressure 2083 3125 4167 5208 mbar 

Down slope 40 40 50 50 ms 

 

3.1 Experiments with 6 mm wire 

Material used on 6 mm experiment reinforcement meshes were from wire supplier Celsa 

Nordic, grade PS50, batches 156586 and 156428 6.7 mm wire, cold rolled at Eura’s factory 

to B500A 6 mm wire. Chemical compositions shown on table 10. below. Mesh were made 

by using welding heads from 1 to 6, all lines of intersections were made by one welding 

head. 

 

Table 10. Chemical composition of used wire on experiments 6 mm B500A. (Celsa Nordic’s 

inspection document) 

  C Mn Si P S Cr 

156586 0.1 0.75 0.18 0.021 0.026 0.09 

156428 0.11 0.82 0.18 0.021 0.029 0.15 

  Ni Mo Cu N Nb Ti 

156586 0.12 0.03 0.26 0.008 0.002 0.001 

156428 0.18 0.04 0.28 0.008 0.001 0.001 

  Pb Sn Zn Al V Ceq 

156586 0.001 0.012 0.008 0 0 0,275 

156428 0.001 0.013 0.006 0.001 0.002 0,313 

 

3.2 Experiments with 8 mm wire 

Material used on experiment reinforcement meshes were from wire supplier Brandenburger 

Elektrostahlwerke GmbH, grade B10-01 batch number 18390 8.5 mm, cold rolled at Eura’s 

factory to B500A 8 mm wire. Chemical composition shown on table 11. below. Mesh were 

made by using welding heads from number 2 to 7, all lines of intersections were made by 

one welding head. 
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Table 11. Chemical composition of used wire on experiments 8 mm B500A. (Brandenburger 

Elektrostahlwerke’s inspection document) 

C Mn Si P S Cr 

0.09 0.45 0.13 0.021 0.031 0.15 

      

Ni Mo Cu N Ceq  
0.08 0.01 0.23 0.011 0.22  

 

3.3 Experiments with 10 mm wire 

Material used on 10 mm experiment reinforcement meshes were from wire supplier Megasa, 

grade SAE 1008 two different batches 631346 and 625000 11 mm wire, cold rolled at Eura’s 

factory to B500A 10 mm wire. Chemical compositions shown on table 12. below. Mesh 

were made by using welding heads from 2 to 3 and 5 to 7, number 4 was not on use. Third 

intersection from the left side of the mesh was welded with welding head number 3 and 5 in 

turns.   

 

Table 12. Chemical composition of used wire on experiments 10 mm B500A. (Megasa’s 

inspection document) 

  C Mn Si P S Cr 

625000 0.08 0.45 0.12 0.011 0.027 0.07 

631346 0.07 0.48 0.13 0.014 0.028 0.14 

  Ni Mo Cu N V Ceq 

625000 0.15 0.24 0.3 0.007 0.003 0.2 

631346 0.15 0.23 0.44 0.008 0.003 0.23 

 

3.4 Experiments with 12 mm wire 

Material used on 12 mm experiments reinforcement meshes were from wire supplier 

Megasa, grade SAE 1008, batch 626639 13 mm wire, cold rolled at Eura’s factory to B500A 

12 mm wire. Chemical composition shown on table 13. below. Mesh were made by using 

welding heads from 1 to 3 and 5. Welding heads 1 and 2 were welding one line of 

intersections (one and two) and 3 and 5 were welding two lines of intersections, number 3 

lines three and four, number 5 lines five and six.  
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Table 13. Chemical composition of used wire on experiments 12 mm B500A. (Megasa’s 

inspection document) 

C Mn Si P S Cr 

0.08 0.48 0.13 0.013 0.034 0.12 

      

Ni Mo Cu N V Ceq 

0.14 0.47 0.38 0.008 0.004 0.23 

 

3.5 The generalized results 

Experiments were made successfully with reinforcement mesh welding machine as planned. 

All meshes and samples cut from meshes were marked and there were no complications with 

them. Total amount of reinforcement meshes made on experiments were 108. Material used 

on experiments was the current material, which was in the machine at the time, welding 

electrodes were checked that they have contact to wire on process. If contact was not 

sufficient, electrodes were changed.  

 

Total amount of tested joints and wires were 648(-4) + 648, four joints broke on cutting 

process before testing. Joints which broke up before testing, were from 6 mm experiment 

mesh number 3 joint 2 and mesh number 6 joint number 4. On 8 mm experiment those joints 

were from mesh number 3 joint number 3 and from mesh number 7, joint number 3. Those 

values were replaced by mean of other five joints from each mesh.   
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4 RESULTS AND ANALYSIS 

 

 

Analysis made with Minitab indicates that results can be considered as reliable result. R² 

value on table 14. and table 15. indicates how much experiment model explains the deviation 

on results. 8 mm experiment has significantly lower R² value than others on table 14. 

Analyzed further on chapter 4.2. 

 

Minitab analysis has been done using Minitab 19. Taguchi DOE with L27 orthogonal matrix. 

On analysis, response data were L1-L3 and C1-C3 fields. Graphs, response tables and fit 

linear models wanted from analysis were signal to noise ratios, means and standard 

deviation. Residual for plots were standardized individual normal and residual versus fits 

plots. For signal to noise ratio, nominal is best (10xLog10(Ybar²/s²) option is used.  

 

S values is indicating standard deviation on each model. S values are quite similar on each 

experiment set, but when goal value SF 55 is lower, it means that the ratio between goal 

value and standard deviation is higher. For example, on 6 mm experiment set, standard 

deviation 2.5988 N is 60% from goal value SF 55 4.324 N. Ratio between standard deviation 

and goal value SF 55 is lowering on bigger diameter experiments.  

