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Abstract

:

Duplex stainless-steel grade 2205 (2205 DSS) is the most widely used of the current duplex materials. The duplex steel alloy is characterized by high strength and high corrosion resistance through enhancing nitrogen and molybdenum contents. The activated tungsten inert gas (ATIG) welding technique uses the same equipment as tungsten inert gas (TIG), but prior to the welding operation, a thin layer of flux is deposited. Activation fluxes are known to influence the shape and energy characteristics of the arc. They promote the change in shapes and dimensions of the welds, namely, increasing the depth and narrowing the weld width. This work is dedicated to investigate the influence of the thermophysical properties of individual metal oxide fluxes on 2205 DSS welding morphology. It helps also to identify the recommended flux properties in order to perform full penetrated ATIG welds. Thirteen kinds of oxides (SiO2, TiO2, Fe2O3, Cr2O3, ZnO, Mn2O3, V2O5, MoO3, Co3O4, SrO, ZrO2, CaO, and MgO) have been tested and three current intensity levels (120, 150 and 180 A) have been considered. The results showed that the main input factors affecting the weld depth (D) were the welding current intensity with a contribution of up to 53.36%, followed by the oxides enthalpy energy with 15.05% and then by the difference between the oxides and the base metal of 2205 DSS (BM 2205 DSS) melting points with a contribution of 9.71% of the data variance. The conditions on individual oxides’ thermophysical properties to achieve full penetrated weld beads have been also revealed.
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1. Introduction


Stainless steels (SS) are extensively used materials in various industries, owing to their numerous advantages. Their applications are wide and they are commonly used in different industries and pipelines owing to their high weldability and service performance. Duplex stainless steels (DSSs) with austenitic and ferritic phases have been increasingly used for many industrial applications, e.g., in the oil and gas sector, due to their good mechanical properties and corrosion resistance, particularly in marine environments [1,2,3].



For joining, cladding, or repairing DSSs, the welding parameters play a major role in maintaining and controlling the equal balance of austenite and ferrite phases [4,5].



Tungsten inert gas (TIG), also known as gas tungsten arc welding (GTAW), is a process highly used for joining DSS parts. It is able to produce high-quality welds at inexpensive costs, with more flexibility, for any weld configurations, and in any welding positions. The TIG welding process is a widespread industrial process that is used in several engineering applications such as cars, aerospace, shipbuilding, and power plants. TIG also has advanced to the additive manufacturing field, via the construction of thin walls [6]. In addition to its production, TIG has been used for repairing, as seen in a martensitic SS cracked Pelton runner repaired by TIG welding [7]. However, only a maximum of 3 mm penetration is achieved at the highest level of heat input (2.21 kJ/mm), which can be harmful to the duplex microstructure by the formation of deleterious sigma phases [8,9]. These shortcomings restrict the traditional TIG welding applications. ATIG is a variant of conventional TIG welding where the same equipment is used except for prior welding; a thin flux layer of 10 mm width and 0.2 to 0.4 mm thickness is deposited on the surface parts to be joined. Three different methods for the application of the flux layer on the base plates are reported in the literature: (i) using a brush, (ii) by spraying, and (iii) by conveying with a shielding gas [10,11]. ATIG welding has been adopted in many industries owing to its high production efficiency related to its capability to join ticker parts up to 8 mm in one pass without edge preparation or filler metal [12,13,14]. Fluxes used during ATIG welding are usually metal oxides and halides [15,16]. Fluxes have been tested as a single component or as a mixture of two or more different powders in order to achieve the best weld penetration and weld aspect [17,18,19].



The main mechanisms determining the weld morphology are inverse Marangoni convection and arc constriction. In inverse Marangoni convection, the weld bead shape is mostly influenced by surfactant elements such as oxygen. The presence of surfactant elements ensures inward convection. The liquid metal motion in the weld pool has a centripetal convection resulting in a deep and narrow weld morphology [20,21,22]. Howse and Lucas [23] have applied Simonik’s principle [24] to explain the observed constriction of the arc and the increased weld pool penetration. Indeed, the constriction arc increases the current density at the anode spot, which contributes to an increase in the Lorentz force [25]. The mechanisms mentioned above coexist to increase the ATIG weld bead penetration [26,27,28].



