di3mko-ximivHa mexaHika matepianie. — 2020. — Ne 6. — Physicochemical Mechanics of Materials
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Low-carbon steel St37-2 is widely used in the buslpction industry. The gas metal arc
welding (GMAW) is strongly applied to join steel coomgnts due to its ease and low cost.
Heat-affected zone (HAZ) is the area between the weldase metal where can have the
lowest toughness in a welding joint and hence itdlamys been a matter of interest for
many researchers. This work aims to study the effeEtGMAW parameters on HAZ
width. The Taguchi orthogonal array, signal-to-ndiS&N) ratios, and analysis of variance
(ANOVA) are employed to investigate and analyze thectfdf the welding parameters on
the HAZ width.
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HusbkoByrnenesi crani St37-21mmmpoko BUKOPUCTOBYIOTh B aBTOMOOLIEOY1iBHIN TIpOMHC-
noBocri. ['asomyrose 3BaproBanust metany ([J[3M) ycCHmilHO 3aCTOCOBYIOTH IS 3Bapro-
BaHHS CTAJEBUX EIEMEHTIB uepe3 Horo MpocTOTy Ta JeuIeBU3HY. 30Ha TEPMIYHOTO BILIH-
By (3TB) — 1ie minsHKa MiXK 3BapHUM 3 €JIHAHHSM Ta OCHOBHUM METAJIOM, JI€ 3’ €[HaHHS
MO’K€ MaTH HaiMEHINY B SI3KiCTh 1 TOMY I[IKaBUTh 0araThOX MOCTIAHUKIB. JlOCHiHKEHO
BIuuB napamerpis I'/I3M na mupuny 3TB. Bukopucrano oproronansuuii Mmacus Taryui,
Bignomenus curnan/mym (S/N) ta mucnepciiiauit ananiz (ANOVA) s aHami3y BIUIUBY
napameTpiB 3BaproBaHHs Ha mupuny 3TB.

KarwouoBi ciioBa: cmans St37-2 2az00y206e 36aproéans, 30Ha MepMIYHO20 6NIUBY, AHAT3.

Introduction. The gas metal arc weldifGMAW) process is an important com-
ponent in many industrial operations [1]. This g®x has various advantages over other
melting welding methods. High welding speed, lamgtal deposition, and spatter free
welding are some of its advantages. In additiofs @pplicable for a wide variety of
commercial metals and alloys such as carbon steehless steel, copper and alumi-
num. Furthermore, it is a mechanized method amgvalthe use of a robot [2—4]. These
advantages have motivated many researchers to gtedyMAW process in detail [5].
The heat-affected zon€HAZ) refers to a non-melted area adjacent to weétal in
the fusion welding processes which undergoes @f lmticrostructural changes compared
to the base metal. Several studies [6—-11] havearteli that HAZ can have the lowest
toughness in the weld joint and hence emphasizéntpertance of the HAZ. With
increasing use of welded steel constructions,dab®e apparent that the HAZ showed
susceptibility to various types of cracking, espigicold cracking which had been
attributed to the formation of a very susceptiblazHmicrostructure [12]. So, with
considering all these problems, it makes sensetligaminimizing of the HAZ width
will only help. From what we know, there is relaiy little information in order to
minimize the HAZ width in low-carbon steels. Thenef, an attempt has been made in
the present work to investigate and analyze thecetf GMAW parameters on the
HAZ width in St37-2 steel.
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Materials and methods.Due to its industrial importance, DIN 17100 St3gteel
was chosen as a base material in the form of & @lahm thick. In addition, AWS
A5.18/ER70S-6 copper-coated solid wire with 1 mmanteter and composition of
0.11C-1.63Mn-0.95Si-0.5Cu was used as a fillingaindto minimize the welding dis-
tortion, the plates were located in the jig fixsend welded using the GMAW process
as butt joints in a flat position. A Revo MIG SP016machine was applied for welding
operations in this study and weld pools were ptetedy 100 % C@shielding gas.
The arc voltage (V), wire feeding speed (WFS), wejdspeed (WS) and torch angle
(Alpha) were chosen as welding parameters at lereds and their effect on the HAZ
width was investigated and analyzed. The weldingupaters and their values at three
levels are summarized in Table 1. Design of expemis (DOE) in this work was per-
formed based on an application of Taguchi orthogarmay L9 in which the four va-
riables were varied at three levels. The nine empmits designed based on Taguchi
technique are summarized in Table 2. Having firdstiee welding process, the weld
coupons were cut perpendicular to the welding tvadn the same situations and the
cross-sectional specimens were extracted. These thpecimens were ground using
SiC-papers, polished, and etched in 2% Nital fqresping the HAZ features. For each
experiment, the HAZ widths were measured by calgret the average width was re-
ported. Theanalysis of variancéANOVA) and signal-to-noise(S/N) ratios were
applied to identify the most significant factor goedicted optimal parameters setting
[13]. In this work the “smaller is better” criteriovas selected for the HAZ width and
the S/N ratios were calculated. It means that itermum level for a factor is the level
that results in the lowest value of the S/N ratiothe experimental region. As
verification for the S/N ratio results, the ANOVAaw performed to determine the effect
of different parameters on the output variable th&nmore, contribution percentage of
each control factor was determined from the resaoftsANOVA [14]. Finally, a
mathematical model was established and utilizedpfedicting the HAZ width. For
this purpose, a linear Regression model using Elinit6 software was developed for
finding the relationship between the predictor &bles and the response variable.

