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Abstract

In serial production, problems are constantly encountered in the selection of welding parameters due to the
excess of welding parameters and variations. In order to compensate for these variations, mostly high energy
flux is used. In this study, an approach developed in order to estimate weld nugget diameter in determining the
welding parameters for sheets with a thickness of 0.6-3 mm is introduced. Sheet is an iron-based material that
has been given certain mechanical and chemical properties in standards, turned into sheets from thick plates by
rolling processes. Minitab statistical program was used to create experimental data and mathematical operations.
First of all, 7 source parameters were selected and experimental study was carried out for 64 experiments using
the % partition factorial method of disegn of experiments(DOE) in Minitab software. With the experiments,
real weld nugget diameters were obtained. These results were transferred to the Minitab software and the
mathematical model of the system was established. Weld nugget diameter estimation procedures were carried
out using the datas of factorical disegn of experiments(DOE). Test and prediction data were transferred to
Minitab software, regression graph was drawn and R-Sq and R-Sq (adj) values were calculated. In addition,
samples were created with randomly selected data for verification and comparison was made by transferring
them to Minitab. According to the results of this study, remarkable accuracy rates have been achieved in the
weld nugget diameter estimation with Minitab.
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1.INTRODUCTION

Today, 7-12 thousand spot welding is used when a car is
being produced. Electric Resistance Welding (ERW) is ge-
nerally done by computer controlled robots. The quality of
ERW is an extremely important issue in the automotive in-
dustry. The accuracy and consistency of parameter settings
made with manual welding parameter calculations, operator
experience and technician expertise may not be appropriate.

Welding parameter setting of each machine and point is a
difficult process due to many sensitive factors. It takes a lot
of trials with a large number of materials to find the opti-
mum value of each spot to be spot welded, which cannot be
done as it is very costly. In order to achieve the final standard
welding quality, different sheet thicknesses such as electro-
des etc. The process of adjusting the parameters in each dif-
ferent welding machine model by changing it is quite costly.
Therefore, in the ERW spot welding process, it is important
to be able to meet the weld quality improvement require-
ments with efficiency estimation and appropriate parameter
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optimization.

When the literature is examined in general, it is seen that
studies are carried out on a single sheet thickness by taking
only the welding time, current and force. Different approac-
hes can be seen for estimation methods.

In another method, welding current, electrode force and
welding time other welding parameters can be kept cons-
tant. Welded joints can be subjected to tensile-shear tests to
determine shear force and absorption energy values. In the
study, parameter optimizations can be performed by using
the surface methodology based on Box-Behnken design to
generate a quadratic response model regression from Yue
etal. [1].

There are also approaches to applying data mining techniqu-
es to estimate the weld nugget diameter in the ERW resour-
ce. With a relatively simple and straightforward approach,
it can accurately estimate the diameter of a spot from easily
measured signals during the welding process by Boersch et
al. [2].
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In addition, a real resource test dataset collected from the
field can be predicted by using regression models such as a
decision tree algorithm to extract decision rules. Here it can
be seen that semantic rules are used to create accurate pre-
dictive models. With this method, allow engineers to reduce
design and process alternatives response parameter (weld
nugget width) can be effectively analyzed and predicted by
Kim et al. [3].

There is a direct correlation between the selected parame-
ters and the cooling rate and sheet thickness. It is an im-
portant factor in the formation of hardness values especially
around the weld nugget region and weld nugget. It can be
seen that the extreme hardness values negatively affect the
rupture and weld nugget diameter values in the weld zone,
which negatively affects the weld nugget diameter by Sheik-
hi et al., Kemda et al. [4,12].

With samples created under variable welding currents I,
electrode forces F, welding times T, preheating currents IA,
single-predictive optimization and spot break load estima-
tion can be performed. Signal-to-Noise (S/N) ratio analy-
sis and response surface modeling can be performed using
RSM (response surface methodology) for optimization and
prediction by Duric et al. [5].

In the other study, it is to present a prediction for the welded
metal sheets characteristics as a result of varying parameters
of resistance spot welding, also to predict the optimal wel-
ded material property for any given resistance spot welding
parameters, besides, to foresee the probability of failure in
the welding process before happening using simulation from
the study of by Hiba et al., Hayat F. [8,10].