The TIG welding process parameters were optimized using an RBF-NN-based model [29], Generic Algorithm (GA) [30], Artificial Neural Networks (ANN) [31], and the Taguchi method [32]. These methods help the understanding of the complex relationship between input such as welding parameters (e.g., welding intensity, welding speed etc.) and output parameters such as mechanical properties [33] or welding bead morphology [34].



The available works in the ATIG welding process have been devoted to the optimization of single [35], bi-component, or tri-component flux. The aim is either to improve the mechanical properties using the Swarm Particle Optimization method [36] or to enhance the depth penetration and weld aspect using the Mixing Design method [37].



In this work, regression analysis is used. The mathematical model that relates the output responses, such as depth and aspect ratio, with the input parameters as the selected thermophysical properties flux combined with three current intensities (120, 150, and 180 A) can be obtained. The expected responses, weld depth and weld width were fitted into Design Expert.



Based on the results obtained, the main thermophysical characteristic which influences the weld bead morphology will be highlighted. Moreover, the obtained results indicate the value ranges of the obtained main input parameters which promote the high weld penetration. The novelty of this work is to facilitate the selection of fluxes for any material to be welded using ATIG welding. Furthermore, the usefulness of the present study could be considered as a guideline for researchers as well as industries to refine the selection of fluxes in order to achieve efficient welding.




2. Materials and Methods


2.1. Material


The DSS grade 2205 in the form of a 6 mm thick plate manufactured by Outokumpu Stainless AB SWEDEN was investigated. The related chemical composition, the melting temperature, and boiling temperature are depicted in Table 1.



The thermophysical properties were gathered in Table 2, such as boiling point, surface tension, melting point, proportion of oxygen in oxides, oxides first ionization energy, and oxides enthalpy energy.




2.2. Welding Procedure


The 200 mm welding lines were carried out on (200 × 100) mm2 plain rectangular plates of the 2205 DSS material. Before welding, the plates were cleaned with acetone. The used powders have been heated separately in a furnace at 100 °C for 1 h to eliminate the humidity. Flux in the form of powder has been mixed with acetone in the proportion of (1 ÷ 1) and made in the form of paste; a brush was used to apply the mixture on the plain edges to be joined. The strip band of paste of 10 mm wide and an average of 0.24 mm thickness has been deposited on the plain plate. Specimens for morphology study were prepared by the usual metallurgical polishing methods and then etched with a solution of one volume of water, one volume of hydrochloric acid (HCL), one volume of nitric acid (HNO3), and one volume of fluoride acid (HF). The cross-sections of the weld beads were photographed using an optical microscope CAROLINA (CAROLINA, Burlington, VT, USA). Table 3 shows the welding conditions.



To make sure that the arc welding was stabilized, specimens were taken at 30 mm from the edges. For each weld, five depth and width bead measurements were taken.




2.3. Mathematical Modeling


The mathematical model that expresses the output variables to the input parameters can be obtained by using regression analysis. By applying the polynomial function, the mathematical formulation has been found. The expression of the second-order polynomial function is represented by Equation (1)


  Y =   b   o   +   ∑  i = 1   n      b   i     X   i     +   ∑  j > i   n      b   i j     X   i       X   j   +   ∑  i = 1   n      b   i i     X   i   2     + ε  



(1)







So, the terms of this equation are: Xi denotes the ten input factors such that i ∈ {1, 2, …, 10},



b: denotes the factor corresponding to the specified terms such that



bo: is a constant term,



bi: are coefficients of the linear terms,



bij: are coefficients of the linear interaction terms,



bii: are coefficients of the second-order terms.