Table 1. Welding parameters and their levels

Parameter Notation Level-l Leveli2 Level-3
\Y, Y, 19 20 21
WFS, m/min WFS 3 4 5
WS, mm/s WS 2 4 8
Alpha, degree  Alpha 25 45 80

Table 2. Taguchi orthogonal array L9
Experimental Run | V | WFS | WS | Alpha
#1 1 1 1 1
#2 1 2 2 2
#3 1 3 3 3
#4 2 1 2 3
#5 2 2 3 1
#6 2 3 1 2
#7 3 1 3 2
#8 3 2 1 3
#9 3 3 2 1
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Results and discussionThe results obtained in the nine experimental tasts
shown in Fig. 1. According to this figure, the aage HAZ width has changed from
1.23 to 3.04 mm in various welding conditions. T ratio for each experiment is
calculated and tabulated in Table 3. The averafyesaf S/N ratios of the four control
factors at each of the levels are calculated apdgmted in Table 4. Higher the diffe-
rence between their maximum and minimum valuegydesés higher relative effect of
parameter on the response [15].

Run 1 . . smm o MRuns

AHW=1.46 mm

AHW=2.33 mm

“Jl AHW=1.23 mm
B Run 8

> ¥

AHW= 1.78 mm AHW=:3.04 mm

Fig. 1. The results of experimental . g
experiments (AHW: average HAZ width). ES88

It is found from Delta values in Table 4 that thestsignificant parameter that
affects the HAZ width is welding speed and the rniextire feeding speed. The opti-
mal condition for minimum HAZ width (from the avgra S/N values of process para-
meters at three levels) is V-2 (20 V), WFS-1 (3 mjnWsS-3 (8 mm/s) and Alpha-1
(25 degree). The main effect plots generated byitbhinl6 software in Fig. 2 show the
variation in the HAZ width with change in input facs. The welding speed graph is
more diverging than the other factors, so it caratsumed that welding speed is the
most significant factor that affects the HAZ widthe next is wire feeding speed while
arc voltage and torch angle have less effect o2 width.

Table 3. The average HAZ width and the correspondig S/N ratio

Experimental Run Average HAZ width, mm| S/N ratio
1 1.68 -4.51
2 2.33 -7.35
3 1.80 -5.11
4 1.78 -5.01
5 1.46 -3.29
6 2.70 -8.63
7 1.23 -1.80
8 3.04 -9.66
9 2.57 -8.20
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Table 4. Response Table for S/N ratios — smaller etter

Level \% WFS| WS | Alpha
1 -5.66| -3.771 -7.60 -5.33
2 -5.64| -6.77 -6.85 -5.98
3 -6.55| -7.31 -3.40 -6.59

Delta| 0.91| 3.54| 4.2 1.2§

Rank 4 2 1 3
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Fig. 2. Main effect plots for S/N ratios for the HAZdth.