 

Table 14. Linear model analysis. signal to noise ratios versus parameters 

  R2 [%] S [N] SF 55 [N] % 

6 mm 65.22 2.5988 4.324 60.11 % 

8 mm 45.11 3.7092 7.685 48.27 % 

10 mm 69.12 3.9422 11.993 32.87 % 

12 mm 78.50 3.75 17.264 21.72 % 

 

Table 15. Estimated Model coefficients for Means 

  R2 [%] S [N] 

6 mm 95.04 0.5863 

8 mm 97.65 0.6491 

10 mm 97.05 1.2146 

12 mm 98.96 1.0089 
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Tables 14. and 15. indicates how much experiment model explains variety on results. Table 

15 shows that estimated model coefficients for means values are high so results are fitting 

well to experiment model. Table 14. shows that signal to noise versus parameter has lower 

R² value which means model is not explaining variety on results so well.  

 

Table 16. Delta/Rank Response Table for Signal to Noise Ratios Nominal is best 

(10xLog10(Ybar²/s²)) 
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Table 17. Delta/Rank Response Table for Means 

 

 

From table 16. and table 17. delta value and rank indicate five cases welding current has 

highest effect on maximum shear force of welding joint. On 6 mm experiment it has lowest 

effect on maximum shear force according signal to noise ratios. By counting all ranks 

together from table 16. and table 17., it indicates that in the big picture, order of parameters 

from highest effect to lowest is welding current, welding time, downslope time, post-weld 

time, upslope time and welding pressure. Because the order is not similar on all experiments, 

it will be analyzed further on chapters 4.1-4.4 Main reason for variability can be basic values 

used on experiments. It might be that there is no accurate research behind those values or 

B500A wire is behaving differently on RSW process than material that supplier has used 

when calibrating parameters.   
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Figure 13. Main effects plots for standard deviations of all experiments 

 

Figure 13. shows standard deviations on all experiment sets. This knowledge will be used 

on choosing levels for optimized parameters on each set and can be used on further 

researches.  
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4.1 6 mm wire 

Table 18. Bond shear force values from 6 mm experiments as kilonewtons 

6 mm  L1 L2 L3 C1 C2 C3 

1 3.029 2.061 2.423 2.859 2.77 2.939 

2 3.963 0.734 2.766 2.614 2.174 2.432 

3 2.864 2.6504 2.431 3.157 2.854 1.946 

4 3.755 2.641 2.422 2.685 3.282 2.788 

5 2.579 1.541 2.258 3.091 2.596 3.011 

6 2.481 1.39 2.935 2.3482 1.835 3.1 

7 2.832 1.665 2.681 2.654 2.147 2.222 

8 3.415 1.666 4.676 1.901 2.382 2.597 

9 2.586 2.116 2.735 3.696 2.463 4.16 

10 5.856 2.86 5.312 6.235 4.631 5.816 

11 3.02 3.776 4.315 3.781 2.89 2.975 

12 3.857 4.885 4.333 4.164 3.585 3.678 

13 3.482 4.471 5.758 4.316 4.369 4.36 

14 4.752 3.087 6.044 3.767 5.541 4.743 

15 4.498 2.588 7.722 3.202 3.643 5.086 

16 3.798 4.707 9.957 6.636 6.07 6.832 

17 5.527 2.214 5.194 6.217 4.03 3.705 

18 3.095 4.774 5.847 4.867 7.264 2.882 

19 7.144 5.656 4.631 4.863 4.783 6.934 

20 7.669 7.576 8.27 5.34 5.887 6.529 

21 8.235 5.081 11.436 7.392 6.707 5.696 

22 5.945 7.33 9.223 7.922 6.012 7.303 

23 5.749 8.778 9.147 7.954 7.865 7.348 

24 6.911 5.518 8.012 8.644 3.879 9.183 

25 7.438 5.268 8.154 7.794 7.677 6.827 

26 6.43 8.359 9.335 8.364 4.565 7.967 

27 6.083 3.406 10.457 6.591 6.19 7.981 

 

Minimum shear force value for the joint on 6 mm reinforcement mesh on class SF 55 is 

4.324 kN, on this experiment 79 welding were lower than that and most of them were from 

experiments where welding current was level 1, 4800 A. There is only one welding which 

had high enough shear force on joint with that welding current. It can be seen from table 18. 

that after experiment number 18 there are only two joints which has lower shear force value 

that 4.234 kN. From these results, it can be said that welding current has highest effect on 

shear force of the joint.   
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Figure 14(a). Main effects Plot for Means and figure 14(b). Main effects plot for SN ratios 

for 6 mm 

 

Figure 14(a) shows that welding current is most critical parameter as expected. It has highest 

effect on final value, other parameters are not so significant. Figure 14(b). About main 

effects for signal to noise ratios are different, there welding current has lowest effect and 

highest effect has welding pressure and downslope time. Signal to noise ratio does not seem 

logical on welding current, upslope time, post-weld time and downslope time, second dot is 

higher than third dot or lower than first dot. It might be that deviation of values has caused 

this kind of figures. On figure 14(a) post-weld- and downslope time has similar problem, but 

it can probably because of the deviation of values.  
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Figure 15. Multiple regression for bond shear force averages of 6 mm experiment set 

 

Multiple regression analysis figure 15. shows that there is one value which has large residual, 

which means that it is not fitting to experiment model. It differs from expectation values 

calculated by Minitab. This multiple regression analysis was made with averages of each 

experiment row and without post-weld time because it is possible to do only for five 

parameters. Post-weld time had lowest effect for the means as it can be seen from figure 

14(a). Rest of the data points are divided correctly randomly to both sides of zero as it should 

be. 
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4.2 8 mm wire 

Table 19. Bond shear force results from experiments of 8 mm meshes as kilonewtons 