Design Expert software (DOE) has been used to find out a mathematical model for Y in terms of input factors.





3. Results and Discussions


3.1. Morphology of Welds


Table 4 shows the cross-sectional macrographs of the conventional TIG and ATIG processed materials. We noticed that for a current intensity of 120 A, the welds were partially penetrated regardless of the type of oxides. However, for 180 A, almost all the oxides tested resulted to full penetration welds except for ZrO2, Cao, SrO, and MgO. ATIG welds performed under 150 A exhibited partially penetrated welds except for welds executed with SiO2 and V2O5. Furthermore, the weld depths in TIG and ATIG welding in the case of 180 A were greater than those performed with 150 A due to the higher heat input, followed by the weld depths performed with 120 A (c.f. Table 5).



Table 5 shows the inputs (X1, X2, …, X9, and I) and their corresponding responses, depth, and ratio aspect. The results depicted that the partial penetration welds are characterized by all welds carried out with 120 A regardless of the type of oxide used. In the latter welds, the heat input was not sufficient to liberate the oxygen. The highest linear energy of 180 A ensured the highest values of the depth. The oxygen, as a surfactant element, once liberated, contributes to getting centripetal molten metal in the 2205 DSS weld pool, which moves in a centripetal direction, according to inverse Marangoni convection, resulting in a high depth with narrower weld bead [43].




3.2. Weld Depth Penetration Modelling


The response variable D can be represented by Equation (2).



The validity as well as the accuracy of the D mathematical model are shown in Table 6.



Design Expert software with a quadratic model could obtain the best appropriate fit and auto-selection of terms relying on the adjusted R2.


D = 51.3 − 7.13 ×10−3 X2 − 4.7 × 10−5 X3 − 2.66 × 10−3 X4 + 0.298 X7 − 5.02 X8 + 2.29 × 10−3 X9 − 0.396 I + 4.25 × 10−6 X2×3 − 1.2 × 10−5 X3 I − 2.21 × 10−3 X7 I + 3.62 × 10−2 X8 I − 3.10 × 10−5 X9 I + 5.52 × 10−4 I2



(2)







Figure 1 shows the performance of the proposed mathematical model, and Table 7 depicts ANOVA results, where F-value = 30.29 is sufficiently high, as well as R2 = 0.94, adjusted-R2 = 0.909, and predicted-R2 = 0.839. The difference between R2 and the adjusted-R2 is less than 0.2, which demonstrates the equation is statistically significant. Furthermore, the S/N = 22.22 is high enough which indicates that the model in representing the data is adequate.



Relying on the ANOVA results, one can identify the major factor that affects the weld depth D. The major contributor is the current intensity (I). It accounts for up to 53.36% of the variability in the data with a linear impact. Increasing current intensity increases the heat supplied to the workpiece; it allows the release of oxygen which will play its role as a surfactant element. The second parameter is the oxide enthalpy energy (X9); it contributes to up to 15.05% of the variability in the data through its linear effect. The large negative value suggests that the ionic compound is a much more stable oxide. Consequently, oxygen as a surfactant element is partially or not liberated. Oxygen from the decomposition of the oxide flux in the welding pool alters the surface tension gradients on the weld pool surface, changing the Marangoni convection direction and weld penetration depth. The following contributor term is the temperature range of the oxide (X4); it comes with a percentage of 9.71%. The linear interaction between the current intensity (I) and each of the oxide’s melting points (X3), the proportion of oxygen in the oxides (X7), the oxide’s first ionization energy (X8), and the oxide’s enthalpy energy (X9) show statistically significant evidence as shown in Table 8. The interaction effect of oxide surface tension (X2) and oxide melting point (X3) is statistically significant and is up to 4.37%; however, their linear components (X2 and X3) are statistically insignificant. The effect of the current intensity also shows a nonlinear effect of the term I2. The other factors show a minor effect on the depth of the weld.