The ANOVA is a statistical tool used to analyze 81&l ratios [16], and shows
the percentage contribution of given input paransete the measurable output para-
meter [17]. The ANOVA values for the S/N ratios delgression model are calculated
at 95% confidence using Minitab 16 software andieed in Table 5.

Table 5. The Results of ANOVA

ue

00

55

437

048

723

Note: S= 0.252936R-Sq= 91.59% R-Sdad]) = 83.18%.

Source DF| SeqS$ AdjSS AdjMS F-valte P-Val
Regression 4| 2.78612 2.786[2 0.69653 10.8873 0412
\Y 1 |0.17682| 0.17682 0.17682 2.7638 0.171]
WFS 1 | 0.94407 0.94407 0.94407 14.7565 0.018
WS 1 | 153562 1.5356p 1.53562 24.0029 0.008
Alpha 1 | 0.12961 0.1296{L 0.12961 2.0260 0.227
Error 4 | 0.25591 0.25591 0.06398
Total 8 | 3.04202

This analysis is carried out for a significanceelefe = 0.05). From the ANOVA
is observed that the welding speed is the most ijpemh factor which affects the HAZ
width maximum with percent contribution of 50%, ahe next is wire feeding speed
with percent contribution of 31%. Percent contriboitindicates the relative power of a
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factor to reduce variation. For a factor with ah@gpercent contribution, a small varia-
tion will have a great influence on the performafit®]. The final linear Regression
model with coefficient values is represented byEleation.

HAZ width = —2.4457 + 0.1717.V + 0.3967.WFS — 0.868S + 0.0053. Alpha

The coefficient of determination
(R-squared) in the ANOVA is a measure of
the strength of the linear relationship bet-
ween the experimental and predicted values
[19]. In Regression model, the R-squared is
a statistical measure of how well the Reg-

_10,50 -0.25 0 025 050 ression line approximates the real data
Residual points [20]. In the other words, it indicates
Fig. 3. Normal probability plot of residuals the ability of a model to make predictions.
for the HAZ width. The R-squared value is always between 0

and 100% and in general, a higher R-squared
value is better and indicates a better fit for Regression model. The R-squared value
equal to 91.59% in this work is desirable and repnés a good fit and the data closely
follow the straight line. The normal probabilityoplof residual for the HAZ width is
shown in Fig. 3. As seen, the data closely follbv straight line. If the p-value in
ANOVA is less than the significance level € 0.05), this means that the factor corres-
ponding to that value gf is statistically significant for the Regressiondab So the
value ofp less than 0.05 for welding speed and wire feedpegd indicates that unlike
arc voltage and torch angle, they have statisjicgifinificant effect on the response
HAZ width at 95% confidence level. A lopsvalue (<0.05) indicates that we can reject
the null hypothesis. Conversely, a larger (insigaift) p-value suggests that changes
in the predictor are not associated with changelsamesponse [21]. From the ANOVA
of linear Regression for the HAZ width, the p-valhfeRegression equation indicates
that the Regression model is significant. F-ragoned after Fisher [22], is used in
order to find out the significant factors that atféhe response. The higher the F-value
for a factor specifies that the variation of thattbr makes a greater effect on the res-
ponse. The highest F-value (24.0029) verifiesttiaivelding speed is the most effective
factor as ranked in Table 4 and the next is wiegliieg speed with F-value of 14.7565.

CONCLUSION

A Taguchi orthogonal array L9 was used to desigredrents in this work and
the effect of the GMAW parameters on the HAZ wilttst37-2 steel was investigated
and analyzed. According to the results, the magtificant parameter that affects the
HAZ width is welding speed and the next is wiredieg speed while arc voltage and
torch angle have less effect on the HAZ width. AMNOVA results showed that the
welding speed affects the HAZ width with percenttcibution of 50%, and the next is
wire feeding speed with percent contribution of 318&0, the optimal condition pre-
dicted in this work for the minimum HAZ width wa¥g:2 (20 V), WFS-1 (3 m/min),
WS-3 (8 mm/s) and Alpha-1 (25 degree).
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