8 mm  SF 1 SF 2 SF 3 SF 4 SF 5 SF 6 

1 8.444 2.908 3.545 3.148 5.215 5.059 

2 6.921 5.295 3.193 4.698 4.476 4.002 

3 6.11 4.347 5.306 4.592 3.848 7.633 

4 4.605 3.149 3.166 4.707 6.387 9.459 

5 4.689 3.612 3.897 6.346 8.212 9.339 

6 6.355 2.908 3.175 8.168 4.885 8.31 

7 9.018 5.5 7.7 11.517 5.825 6.64 

8 9.695 4.316 1.839 8.728 5.402 6.636 

9 11.004 4.618 6.2854 6.649 3.665 5.491 

10 9.539 8.359 5.856 11.632 10.688 11.628 

11 12.019 6.72 3.959 10.158 13.245 11.975 

12 12.073 4.453 0.708 10.749 12.345 11.775 

13 12.171 8.835 7.668 11.387 11.352 12.43 

14 10.67 12.599 12.398 9.366 7.126 6.342 

15 11.37 13.792 12.772 9.543 6.733 2.618 

16 14.723 10.929 13.093 14.011 11.036 4.279 

17 12.991 14.135 13.164 14.099 7.29 5.424 

18 12.287 12.625 12.153 11.08 11.917 7.771 

19 12.897 14.015 12.206 12.75 11.107 9.059 

20 14.433 12.096 14.914 12.91 12.474 6.569 

21 15.791 13.73 14.679 13.832 11.703 4.596 

22 11.419 12.247 14.376 13.851 10.412 11.285 

23 13.57 12.167 11.196 12.554 13.004 4.306 

24 11.241 11.815 12.439 13.182 12.759 4.445 

25 14.758 12.091 15.734 19.088 13.775 6.253 

26 13.12 13.213 7.165 17.092 14.808 16.888 

27 18.272 14.54 13.307 15.677 16.188 15.288 

 

 

Minimum shear force value for the joint on 8 mm reinforcement mesh on class SF 55 is 

7.6847 kN, on this experiment 61 welding joints were lower than that and most of them were 

from experiments where welding current was level 1, 6400 A. Result seems to be similar to 

6 mm experiment set, welding current has highest overall effect on welding joints shear 

force.  
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Figure 16(a) Main effects Plot for Means and figure 16(b). Main effects plot for SN ratios 

for 8 mm 

 

8 mm main effects plot for means and signal to noise ratios confirms that welding current is 

most important parameter for the result. Signal to noise ratios graph is more logical than on 

6 mm experiment, but still there are two parameters which has that effect where second dot 

is higher than third dot. Those parameters are downslope- and welding time. On figure 16(a). 

there are upslope-, post-weld- and downslope times which has similar problem. Differences 

between the dots are small so it is probably because of the deviation of values.  
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Figure 17. Multiple regression for bond strength averages of 8 mm experiment set 

 

On 8 mm experiment set there are three values marked as large residual, can be seen from 

figure 17. which means that there is inaccuracy on the model. That regression analysis was 

done without upslope time because it had lowest effect on the experiment results.  Rest of 

the data points are divided correctly randomly to both sides of zero as it should be. 
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4.3 10 mm wire 

Table 20. Bond shear force results from experiments of 10 mm meshes as kilonewtons 

10 mm  SF 1 SF 2 SF 3 SF 4 SF 5 SF 6 

1 3.162 3.267 5.777 5.273 6.347 4.819 

2 6.52 3.3 5.906 4.369 5.826 5.171 

3 3.79 4.726 6.373 4.926 4.378 6.552 

4 6.93 5.403 9.549 6.739 8.092 6.422 

5 8.685 3.946 5.83 3.773 7.785 5.959 

6 5.687 3.291 6.956 2.676 7.936 5.629 

7 10.915 5.162 10.91 6.698 7.291 8.725 

8 9.063 7.843 7.58 3.443 4.659 6.979 

9 7.749 4.124 7.847 4.672 5.643 8.199 

10 11.797 12.461 17.222 16.175 9.468 15.872 

11 12.483 9.357 14.706 10.876 10.675 13.899 

12 13.044 8.284 17.124 11.944 14.612 7.478 

13 14.879 13.797 12.63 15.792 14.934 12.804 

14 13.125 9.446 15.026 13.093 13.886 10.858 

15 9.633 7.585 13.298 11.624 9.388 12.483 

16 13.953 7.175 15.641 15.832 13.846 15.115 

17 17.578 16.291 16.024 18.509 18.861 15.917 

18 15.164 13.636 17.119 13.268 12.937 16.731 

19 18.232 18.495 18.517 18.192 13.948 20.183 

20 19.987 13.534 18.152 21.18 19.715 14.563 

21 15.739 18.206 18.7 16.447 19.025 18.852 

22 18.972 14.02 19.061 17.565 18.954 16.278 

23 17.805 18.624 16.874 15.031 18.277 18.513 

24 18.5 18.014 18.228 19.012 18.424 19.511 

25 16.304 16.785 17.066 13.098 19.03 20.094 

26 17.876 17.774 21.635 18.513 19.061 19.653 

27 21.372 14.09 21.528 18.918 19.96 19.822 

 

Minimum shear force value for the joint on 10 mm reinforcement mesh on class SF 55 is 

11.99 kN, on this experiment 69 welding joints were lower than that and most of them were 

from experiments where welding current was level 1, 8000 A. Result seems to be similar to 

6 mm and 8 mm experiment sets, welding current has highest overall effect on welding joints 

shear force.  
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Figure 18(a). Main effects Plot for Means and figure 18(b). Main effects plot for SN ratios 

for 10 mm 

 