A modified central compound design can be adopted to for-
mulate an effective regression model that requires fewer ex-
periments. The response surface methodology can be used
to achieve optimum process conditions. Force current, wel-
ding time and welding force input variables, shear strength
and spot crush amount can be output variables. By using
TRIP steel, it is possible to obtain an optimum weld quality
under relatively low welding currents and extending the wel-
ding time by Kim ez al. [9].

Rather than using the result of a non-destructive testing
technique as input variables, classifiers are trained direct-
ly with the relevant welding parameters, namely welding
current, welding time and electrode type (electrode mate-
rial and machining). Algorithms are compared for accuracy
and area under receiver operating characteristic curve crite-
ria using nested cross validation. Support vector machines
using radial weld nugget, acceleration, and random forest
techniques can generally achieve the best performance by
Pereda et al. [11].

It also includes weld adhesion, the influence of weld para-
meters on joint quality, major metallurgical defects in Al
spot welds, and electrode distortion. The contact resistance
caused by the presence of an oxide layer on the surface of
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Al alloys and the need for high current application due to
Al alloys cause rapid electrode tip wear and inconsistency
in welding quality. Cleaning the oxide layer and increasing
the electrode strength and applying a low current preheating
can significantly reduce the contact resistance and improve
the connection quality from Manladan et al. [13].

In the studies presented in this article, unlike previous stu-
dies, a model was created by studying not only 3 parameters
(current, force and time), but 7 parameters as used in mass
production. In addition, in order to establish the ERW mo-
del in the most ideal conditions and accuracy, an experiment
design was made and a statistically accurate model was for-
med. Verification tests are performed on the model whose
accuracy is certain and the accuracy of the model has been
clearly tested. The created model can also be used by resear-
chers who want to do different studies.

In this study, as can be seen in the outputs of the test design
study in the Minitab program, the effects of cooling time,
approach and printing time have been tested with the test
specimens shown in Fig. 1 by making %-fraction test design
in standard sizes, different sheet thicknesses. Afterwards,
the mathematical model of the system was created.

After obtaining the model, the parameters were considered
individually in the Minitab program and their correlation
with the weldnugget diameter was examined. In addition,
randomly selected parameters were applied in the field and
real weld nugget diameters were found. These weld nugget
diameters have been tried to be estimated with Y_predict in
Minitab program. Then, the accuracy of the system was in-
vestigated by examining the regression of the field and pre-
dicted values and calculating the R-Sq and R-Sq (adj) values.
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Figure 1. Welded specimen dimensions (in mm)

2. MATERIAL AND METHOD

The method used in the studies conducted in this section is
summarized. In this research, ERW process was carried out
under real conditions with a Unis Makina 100 kVA and 100
Hz fixed spot welding machine. In this study, 0.6-3mm ref.
sheet thicknesses were used according to the sheet thickness
and parameters in the experimental design. These sheets, 6
and 8 mm diameter copper alloy tip were used in the expe-
riments, see Fig. 2. Welding parameters, welding time, force,
cooling, squence, holding and sheet thickness. and the weld
nugget diameter output was investigated by using 1/2 fracti-
on experimental design.
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(d)
Figure 2. Application of experimental design data in the workshop (a)
Welding application; (b,c,d) Teared down specimen

2.1. Design of Experiment-DoE

DoE is a systematic method for determining the relationship
between factors affecting a process and the outcome of that
process. In other words, it is used to find cause and effect
relationships. This information is needed to manage process
inputs to optimize output. In the design of the experiment,
first of all the minimum and maximum values of each pa-
rameter are entered into the system. Then, what degree of
experiment design will be done, that value is selected. The
system is then asked to create the experiment design. The
system randomly assigns each attempt to reflect the entire
model.

In addition, Minitab 18 Statistical Software program was
used in the studies. Here, an experimental design of 65 pa-

rameters was created, with 64 and 1 center point (Fig. 3).
The test was repeated with the same parameters in order to
guarantee the accuracy of the parameters and weld nugget
diameters obtained.

Although different sheet thicknesses are used experimental-
ly in the study, the mechanical and chemical composition of
only 0.8 mm sheet for simplicity is given in Table 1 and Table
2. These sheets are supplied by Erdemir company and their
certificate number is 0031742Y and dated 18.3.2020.