Based on Figure 2, the oxide melting point must be up to 2180 °C to achieve the full penetrated weld bead carried out with 180 A. The heat input is sufficient to dissociate the oxides and liberates the oxygen. As a surfactant element, oxygen in the weld pool contributes to the reverse Marangoni convection resulting in deeper weld bead. So, while welding 2205 DSS, the oxides which ensure the full penetrated welds of 6 mm thickness plates are those which are characterized by a melting point between 670 and 2350 °C. Within the tested welding parameters, the more effective action on the depth penetration weld is provided by oxides, which have a melting point in the temperature range 670 to 2350 °C.



Figure 3 depicts the effect of the oxide and materials melting points difference in relation with the current intensity on the weld depth. The difference between oxide melting point and BM 2205 DSS melting point must be below 740 °C to achieve a full penetrated weld bead. Moreover, when the melting point of flux is close to that of the material to be welded, the penetration will be more pronounced and reaches the 8 mm of the weld depth.



Figure 4 depicts the effect of oxygen proportion in the oxide with the current intensity on the weld depth. The oxygen percentages must be in the range of 30 to 52% to ensure the fully penetrated weld bead for welds performed with 170 to 180 A current intensity. Moreover, when the current intensity increases up to 180 A, the oxygen, which is around 30%, is sufficient to ensure 8 mm depth weld in a single pass. We notice that if the oxygen content “O2” is more than 30% in the oxide, it is more effective when the absolute values of the difference between the melting point of the oxides and the melting point of the BM 2205 DSS are below 890 °C. This indicates that the oxygen contained in the flux has a great effect on the morphology of the 2205 DSS welds.



Based on Figure 5, the influence of the ionization energy (IE) of the oxides in combination with the current intensity on the formation of the welding beads of 2205 DSS reveals the favorable effect of this parameter on weld penetration. This aspect happens when the energy of ionization is beyond 10.6 eV owing to the increase in temperature in the welding arc. This contributes to the increase in welding arc energy associated with the use of flux and with ionization energy potential greater than 10.6 eV, leading to an increase in the total energy of the arc. Furthermore, when IE is 12 eV associated with 180 A, the weld penetration reaches a depth of 8 mm.



Figure 6 reveals that the absolute values of the enthalpy energy of the formation of oxides     ∆ H   298   °     must be greater than |870| kJ/mol to obtain a fully penetrated weld bead when performed by a current of 160 A. If the current intensity is 180 A, the weld bead reaches 8 mm of depth with the enthalpy of formation of the oxide with |1550| kJ/mol.




3.3. Modeling of Weld Aspect Ratio (D/W)


Design Expert software was used to obtain the response variable D/W represented by Equation (3).


D/W = − 0.114 + 2.1 × 10−4 X1 + 5.1 × 10−5 X3 − 1.53 × 10−4 X9 + 3.44 × 10−3 I − 1.03 × 10−7 X1 × X3



(3)







Table 8 represents the predicted against actual values of D/W and residuals. It clearly demonstrates that the aspect ratio equations, developed based on welding input parameters, align closely with the actual output values.



Figure 7 shows the significance of the proposed model. Table 9 confirms that the ANOVA results confirm the statistical significance of the model. The calculated mathematical model is significant where F-value = 18.83 is sufficiently high, as well as the obtained R2 = 0.74, the adjusted R2 = 0.7, and the predicted R2 = 0.645. The difference between the obtained and the adjusted R2 is small, which indicates that the equation is statistically significant. Furthermore, the ratio S/N = 17.6 is high enough to show the adequacy of the model proposed.



Based on the ANOVA results, we can identify the major factor that affects the aspect ratio of the weld (D/W). The main contributor factor is the current intensity (I) with a proportion of about 49.0%. The second parameter is the linear interaction between the boiling point (X1) and the melting temperature (X3); its effect contributes to about 21.44%. The third factor is the factor (X3), which comes with a proportion of 19.7%. The influence of enthalpy of formation (X9) is also statistically significant.