If comparing figure 18(a). to figures 14(a). and 16(a). the effect of other parameters than 

welding current is lower. Welding current is only parameter which has significant impact on 

final values. On both figures, there are parameters where second dot is higher than third or 

lower than first. It is probably because of the deviation of results.  
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Figure 19. Multiple regression for bond strength averages of 10 mm experiment set 

 

There is one value marked as large residual which means it is not fitting the model, can be 

seen from figure 19. This analysis has been done without downslope because it had lowest 

impact on the results. It might have effect on accuracy of the model. Rest of the data points 

are divided correctly randomly to both sides of zero as it should be. 
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4.4 12 mm wire 

Table 21. Bond shear force results from experiments of 12 mm meshes as kilonewtons 

12 mm  SF 1 SF 2 SF 3 SF 4 SF 5 SF 6 

1 9.548 6.342 16.179 8.56 8.938 11.94 

2 9.041 10.408 8.609 10.377 6.956 11.062 

3 7.206 10.399 14.14 8.876 6.716 6.079 

4 8.987 9.994 12.105 11.022 8.974 11.397 

5 7.584 8.586 14.403 10.239 14.037 8.805 

6 9.339 6.961 10.381 9.045 12.541 16.919 

7 13.73 12.666 18.045 11.508 8.742 13.605 

8 13.058 9.869 16.536 8.039 10.452 6.899 

9 14.839 4.694 14.55 10.394 9.139 10.452 

10 23.145 15.035 26.022 19.956 17.422 16.242 

11 20.704 11.281 26.222 16.34 18.705 13.975 

12 17.729 12.568 24.824 14.777 13.895 14.242 

13 22.365 14.037 23.207 21.435 21.911 23.946 

14 23.759 12.011 24.605 15.231 25.518 21.252 

15 15.356 26.071 28.992 21.069 25.077 14.327 

16 24.445 17.035 27.718 25.91 21.069 20.37 

17 23.011 22.054 21.212 21.386 19.217 20.321 

18 27.442 19.644 28.15 24.499 20.241 24.735 

19 22.187 25.193 25.416 23.715 21.929 22.664 

20 24.218 27.322 26.948 22.695 23.879 27.264 

21 26.075 21.243 29.326 26.2 24.556 26.939 

22 29.268 21.484 25.487 25.242 28.676 26.863 

23 30.047 25.438 33.396 25.011 29.535 27.883 

24 29.66 27.562 26.583 28.115 27.91 28.15 

25 27.166 26.801 31.962 29.442 31.873 26.925 

26 28.778 31.397 29.549 30.907 31.9 27.919 

27 29.94 29.183 30.323 26.035 29.961 27.7 

 

 

Minimum shear force value for the joint on 12 mm reinforcement mesh on class SF 55 is 

17.2639 kN, on this experiment 68 welding joints were lower than that and most of them 

were from experiments where welding current was level 1, 9600 A. Result seems to be 

similar to other experiment sets, welding current has highest overall effect on welding joints 

shear force. 12 mm experiment set has similar results than 10 mm, none of the joints welded 

with level 3 welding current is lower than goal value. 
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Figure 20(a). Main effects Plot for Means and figure 20(b). Main effects plot for SN ratios 

for 12 mm 

 

Figures 20(a). and 20(b). shows that welding current it most critical parameter for results. 

Also, it can be said that welding time has effect on results, but other four parameters do not 

have significant effect on results. There are two parameters on figure 20(b), which has 

second dot higher than third dot. 
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Figure 21. Multiple regression for bond strength averages of 12 mm experiment set 

 

Multiple regression analysis for 12 mm experiment set was made without welding pressure, 

because it had lowest effect on the results. There is one dot which has large residual, so it is 

not fitting the model, can be seen from figure 21. It might have effect on the accuracy of the 

model. Rest of the data points are divided correctly randomly to both sides of zero as it 

should be. 

 

4.5 Optimization of welding parameters 

For optimization of welding parameters, Minitab’s feature “response optimizer” was used. 

Response optimizer uses one response data and all parameters which are significant for the 

result. Parameters which are no optimized by the response optimizer, will be set to level 

which has given lower standard deviation.  

 

Response optimizer needs one response value so average of welding joint shear force has 

been used, target value is counted with highest standard deviation from each experiment. 

Lower value for optimizer is demand for SF 55 class welding joint for each diameter, target 
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value is lower value plus highest standard deviation on the model and upper level is target 

plus standard deviation. There were no constraints used on optimizer, confidence level for 

all intervals were set to 84, because 5/6 tested welding joints must pass the test. Optimization 

plot, parameters, predictions and three solutions are taken out from optimizer. Those values 

can be seen on table 22. 

 

Table 22. Lower, target and upper values for response optimizer as kilonewtons. 

  Lower Target  Upper 

6 mm 4.324 5.8887 7.4534 

8 mm 7.685 10.953 14.221 

10 mm 11.993 14.31 16.627 

12 mm 17.264 21.484 25.704 

 

Table 23. 6 mm response optimizer results. 

 

  

6 mm optimized parameters would be from solution number 1. This solution should move 

results closer the goal value and it is optimized, because parameters are lowest possible as 

table 23. shows. Welding current is on level 2, welding time is a bit higher than level 2, 

upslope time is level 1, welding pressure is level 1 and downslope time is level 1. Post-weld 

time is not optimized so it will be level 3, because it has lowest standard deviation.  
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Table 24. 8 mm response optimizer results. 

 

  

For 8 mm, optimized parameters can be seen from table 24., optimal solution would be 

solution number 2 because it has lowest welding pressure which can be considered as 

optimization for the process. Welding current values are close together, but on solution 

number 2 the optimal parameters would be welding current little bit lower than level 2, 

welding time level 3, post-weld time level 1 and welding pressure level 1. Upslope time will 

be level 1 and downslope time will be level 2.  