Fractional Factorial Design

-

Design Summary

Factors: 7 Base Design: 7:64 Resolution: VI
Runs: 65 Replicates: 1 Fraction: 1/2
Blocks: 1 Center pts {total): 1

Figure 3. Minitab parameters of experiment design

Table 1. Chemical structure of 0.8 mm thick specimen sheet
FEE 220 BH-ZNT/F/2S (ERDEMIR 0380) -0.8mm

%Ni + %Cu + | %C +
%Cr + %Mo | %P

0.007 | 0.15 0.05 0.02 26 <
% maks 0.06 | 07 | 0.5 0.09 003 007 T 0.16

%C | %Mn | %Si | %P | %S | %Al

% min

Table 2. Mechanical properties of 0.8 mm thick sheet
FEE 220 BH-ZNT/F/2S (ERDEMIR 0380) - 0.8mm

Tensile Strength (MPa) | Yield Strength (MPa)
Min:max 305 400 200 270 34

Tensile Test %Elongation

In Annex A, a part of the weld nugget diameters obtained as
a result of the experiments carried out in the field, as oppo-
sed to the ¥ partition factorial input parameters obtained by
the experimental design, are summarized.

It is seen in Annex B that the input parameters and their
double-triple combinations are effective on the system. The
values given here are the values obtained after applying ba-
ckward elimination against the alpha value in the Minitab
program.

2.2. Backward Elimination

It is a method for determining which variables to keep or
not in a model. The backward elimination begins with the
model containing all terms and then progressively removes
the terms one by one using the same method. No variable
can re-enter the model.

The probability value P shows the amount of possible error
we will make when we make the decision "there is a statisti-
cally significant difference” in a comparison. The maximum
acceptable level of this error was suggested and accepted as
0.05. If the P value found in a test result is below 0.05, it
means that there is a significant difference as a result of the
comparison.

Alpha number is the threshold value at which we meet P
values. Describes how excessively observed results should
be to reject the null hypothesis of a significance test. The de-
fault backward elimination procedure ends when all of the
variables included in the model are left with variables with a
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P value greater than the value specified in Alpha.
2.2.1 Stepwise Method

Performs variable selection by adding or deleting predictors
from the existing model based on the F-test. Stepwise is a
combination of forward selection and backward elimination
procedures. Stepwise selection does not proceed if the initial
model uses all of the degrees of freedom.

2.1.2 Variable to Remove

Minitab calculates an F-statistic and P-value for each variab-
le in the model. If the model contains j variables, then F for
any variable, x , is this formula:

Fe [(( SSE, = SSE, J /(DFx, )D/ (MsE, ) O

Here,
SS  :Square of standard deviation

MS  :Square of means

SSE(( j-x)) + SS Error for the model that does not contain %

SSE; . SS Error for the model that contains X0

MSE; x,: MS Error for the model that contains .

If the P-value for any variable is greater than the value spec-
ified in Alpha to remove, then Minitab removes the variable
with the largest p-value from the model, calculates the re-
gression equation, displays the results, and initiates the next
step.

2.1.3 Variable to Add

If Minitab cannot remove a variable, the procedure attempts
to add a variable. Minitab calculates an F-statistic and p-va-
lue for each variable that is not in the model. If the model
contains j variables, then F for any variable, x , is this for-
mula:

F:(((SSEij—SSEi((j+X7a)))/(DFx7a))/(MSE7((j+Xia)))

(2)
DF  :Degrees of freedom

SSE, SS Error before x_ is added to the model

SSE, ): SS Error after x_is added to the model
(j+X,)

prx, :Degrees of freedom for variable X,
: MS Error after x_ is added to the model

MSE(;.x,)

If the P-value corresponding to the F-statistic for any va-
riable is smaller than the value specified in Alpha to enter,
Minitab adds the variable with the smallest P-value to the
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model, calculates the regression equation, displays the re-
sults, then goes to a new step. When no more variables can
be entered into or removed from the model, the stepwise
procedure ends.

By making Minitab \ Stat \ DOE \ Factorial \ AnalysiFac-
torialDesign \ Stepwise \ backward elimination, the ideal
probability coefficient P> 0,05 is automatically drawn in all
input parameters. Here, resource time is the parameter with
the greatest impact. As seen in Annex A, all parameters and
their combinations affect the weld nugget diameter. Here; S
=0.0847054 R-Sq = 99.53% R-Sq (adj) = 96.69 and the accu-
racy of the system is quite high. Welding current is the input
parameter with the greatest impact on the entire system, co-
oling as a single parameter the least effective. The singular
and percentage effects of the effects of the parameters are
shown below, Figures 4 and 5. Here, it is seen that the com-
binations of 2 and 3 of the parameters are much more effe-
ctive instead of individual parameters. The values are given
interactively in Fig. 6.