4. Conclusions


The objective of this paper is to study the effects of the input thermophysical properties of oxide fluxes in combination with three levels of current intensity, which are 120, 150, and 180 A, on the ATIG weld depth and the weld aspect ratio of a 6 mm 2205 DSS material. In addition, this study makes it possible to select the main thermophysical properties of the flux which affect the weld morphology. Moreover, the value ranges of the main contributed input parameters were indicated. The polynomial mathematical model has effectively been formulated to predict the morphology of the weld bead based on a set of defined inputs, encompassing both depth and aspect ratio as functions. The main conclusions are as follows:



(i) The developed regression model has proven effective in modeling the geometries of ATIG welds on 6 mm thick plates of 2205 DSS. Predicted values for the geometric weld morphology closely matched the actual experimental results.



(ii) The principal input factors that influence the weld depth (D) are the welding current intensity (I) with a contribution of up to 53.36%, followed by the oxide enthalpy energy with 15.05% and then by the difference between oxides and BM 2205 DSS melting points with a percentage of 9.71%. The interaction of the two factors deserves to be highlighted, particularly between intensity current, with several input factors such as oxides melting point, proportion of oxygen in oxides, oxides first ionization energy, and oxides enthalpy energy     ∆ H   298   °    . This interaction effect contributes to about 1.73%, 4.45%, 4.31%, and 1.62%, respectively of the oxides’ melting points, the proportion of oxygen in oxides, and the oxide’s first ionization energy of the data variance.



(iii) The principal input factors affecting the aspect ratio (D/W) are the current intensity, with a contribution of 48.99%, followed by the oxide melting point with 19.70%, and then by the oxide’s enthalpy energy, with a contribution of up to 6.95%. The combination effect of oxide boiling point (X1) and oxide melting point (X3) affects the aspect ratio of the weld bead with a contribution of up to 21.44%.



(iv) It has been determined that the full penetrated weld of 6 mm thick plates of 2205 DSS can be achieved in a single pass by the following thermophysical properties conditions of individual fluxes oxides:




	
✓ Oxides enthalpy energy formation:     ∆ H   298   °     > |870| kJ/mol,



	
✓ Oxides melting point Tmo: 670 °C < Tmo < 2350 °C,



	
✓ Oxides ionization energy (IE): IE > 10.6 eV,



	
✓ |Oxides melting point-BM 2205 DSS melting point| < 720 °C,



	
✓ Proportion of oxygen in oxides (%): 30% < O2 % < 52%.
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Figure 1. Performance of the model for depth penetration (D): (a) residuals’ normal plot for D. (b) Predicted vs. actual data for D. 
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Figure 2. Effect of oxide melting point. 






Figure 2. Effect of oxide melting point.
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Figure 3. Effect of the oxide and the base materials melting points difference in relation with the current intensity. 
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Figure 4. Effect of oxygen proportion in oxide and current intensity on weld depth. 
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Figure 5. Effect of oxide energy of ionization and current intensity on weld depth. 
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Figure 6. Effect of enthalpy energy of formation of oxides     ∆ H   298   °     (KJ/mol) and current intensity on weld depth. 
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Figure 7. Model fit for aspect ratio for aspect ratio (D/W). (a) Residuals’ normal plot for D/W. (b) Actual data vs. predicted for D/W. 
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Table 1. The chemical composition of 2205 DSS.






Table 1. The chemical composition of 2205 DSS.





	Elements
	C
	Si
	Mn
	P
	S
	Cr
	Ni
	Mo
	Nb
	Cu
	Co
	N
	Melting Point (°C) [38]
	Boiling Point (°C) [38]





	Weight %
	0.016
	0.47
	1.35
	0.025
	0.001
	22.42
	5.71
	3.15
	0.008
	0.21
	0.140
	0.170
	1450
	2860










 





Table 2. Oxides input properties data [39,40,41,42].






Table 2. Oxides input properties data [39,40,41,42].