 

Table 25. 10 mm response optimizer results. 

 

  

 

For 10 mm, optimized parameters can be seen from table 25., optimal solution would be 

solution number 1., parameter values between different solutions are close together and level 

1 post-weld time has lower standard deviation than level 3. Optimal values would be on 

welding current bit higher than level 1, bit lower on welding time than level 2, upslope time 

level 1, post-weld time level 1 and welding pressure level 1. Downslope time will be level 3 

because lowest standard deviation.  
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Table 26. 12 mm response optimizer results. 

 

 

For 12 mm, optimized parameters can be seen from table 26., optimal solution would be 

solution number 3 because overall it will give lowest standard deviation. Optimal parameters 

for 12 mm would be welding current a bit lower than level 2, welding time between level 2 

and 3, downslope level 1. Upslope will be level 1, post-weld time level 2 and welding 

pressure level 1. 

 

Chosen solutions will be collected to table 27. below 

 

Table 27. Response optimizer - optimized parameters.  

Ø 6/6 mm 8/8 mm 10/10 mm 12/12 mm   

Current 6000 7810 10851 11797 A 

Weld time 95 178 205 342 ms 

Upslope 32 32 40 40 ms 

Post weld time 30 42 36 55 ms 

Pressure 1666 2500 3333 5208 mbar 

Down slope 32 40 60 40 ms 
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Table 28. Results from confirmation tests with optimized results from table 31.  

Ø   Joint [kN] Wire [MPa] Ø   Joint [kN] Wire [MPa] 

6mm 

L1 5.464   

8mm 

L1 13.129 546.775 

L2 3.215   L2 8.617 557.524 

L3 3.291   L3 8.778 543.989 

C1 4.685   C1 13.191 585.191 

C2 8.346   C2 15.520 585.788 

C3 7.945   C3 9.000 580.016 

10mm 

L1 14.335 630.191 

12mm 

L1 20.971 580.5909413 

L2 8.114 630.701 L2 15.836 588.7296532 

L3 19.221 630.955 L3 27.620 587.6680821 

C1 15.600 602.675 C1 21.559 579.2639774 

C2 16.567 611.083 C2 26.257 573.8676575 

C3 15.573 602.038 C3 17.270 576.8754423 

 

Table 28. shows results from joints and wires from confirmation tests. 6 mm confirmation 

mesh wires was not tested because joints were not strong enough. Other confirmation meshes 

were success and welding didn’t lower the properties of wire. There are no comparable 

values how welding affected the wire, but it is not necessary for this research. 

 

Confirmation tests was made by producing one mesh on each diameter. Testing procedure 

was the same as earlier and results are shown on table 28. All confirmation tests were made 

with using welding heads from 2 to 7, each one welding one line of intersections.  

 

 On 6 mm confirmation tests there were two welding joints that did not qualify which means 

that parameters need to be adjusted. Standard deviation on 6 mm confirmation test is high, 

2.03 kN. Average is 0.4 kN lower than target value, shown on table 22. Wire used on 

confirmation tests is very similar as used on experiment tests, carbon equivalent value is 

between from batches used earlier, same supplier, batch 156420. Chemical composition on 

table 29. 
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Table 29. Chemical composition analysis of B500A 6 mm wire used on confirmation tests 

(Celsa Nordic’s inspection document) 

C Mn Si P S Cr 

0.1 0.81 0.17 0.021 0.028 0.11 

      

Ni Mo Cu N Nb Ti 

0.16 0.04 0.29 0.008 0.001 0.001 

      

Pb Sn Zn Al V Ceq 

0.001 0.014 0.005 0.001 0.001 0.298 

 

On 8 mm confirmation test all welding joints were strong enough so it was success. Average 

strength is 0.4 kN higher than target value shown on table 22. and standard deviation is 2.69 

kN. Standard deviation is higher than average on tests earlier. Wire used on confirmation 

tests is from different supplier and it has lower carbon equivalent than wire that was used on 

experiment tests. These wires, table 30. are from ArcelorMittal grade HST40 batches 819710 

and 819760. 

 

Table 30. Chemical composition analysis of B500A 8 mm wire used on confirmation tests 

(ArcelorMittal’s inspection document) 

  C Mn Si P S Cr 

819710 0.104 0.588 0.147 0.013 0.018 0.136 

819760 0.104 0.565 0.164 0.02 0.02 0.174 

  Ni Mo Cu N Al Ceq 

819710 0.153 0.033 0.349 0.0101 0.002 0.269 

819760 0.18 0.04 0.443 0.0103 0.002 0.179 

 

On 10 mm confirmation tests there were one welding joint which was not strong enough, 

but according standard SFS 1300:2020, it is ok if 5/6 welding joints qualify. Confirmation 

tests on 10 mm was success, average is 0.6 kN higher than target value and standard 

deviation is 3.385 kN which is much higher than on earlier tests. Wire used on confirmation 

tests is same wire as used on experiment tests, chemical composition shown on table 12.   

 

 

On 12 mm tests there were one welding joint which did not were strong enough. Average is 

welding joint strength was 0.1 kN higher than target value, standard deviation was 4.28 kN 
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which is much higher than average standard deviation from earlier tests. Another wire used 

on confirmation tests are same as used earlier on experiment tests and another is from 

different supplier. Chemical compositions shown on tables 31. and 13. New wire is from 

Brandenburger Elektrostahlwerke’s wire, grade B10-01 batch 81426. 