Pareto Chart of the Standardized Effects
(response is Nugget; o = 0,05; only 30 effects shown)

&
28 3

2,26

o
e BB R
hrmonEs g
ERCEE

.
f

Standardized Effect

Figure 4. Standart effects of welding parametres

Normal Plot of the Standardized Effects
(response is Nugget; c = 0,05)
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Figure 5. Percentage distribution of the effects of the weld parametres

Interaction Plot for Nugget
Data Means

—
.
-—
=
P

]

Cooling

Figure 6. Interactive graph of welding parameters

In the Minitab, the mathematical model of the system was
created as follows:
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Weld Nugget= [-70,3 + 0,01390 Current - 0,1678 Force - 1,799 Time
+ 10,25 Cooling + 0,891 Squence + 4,156 Holding - 19,72 SheetThi-
ck + 0,000009 Current*Force + 0,000034 Current*Time - 0,001484
Current*Cooling - 0,000197 Current*Squence - 0,000507 Cur-
rent*Holding + 0,000029 Current*SheetThick + 0,005809 Force*Ti-
me + 0,01413 Force*Cooling + 0,000435 Force*Squence - 0,002555
Force*Holding + 0,02007 Force*SheetThick + 0,0717 Time*Cooling +
0,04775 Time*Squence - 0,04365 Time*Holding + 0,3685 Time*Sheet-
Thick - 0,0865 Cooling*Squence - 0,3496 Cooling*Holding - 0,123 Co-
oling*SheetThick - 0,01809 Squence*Holding + 0,5262 Squence*She-
etThick + 0,5950 Holding*SheetThick - 0,000000 Current*Force*Time
- 0,000001 Current*Force*Cooling + 0,000000 Current*Force*Holding
+ 0,000002 Current*Force*SheetThick - 0,000004 Current*Time*Squ-| (3)
ence +0,000006 Current*Time*Holding - 0,000023 Current*Time*S-
heetThick + 0,000014 Current*Cooling*Squence+ 0,000040 Current*-
Cooling*Holding + 0,000104 Current*Cooling*Sheet Thick + 0,000002
Current*Squence*Holding - 0,000034 Current*Holding*SheetThick
- 0,000211 Force*Time*Cooling - 0,000017 Force*Time*Squence -
0,000033 Force*Time*Holding - 0,000106 Force*Time*SheetThick
- 0,001166 Force*Cooling*SheetThick + 0,000060 Force*Squence*Hol-
ding - 0,000709 Force*Squence*SheetThick - 0,000311 Force*Holdin-
g*SheetThick + 0,000890 Time*Cooling*Holding - 0,01024 Time*-
Cooling*SheetThick - 0,000275 Time*Squence*Holding - 0,001501
Time*Holding*SheetThick - 0,01721 Cooling*Squence*SheetThick -
0,007095 Squence*Holding*SheetThick - 3,736 Ct Pt |

Optimal values were used at certain intervals when deter-
mining the electrical resistance welding (ERW) parameters,
Table 3.

Table 3. Minimum and max values of spot welding parameters (for 0.6-
3mm sheets)

Parameters min max
Current (A) 7800 10400
Force (daN) 180 420
Time (cycle) 8 36
Cooling (cycle) 6 10
Squence (cycle) 15 30
Holding (cycle) 15 35
SheetThic (mm) 0,6 3

2.3. Methods and Formulas for Prediction

While working here, the values of the weld nugget diameter
in the model were estimated by increasing the values for each
parameter from Minitab \ Stat \ DOE \ Factorial \ Predict into
[14,15,16].