	
Oxides Input Parameters




	

	
X1

	
X2

	
X3

	
X4

	
X5

	
X6

	
X7

	
X8

	
X9




	
Oxides Boiling Point (°C)

	
Oxides Surface Tension (mN/m)

	
Oxides Melting Point (°C)

	
Oxides Melting Point-Melting Point of BM 2205 DSS (°C)

	
Boiling Point-Melting Point Flux (°C)

	
Oxides Boiling Point-Melting Point of BM 2205 DSS (°C)

	
Proportion of Oxygen in Oxides (%)

	
Oxides First Ionization Energy (eV)

	
   Oxides   Enthalpy   Energy     ∆ H   298   °      (kJ/mol)






	
SiO2

	
2950

	
260

	
1626

	
181

	
1324

	
1505

	
68.35

	
11.89

	
−911




	
TIO2

	
2972

	
360

	
1892

	
447

	
1080

	
1527

	
63.26

	
11.13

	
−941




	
Fe2O3

	
1987

	
300

	
1540

	
95

	
447

	
542

	
73.35

	
12.10

	
−824




	
Cr2O3

	
3000

	
800

	
2330

	
885

	
670

	
1555

	
61.71

	
11.00

	
−1128




	
ZnO

	
2360

	
550

	
1975

	
530

	
385

	
915

	
46.51

	
11.36

	
−350




	
Mn2O3

	
1080

	
310

	
940

	
505

	
140

	
365

	
49.42

	
10.49

	
−971




	
V2O5

	
1750

	
80

	
670

	
775

	
1080

	
305

	
49.06

	
10.12

	
−1550.6




	
MoO3

	
1155

	
70

	
802

	
643

	
353

	
290

	
67.73

	
11.51

	
−745




	
Co3O4

	
2800

	
800

	
1935

	
490

	
865

	
1355

	
53.45

	
10.95

	
−577




	
SrO

	

	
3200

	
600

	
2531

	
1086

	
669

	
1755

	
71.48

	
11.36




	
ZrO2

	
4300

	
400

	
2715

	
1270

	
1585

	
2855

	
75.45

	
11.90

	
−1080




	
CaO

	
2850

	
625

	
2615

	
1170

	
235

	
1405

	
55.66

	
10.29

	
−635




	
MgO

	
3600

	
635

	
2826

	
1381

	
774

	
2155

	
29.84

	
9.43

	
−602











 





Table 3. Welding conditions.
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	Parameters
	Range





	Welding speed
	15 cm/min



	Welding current
	120 A, 150 A, 180 A



	Arc Length
	2 mm



	Electrode tip angle

Electrode/base metal angle
	45°

90°



	Shield gas on workpiece
	Argon with flow rate 12 L/min



	Shield gas on backside
	Argon with flow rate 5 L/min



	Welding mode
	Negative direct current electrode










 





Table 4. Morphology of welds carried out under three current intensity levels (120, 150, and 180 A) of TIG and ATIG welding (ATIG with different single oxides).






Table 4. Morphology of welds carried out under three current intensity levels (120, 150, and 180 A) of TIG and ATIG welding (ATIG with different single oxides).











	
	Current Intensity = 120 A
	Current Intensity = 150 A
	Current Intensity = 180 A





	TIG
	[image: Crystals 14 00973 i001]
	[image: Crystals 14 00973 i002]
	[image: Crystals 14 00973 i003]



	ATIG

using

SiO2
	[image: Crystals 14 00973 i004]
	[image: Crystals 14 00973 i005]
	[image: Crystals 14 00973 i006]



	ATIG

using TiO2
	[image: Crystals 14 00973 i007]
	[image: Crystals 14 00973 i008]
	[image: Crystals 14 00973 i009]



	ATIG

using Fe2O3
	[image: Crystals 14 00973 i010]
	[image: Crystals 14 00973 i011]
	[image: Crystals 14 00973 i012]