 

Table 31. Chemical composition analysis of B500A 12 mm wire used on confirmation tests 

(Brandenburger Elektrostahlwerke’s inspection document) 

C Mn Si P S Cr 

0.09 0.49 0.14 0.018 0.036 0.14 

      

Ni Mo Cu N V Ceq 

0.11 0.01 0.26 0.009 0 0.23 

 

Confirmation tests showed that standard deviation is difficult to control with parameter 

choosing. 6 mm confirmation tests must be done again with different parameter solution 

from table 27. Other optimizations can be kept as confident solution, because on two 

confirmation tests there were one welding joint which did not qualify on bond strength. 

Optimization was made that way. There is possibility to inaccuracy because systematically 

L2 welding joint was the weakest one so it might be that there was some problem with that 

welding head.  

 

4.6 Secondary confirmation tests 

6 mm results required new confirmation tests with different optimization solution. 

Secondary confirmation test was done with solution number 2, because it is the next from 

lowest one. The wires used on confirmation tests, two of those are from same supplier as 

other 6 mm experiments and another is also same batch as used, grade PS50, batch 156420 

and 157851 and one is from Megasa, grade SAE1008, batch 620020. Chemical composition 

can be seen from table 32 below. 
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Table 32. Chemical composition of used wire on 6 mm secondary confirmation tests 

(Megasa’s and Celsa Nordic’s inspection documents) 

  C Mn Si P S Cr 

156420 0.1 0.81 0.17 0.021 0.028 0.11 

157851 0.12 0.84 0.17 0.02 0.038 0.11 

620020 0.08 0.43 0.13 0.016 0.018 0.09 

  Ni Mo Cu N Nb Ti 

156420 0.16 0.04 0.29 0.008 0.001 0.001 

157851 0.16 0.05 0.26 0.009 0.001 0.001 

620020 0.18 0.31 0.35 0.007 0 0 

  Pb Sn Zn Al V Ceq 

156420 0.001 0.014 0.005 0.001 0.001 0.298 

157851 0.001 0.016 0.002 0.001 0.002 0.318 

620020 0 0 0 0 0.002 0.21 

 

Table 33. Used values and results from secondary confirmation 6 mm experiment tests 

Ø 6/6mm   Joint [kN]  Wire [MPa] 

Current 7128 L1 8.488 633.404 

Weld time 100 L2 7.188   

Upslope 32 L3 11.085 646.497 

Post weld time 30 C1 8.288 675.513 

Pressure 2500 C2 5.928 610.403 

Down slope 48 C3 4.868 665.959 

 

Used solution and results can be seen from table 33. Results are good, but shear force average 

8.195 is much higher than target value 5.887. Standard deviation is 2.18, which is 0.15 higher 

than first set of confirmation tests. There are no better solutions on this research so it can be 

said that these parameters are not optimized. This is currently best solution confirmed based 

on this research.  Welding did not lower the properties of wire, one wire broke because it 

was misaligned for the test and result is not legit. 
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5 DISCUSSION 

 

 

Welding current is most important parameter and it was not surprise. Other parameters do 

not have that high effect on the result and biggest surprise was welding pressure. Lower 

welding pressure is giving better welding joints than highest on all experiment sets, 

according research done by (Thakur & Nandedkar, 2010) lowest pressure is not always 

giving best results. This kind of result can be explained with higher original values. One 

explanation for lack of effect of downslope-, upslope- and post-weld time could be that those 

values are already low. 20% change on small number does not have that high effect as on 

bigger number. It might be that those three parameters are not higher because of the 

efficiency of the reinforcement mesh welding machine. Higher time parameter would make 

it slower and less efficient productionally.  

 

Standard deviation was surprisingly high, same welding head can produce welding joints 

with high deviation. Experiments showed that it does not matter if it is same or different 

welding head, deviation is coming from somewhere else. It might be from positioning of the 

wire, differences on the wire material or just inaccuracy of the reinforcement mesh welding 

machine. High standard deviation might cause inaccuracy to this research. One possible 

reason for high standard deviation could be possible problems with welding heads. Welding 

heads were not tested before making experiment sets and if there were problems with some 

head, it could cause inaccuracy. For example, on 8 mm experiments, C3 welding joint was 

0.8 kN weaker on average than next weakest. Same thing with 6 mm experiment with L2 

welding joint. On 10 mm experiments L2 was 1.4 kN weaker on average as next weakest. 

12 mm experiments L2 was weakest with difference of 1.5 kN on average to next weakest 

one.  

 

On this experiment, each experiment mesh on the set was made with same raw material. It 

might be that optimum values are not working as wanted with different raw material. If raw 

material would be part of this research, it would need huge amount of more work and 

resources. Producing each test set with reinforcement mesh welding plant takes 

approximately two hours, cutting test pieces from meshes five hours and eight hours to test 

all test pieces.  
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Taguchi orthogonal matrices and Taguchi analyzing method gave more information about 

each parameter with lower amount of experiments than original DOE. However, these results 

from Taguchi analysis is not very reliable because of the conflicts between experiment 

results. Most probable reason for conflicts between results are high standard deviation and 

relatively low original values. High standard deviation can hide real results because of the 

relative magnitude of effects of parameters. This can be seen from main effects plots for 

means – graphs (13(a), 15(a), 17(a) and 19(a)), which shows that there is not much variation 

between results of each level of parameter except welding current.  

 

Other researches, for example (Ghazali, Manurung, Salleh, & Taib, 2019) has gotten good 

results from analyzing resistance spot welding method with Taguchi based analysis method. 

It can be said that Taguchi analysis method is valid way to analyse resistance spot welding 

parameters and optimize them. About parameters, figure 10. shows that with a welding 

current used on 8 mm confirmation tests (7810 A) gives approximately 12.6 kN shear force 

value and on this research with that welding current results was 11.37 kN. Optimized result 

is quite close, 10 % lower than result from research made by (Scotchmer , 2007). 