2.3.1 Fit
The fitted equation is:

Jo=by+by +...+ by (4)
y : fitted response

X, : k™ term. Each term can be a single predictor, a

polynomial term, or an interaction term

b, : estimate of k™ population regression coefficient

2.3.2 Prediction interval

T2 o opyX s(Pred) (5)
Here
s(Pred) = /s (14 x, (X X) ' X, (6)
y : fitted response value for a given set of predictor
values
a : level of significance
n : number of observations
p : new value of the predictor
s’ : mean square error
X : prediction matris
X : matrix of given predictor values
Xo

: transpose of the new vector of predictor values

2.3.2 Standard error of fitted value (SE Fit)

The standard error of the fitted value in a regression model
with one predictor is:
]l (%, _f)z
SE Fit=,|s [; +m] (7)
The standard error of the fitted value in a regression model
with more than one predictor is:

VG, (8)
s® :mean square error
n :number of observations
Yo :new value of the predictor
x :mean of the predictor
i : ith predictor value
X : vector of values that produce the fitted values, one

for each column in the design matrix, beginning with a 1 for
the constant term

%o : transpose of the new vector of predictor values

X : design matrix

3. RESULTS

Here some parameters affect the weld nugget diameter, whi-
ch is the output data, with a positive correlation, some with
anegative correlation. While a single parameter is increased,
other parameters are kept at a constant min value. The inte-
raction of the spot welding parameters with the weld nugget
diameter is given in Figures 7-13.

. Weld Nugget(mm)-Current(A)
10,0 ’//’Q/‘
8,0
6,0
4,0
2,0
0,0
7800 8300 8800 9300 9800 10300

Figure 7. Weld nugget-current interaction
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Weld Nugget(mm)- Force(daN)
10,0

8,0
6,0
4,0
2,0

0,0
150 200 250 300 350 400

Figure 8. Welding nugget-force interaction

In the figure 7, it is seen that there is a positive correlation
between current and nuget diameter. This situation is seen
in the standardized effect graph that singularly, the current
is a high factor. In the figure 8, it is seen that there is a nega-
tif correlation between the force and nugget diametre. This
situation is seen in the standardized effect graph that singu-
larly that the force is a not high factor.

In the figure 9, it is seen that there is a negative correlation
between the time and nugget diameter. This situation is seen
in the standardized effect graph that singularly, the time is
a secondary factor. For this mathematical model, the mini-
mum of the other factors was chosen, resulting in a nugget
diametre negative effect. In the figure 10, it is seen that the-
re is a negative correlation between the cooling and nugget
diametre. This situation is seen in the standardized effect
graph that singularly, the cooling is a very low impact factor.

Weld Nugget(mm)- Time(Cycle)
10,0

8,0
6,0
4,0
2,0

0,0

00

13 18 23 28 33

Figure 9. Weld nugget-time interaction

Weld Nugget(mm)-CoolingCycle)
7,7

7,7
7,6
7,6

7,5

(9]

7 8 9 10

Figure 10. Weld nugget-cooling interaction

In the figure 11, it is seen that there is a negative correlati-
on between the squence and nugget diametre. This situation
is seen in the standardized effect graph that singularly, the
squence is a secondary factor. For this mathematical model,
the minimum of the other factors was chosen, resulting in
a nugget diametre negative effect. In the figure 12, it is seen
that there is a positive correlation between the holding and
nugget diametre. This situation is seen in the standardized
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effect graph that the holding is not a singularly factor. This
factor acts on the system with the 2nd and 3rd combinations
of other factors.

Weld Nugget(mm)-Squence(Cycle)
10,0
8,0
6,0 M
4,0
2,0
0,0
15 20 25 30
Figure 11. Weld nugget-squence interaction
Weld Nugget(mm)-Holding(cycle)
8,6
8,4
8,2
8,0
7,8
7,6
15 20 25 30 35
Figure 12. Weld nugget-holding interaction
Weld Nugget(mm)-SheetThickn(mm)
10,0
8,0
6,0
4,0
2,0
0,0
0,6 1,1 1,6 2,1 2,6

Figure 13. Weld nugget-sheet thickness interaction

In the figure 11, it is seen that there is a negative correlation
between the sheet thickness and nugget diametre. This situ-
ation is seen in the standardized effect graph that singularly,
sheet thickness is a secondary factor. For this mathematical
model, the minimum of the other factors was chosen, resul-
ting in a nugget diametre negative effect.

In addition, a study was conducted to test the accuracy of
the model and randomly selected parameters were determi-
ned, see Table 4.