 

6 mm experiment results must be dropped out from results when creating parameter – 

diameter matrices using optimized values. Matrices will be made by using graphs and 

guideline drawn by using those values. Welding current and – pressure are only ones which 

will be created this way, because other parameters are not accurate enough to use this 

method. There are conflicts on other optimized parameters and guidelines would not create 

efficient solution, because of chosen levels, irregularities and coincidence of standard 

deviation. 
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5.1 Reliability and validity 

There are results on this research that cannot be kept reliable. 6 mm experiment results are 

not reliable enough and those has been dropped out from further analysis on conclusions. 

Main reason for this decision is that 6 mm experiment results are differing too much from 

three other executed experiments and results are not logical. High standard deviation might 

be reason for conflicts of 6 mm experiment, but other experiments could be repeated and 

results should be similar than on this research. 

 

Welding current and -pressure and weld time results can be kept as reliable and those 

parameters are analysed on conclusions of this research. Other parameters do have conflicts 

on the optimized parameters and cannot be kept as reliable. Main reason for conflicts is 

considered to be the high standard deviation on shear forces of the joints.  

 

Table 34. shows differences between optimized parameters and counted parameters by using 

guideline formula from figures 22., 23. and 24. 6 mm experiment results were dropped out 

from figures, because those results did not give optimized parameters which worked as 

wanted. On welding current average difference between optimized and counted value is 

5.7%, welding pressure 5% and weld time 9.3%.  Before standard deviation can be mitigated 

better, these results can be kept as reliable. 

 

Reliability of mixed diameters is not confirmed, and it must be tested before confirmation. 

It might be that these counted values are not working on extremities, for example 5 mm – 16 

mm welding joint, however this kind of product would be special reinforcement, not 

reinforcement mesh. Validity of this research is decent, because it is giving partial answers 

to each research question and hypothesis, but results could be better and more accurate. 

Standard deviation is having effect to results.   
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Table 34. Differences between optimized parameters and counted parameters 

  Optimized 

Diameter 
[mm] 

Nominal cross-
sectional area per 

weld [mm²] 

Welding 
current [A] 

Welding 
pressure 
[mbar] 

Weld time 
[s] 

6 56.6 7128 1666 100 

8 100.6 7810 2500 178 

10 157 10851 3333 205 

12 226 11797 5208 342 

  Counted 

 

Diameter [mm] 
Welding 

current [A] 

Welding 
pressure 
[mbar] 

Weld time 
[s] 

 6 6896 1400 102 

 8 8266 2359 161 

 10 10022 3589 236 

 12 12170 5093 328 

  Difference 

 

Diameter [mm] 
Welding 

current [A] 

Welding 
pressure 
[mbar] 

Weld time 
[s] 

 6 3 % 19 % -2 % 

 8 -6 % 6 % 11 % 

 10 8 % -7 % -13 % 

 12 -3 % 2 % 4 % 

 

 

5.2 Error- and sensitivity analysis 

Figure 13 about standard deviation on the four experiment shows differences on the results. 

Welding current is most logical one, it has similar placement of value dots on three of 

experiment from four. Highest standard deviation is appearing on level 2, on 6 mm 

experiment level 3 has highest standard deviation. Welding-, upslope- and post-weld time 

does not have logical similarities on experiments. Downslope parameter has two similar 

figures on 8 mm and 12 mm. Welding pressure is having three similar figures on experiment 

6 mm, 8 mm and 12 mm, but 6 mm results can be said to be unoptimized. 6 mm solution 2 

optimization value gave “too high” results and it is using same welding pressure as 8 mm 

which is not logical.  Standard deviation figures are not confirming each other so those 

results can be kept as suspicious. However, higher standard deviation is not always worse, 

it must be considered that on higher values it is not relatively as high on low standard 
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deviation on lower forces. Higher shear force values can give higher standard deviation 

without being statistically worse than lower ones. 
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6 CONCLUSION 

 

 

First research question was “Is there countable scalability between wire diameters and 

parameters?”, after this research it can be said that at least partially yes. It is possible to count 

some of the parameters with results from this research without having high error. Those 

parameters are welding current-, pressure and weld time. Also, it is not confirmed that these 

counted values give acceptable results from extremities when mixing diameters, for example 

5 mm – 16 mm welding joint. These results works best when two same diameter wires are 

weld together.  

 

Second research question was “Is it possible to achieve reliably the quality set by standard 

by optimizing parameters?”. This research did not find final answer to this question, but it is 

possible to adjust target value high enough that enough of welding joints have high enough 

shear force value. Best way to achieve more reliable quality would be to find the solution to 

decrease the standard deviation some way and then optimizing parameters again. 

 

Last research question was “How different parameters affects outside basic values to quality 

and shear force of the joint of welding joint?”. This research found only partial answer to 

this in experiment section, but theoretical background research gave better understanding 

about how too low or too high values can affect to weld. This information is collected to 

table 5. Experiments made on this research, showed that easiest way to achieve higher shear 

force welding joints is to increase welding current, other parameters did not have enough 

effect that it could be said that the change was because of adjusting the parameter, not from 

the high standard deviation.  

 

Hypothesis of this research is “It is possible to find parameters for welding which can be 

used to achieve reliably required quality despite the variables”. This research showed that it 

is possible to achieve reliably required quality despite the variables, but it is not considering 

the optimization aspect. These values are optimized with best knowledge from the research, 

it could be possible to achieve higher optimization level if standard deviation can be 

mitigated. Optimized parameters for same diameter wires from this research can be used on 

production.  
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6.1 Key findings 

This research showed that with this reinforcement mesh welding plant, high standard 

deviation is main problem on production. Despite standard deviation, this research gave 

possible optimized parameters about welding current, -pressure and time. Those parameters 

are shown on tables 35., 36. and 37.  

 

Theoretical background chapter has given few possible future research topics about 

resistance spot welding reinforcement meshes. Also, for the future researches, this research 

proved that adjustable parameters must be tested individually before making experiments. 

This way it can be confirmed how high levels must be set to each parameter that those have 

significant effect to welding joint. ± 20 % to all parameters was not high enough on those 

parameters which has relatively low starting value and those did not affect to welding joint 

or standard deviation hid those results which means those were not high enough.  

 

6.2 Novelty value of results 

This research has given optimized parameters for same diameter meshes and possible 

parameters for mixed diameter meshes, which must be confirmed before usage. Optimized 

parameters are counted by using guideline results from three different welding experiments.  

 

6.3 Generalization and utilization of the results 

All counted and optimized parameters collected below to tables 33-37 and figures 22-24. 

These results can be utilized on reinforcement mesh welding B500A material.  Utilization 

on different reinforcement mesh welding plants is not confirmed. 
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Figure 22. Guideline of welding current drawn by using optimized parameters 

 

 

Table 35. Counted welding current matrix by using guideline from optimized parameters on 

amperes 

Ø 5 6 7 8 9 10 12 16 

5 6355 6626 6943 7310 7725 8188 9262 12002 

6 6626 6896 7214 7581 7995 8459 9533 12273 

7 6943 7214 7532 7899 8313 8777 9851 12590 

8 7310 7581 7899 8266 8680 9144 10218 12957 

9 7725 7995 8313 8680 9094 9558 10632 13371 

10 8188 8459 8777 9144 9558 10022 11096 13835 

12 9262 9533 9851 10218 10632 11096 12170 14909 

16 12002 12273 12590 12957 13371 13835 14909 17649 
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Figure 23. Guideline of welding pressure drawn by using optimized parameters 

 

 

Table 36. Counted welding pressure matrix by using guideline from optimized parameters 

on mbars 

Ø 5 6 7 8 9 10 12 16 

5 1021 1210 1433 1690 1980 2305 3057 4975 

6 1210 1400 1622 1880 2170 2494 3247 5165 

7 1433 1622 1845 2102 2392 2717 3469 5387 

8 1690 1880 2102 2359 2649 2974 3726 5645 

9 1980 2170 2392 2649 2939 3264 4016 5934 

10 2305 2494 2717 2974 3264 3589 4341 6259 

12 3057 3247 3469 3726 4016 4341 5093 7011 

16 4975 5165 5387 5645 5934 6259 7011 8930 
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Figure 24. Guideline of weld time drawn by using optimized parameters 

 

 

Table 37. Counted weld time matrix by using guideline from optimized parameters on 

milliseconds 

Ø 5 6 7 8 9 10 12 16 

5 79 91 104 120 138 158 204 321 

6 91 102 116 132 149 169 215 332 

7 104 116 129 145 163 183 229 346 

8 120 132 145 161 179 198 244 362 

9 138 149 163 179 196 216 262 379 

10 158 169 183 198 216 236 282 399 

12 204 215 229 244 262 282 328 445 

16 321 332 346 362 379 399 445 563 

 

6.4 Topics for future research 

Most important future research is that how standard deviation can be mitigated on the 

reinforcement mesh welding plant. Lowering standard deviation will increase overall quality 

and higher optimization of parameters is possible which thus, can increase the productibity.  

 

Another possible research is about upslope parameter. According chapter 2.3. about 

definition of quality on resistance spot welding, upslope parameter can be used to mitigate 

the effect of coating. B500A wires does not have coating, but rib on the surface of the wire 
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can act like one. It might be that those ribs could be melted by using upslope and that could 

lower standard deviation of welding joints.  

 

This research was made for B500A wire only, company is also using B500B wire and it 

might be that it could be welded with different parameters if optimized. There is a bit 

difference between those wires, but how it affects to welding joint, it is not known.  
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7 SUMMARY 

 

 

Research was made to find answers if there is scalability between wire diameters and 

resistance spot welding parameters, is it possible to find mitigate uncontrollable factors with 

adjusting parameters and knowledge about that how each parameter affects to welding joint 

when adjusted. Main hypothesis was to prove that there is a way to achieve quality demands 

by adjusting parameters. This research found partial answers to questions and hypothesis, 

but high standard deviation caused inaccuracy to overall results.  

 

This research was framed to find optimized parameters only for B500A grade wire, regulated 

by standard SFS 1300:2020. One reinforcement welding machine was used and optimization 

meant reliable quality despite uncontrollable factors. Results are tested only with same 

diameter wires and it cannot be said that extremities are working with this optimization. It 

must be confirmed individually. Optimization matrices are based on countable solutions 

from four experiment sets.   

 

This research was made by using literature research to find more information about 

resistance spot welding, Taguchi method and welding reinforcement meshes from cold-

rolled material according SFS 1300:2020 standard. Literature research guided rest of the 

research about resistance spot welding and usage of Taguchi method. 

 

Experiments were made by using Taguchi orthogonal matrices and Taguchi analysis method 

with Minitab 19 software. Minitab 19 software gave analysis about parameters and responses 

of experiments, analysis results were used to optimization of welding parameters. Optimized 

parameters were confirmed with confirmation tests and three from four results were 

successful. One result was too inaccurate for utilization and it was dropped away from 

optimization solutions based on counting. 

 

As a result of this research, it was possible to create three optimization matrices from six 

parameters. Those parameters are welding current, -pressure and weld time. Three other 

parameters did not have that high effect on welding joint and there were conflicts between 
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results that it was not possible to make accurate optimization. This research did not find 

solution for that how to mitigate standard deviation on bond shear force.  
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