First of all, trial studies were made with randomly selected
parameters in the field and the center diameter was measu-
red. Y predict was made with the same parameters in the
Minitab program and then regression analysis was applied
by matching these values. The fitted line plot graph can be
viewed graphically to view the relationship between a con-
tinuous predictive value and the opposite response. A line-
ar, quadratic or cubic model can be selected for the data.
A fitted line chart shows a scatter plot of the data with a
regression line representing the regression equation. R2 or
r2 and pronounced "R squared", is the proportion of the va-
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Table 4. Random sample parameters, weld nugget diameters and Y
predict values to verify

Blo- |Current Force Time| Coo- |Squen- HoldingSheetT-| Weld | Y pre-
cks ling ce hick |Nugget dict

8800 = 180 | 25 10 25 20 1,5 4,74 4,5

-

2 7800 | 180 15 6 30 15 1,5 563 579
3 | 10400 | 180 36 10 20 35 1 7,49 9,29
4 | 7800 @ 180 20 10 25 15 1 6,73 | 6,75
5 | 7800 @ 180 25 10 20 35 1 6,01 5,98
6 | 9000 180 25 6 15 35 2,2 4,64 4,2
7 | 10000 | 180 36 10 30 35 2,2 7,28 7,09
8 10000 180 25 10 30 15 3 0,00 1,81
9 | 10200 180 22 6 15 35 3 0,00 19
10 7800 | 180 36 6 25 15 3 552 | 459
11 | 7800 | 180 20 10 20 35 0,8 5,90 5,85

12 | 10400 = 180 15 6 30 15 0,8 597 | 4,15
13 | 7800 & 180 20 10 15 35 0,8 521 5,39
14 | 10400 = 180 15 6 30 15 0,8 569 | 4,15
15 | 7800 | 180 36 6 30 35 2,4 7,21 717
16 | 7800 & 180 25 10 15 30 2,4 579 52
17 | 10000 250 10 6 15 30 1,5 4,35 3,57
18 | 10400 = 420 30 10 25 35 1 6,41 6,29
19 | 10400 = 420 30 6 30 35 2,2 515 3,57
20 | 10400 = 420 20 10 20 35 3 0,00 0,79
21 | 9800 @ 420 25 10 25 15 2,4 0,00 0,76
22 | 7800 | 420 36 6 15 15 2,4 5,65 5,58
23 | 10400 = 420 36 6 15 35 2,4 6,12 6

riance in the dependent variable that is predictable from the
independent variable(s). The adjusted R-squared is a mo-
dified version of R-squared that has been adjusted for the
number of predictors in the model. In this study, RSq 91,7
and R Sq (adj) 91,4, which show a very high accuracy rate.
[14].

Here, the most suitable model was found to be the cubic
model as a result of experiments.
Fitted Line Plot

punta capi_1 = - 2,390 + 2,416 y predict_1
- 0,1873 y predict 142 + 0,00443 y predict 143

¢ s 0745137

¥ 4 R-5q 9.7%

R-Sqladj)  90.4%
6
5
R.
g s
2
1
0
-1

0 1 2 E 4 5 & 7 S ]

y predict

Figure 14. Regression plot of Minitab Y predict values with trial results

4. CONCLUSION

In solving current problems in the industry, math-based sta-
tistics programs are able to provide fast solutions, especially
in the automotive sector. The statistical solutions of the Mi-
nitab program can be easily utilized in order to have more
system inputs in the spot welding process and to obtain the
optimum parameter.

Here, in determining the welding parameters, instead of de-
termining the appropriate parameter by making many trials
that will create high costs, statistics based Minitab program

was used. Following the experimental studies summarized
above, it is possible to make the following inferences:

o Some of the weld parameters have a positive
correlation for the spot diameter, while some have a
negative correlation.

+ According to this mathematical model, while the
current value (A) and the pressure value (cycle) have a
positive correlation; It has a negative correlation with
force value (daN), time (cycle), cooling (cycle) and
sheet thickness.

« In the last study, a high R-Sq and R-Sq (adj) values
were obtained with randomly selected parameters,
which gives information about the mathematical
model accuracy we obtained.

+ In general, in order to make long trials in parameter
determination and / or to avoid problems in mass
production, unnecessary costs are created by giving
higher energy than necessary.

As a result; According to the results of the experimental
studies summarized in this publication, it is possible to de-
termine the spot welding parameters, which is done with
a lot of trial and error, especially in the automotive sector,
by entering the attached parameters in a statistical program,
creating a mathematical model only once, and continuously.
In this case, optimum parameters with much higher accura-
cy can be easily selected without unnecessary time and cost
of trial parts.

With the DOE set of the design of experiments (DOE) in
the Minitab, the effect of source welding nugget diameter
parameter inputs was digitized and a mathematical model
was created for the outputs of the study result.
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Annex A. V2 Division factorial experimental data (selected)
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Annex B. Input parameters and statistical impact analysis (backwise values)

Adj $S
911,341
151,332
43,858
4,736
36,512
10,288
27,288
0,375
28,27
301,9
24,713
0,006
38,688
76,891
0,047
0,248
49,93
14,39
4,08
26,458
3,041
7,439
6,433
17,26
1,108
1,616
22,84
6,747
0,007
0,014
0,024

Adj MS
16,5698
21,6189
43,857
4,7361
36,5118
10,288
27,287
03752
28,27
14,380
24,713
0,0064
38,688
76,891
0,047
0,247
49,93
14,39
4,0804
26,4582
3,040
7,439
64326
17,26
1,107
1,616
22,84
6,747
0,006
0,013
0,024

F-Value
35,02
45,69
92,68
10,01
77,16
21,74
57,67

0,79
59,75
30,3
52,23
0,01
81,76
162,49
0,1
0,52
105,5
30,42
8,62
55,91
6,43
15,72
13,59
36,48
2,34
3,42
48,29
14,26
0,01
0,03
0,05

P-Value
0
0
0
0,011

0,001

0,39

Time Cooling ' Squence | Holdding | SheetThickinl Nugget
8 6 15 15 3 0
36 10 30 35 3 9,44
8 6 15 15 3 0
22 8 22,5 25 1,8 82
8 6 30 15 0,6 4,81
36 10 15 35 0,6 5,61
36 10 15 35 3 8,36
8 10 30 15 3 0
36 10 30 15 0,6 7,64
36 10 30 15 0,6 2,93
6 30 35 3 0
6 15 35 3 0
36 10 30 35 0,6 6,09
36 10 15 15 3 11,08
36 10 30 15 3 8,96
10 15 15 0,6 4,41
10 30 35 0,6 0
Kaynak DF | AdjSS | AdjMS | F-Value | P-Value
Model 55 | 911,34 16,5698 @ 35,02 0
Lineer 7 151,3 | 21,618 45,69 0
3-Yollu Etkilesim 26 | 444,27 @ 17,087 36,11 0
Current*Force*Time 17,925 | 17,92 37,88 0

6,598 6,598 13,94 0,005
7,203 7,202 15,22 0,004
517 5,169 10,93 0,009

Current*Force*Cooling
Current*Force*Holding
Current*Force*SheetThick

Current*Time*Squence 15,51 15,51 32,78 0

Current*Time*Holding 88,97 8897 | 188,02 0
Current*Time*SheetThick 16,16 16,16 34,1 0
Current*Cooling*Squence 4,824 | 4,8235 10,19 0,011
Current*Cooling*Holding 67,692 67,6918 | 143,05 0

6,786 6,786 14,34 0,004
2,612 | 2,6123 5,52 0,043

Current*Cooling*SheetThick

Current*Squence*Holding

Current*Holding*SheetThick 18,14 18,14 38,3 0
Force*Time*Cooling 32,22 32,21 68,0 0
Force*Time*Squence 2,873 2,873 6,07 0,03
Force*Time*Holding 19,393 | 19,39 40,98 0

Force*Time*SheetThick
Force*Cooling*SheetThick
Force*Holding*Holding

2,928 2,928 6,19 0,035
7,216 7,215 15,25 0,004
18,469 | 18,46 39,03 0
37,546 | 37,54 79,35 0
12,843 | 12,84 27,14 0,001
3,97 3,970 8,39 0,018
7,576 7,576 16,01 0,003
5319 5318 11,24 0,008
4,07 4,070 8,6 0,017
6,144 6,144 12,98 0,006

Force*Squence*SheetThick
Force*Holding*SheetThick
Time*Cooling*Holding
Time*Cooling*SheetThick
Time*Squence*Holding
Time*Holding*SheetThick
Soguma*Holding*SheetThick

O lm|alalaalalalalaalalalalalalalalalalalalalalalalaja

Yaklasm*Holding*SheetThick 26,099 | 26,09 55,16 0
Egrilik 13,74 13,74 29,04 0
Error 4,259 0,473
Total 64 | 9156
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