	ATIG

using MnO2
	[image: Crystals 14 00973 i013]
	[image: Crystals 14 00973 i014]
	[image: Crystals 14 00973 i015]



	ATIG

using Cr2O3
	[image: Crystals 14 00973 i016]
	[image: Crystals 14 00973 i017]
	[image: Crystals 14 00973 i018]



	ATIG

using ZnO
	[image: Crystals 14 00973 i019]
	[image: Crystals 14 00973 i020]
	[image: Crystals 14 00973 i021]



	ATIG

using ZrO2
	[image: Crystals 14 00973 i022]
	[image: Crystals 14 00973 i023]
	[image: Crystals 14 00973 i024]



	ATIG

using CaO
	[image: Crystals 14 00973 i025]
	[image: Crystals 14 00973 i026]
	[image: Crystals 14 00973 i027]



	ATIG

using Mn2O3
	[image: Crystals 14 00973 i028]
	[image: Crystals 14 00973 i029]
	[image: Crystals 14 00973 i030]



	ATIG

using V2O5
	[image: Crystals 14 00973 i031]
	[image: Crystals 14 00973 i032]
	[image: Crystals 14 00973 i033]



	ATIG

using MoO3
	[image: Crystals 14 00973 i034]
	[image: Crystals 14 00973 i035]
	[image: Crystals 14 00973 i036]



	ATIG

using SrO
	[image: Crystals 14 00973 i037]
	[image: Crystals 14 00973 i038]
	[image: Crystals 14 00973 i039]



	ATIG

using Co3O4
	[image: Crystals 14 00973 i040]
	[image: Crystals 14 00973 i041]
	[image: Crystals 14 00973 i042]



	ATIG

using MgO
	[image: Crystals 14 00973 i043]
	[image: Crystals 14 00973 i044]
	[image: Crystals 14 00973 i045]










 





Table 5. The investigated factors and their corresponding responses.






Table 5. The investigated factors and their corresponding responses.





	
Run

	
Factors




	
X1

	
X2

	
X3

	
X4

	
X5

	
X6

	
X7

	
X8

	
X9

	
I

	
D (mm)

	
D/W






	
1

	
2950

	
260

	
1626

	
181

	
1324

	
1505

	
68.35

	
11.89

	
−911.0

	
120

	
4.32

	
0.58




	
2

	
2950

	
260

	
1626

	
181

	
1324

	
1505

	
68.35

	
11.89

	
−911.0

	
150

	
6.85

	
1.03




	
3

	
2950

	
260

	
1626

	
181

	
1324

	
1505

	
68.35

	
11.89

	
−911.0

	
180

	
7.63

	
0.95




	
4

	
2972

	
360

	
1892

	
447

	
1080

	
1527

	
63.26

	
11.13

	
−941.0

	
120

	
4.23

	
0.55




	
5

	
2972

	
360

	
1892

	
447

	
1080

	
1527

	
63.26

	
11.13

	
−941.0

	
150

	
4.72

	
0.55




	
6

	
2972

	
360

	
1892

	
447

	
1080

	
1527

	
63.26

	
11.13

	
−941.0

	
180

	
6.30

	
0.71




	
7

	
1987

	
300

	
1540

	
95

	
447

	
542

	
73.35

	
12.10

	
−824.0

	
120

	
4.00

	
0.49




	
8

	
1987

	
300

	
1540

	
95

	
447

	
542

	
73.35

	
12.10

	
−824.0

	
150

	
5.25

	
0.68




	
9

	
1987

	
300

	
1540

	
95

	
447

	
542

	
73.35

	
12.10

	
−824.0

	
180

	
6.80

	
0.80




	
10

	
3000

	
800

	
2330

	
885

	
670

	
1555

	
61.71

	
11.00

	
−1128.0

	
120

	
4.35

	
0.66




	
11

	
3000

	
800

	
2330

	
885

	
670

	
1555

	
61.71

	
11.00

	
−1128.0

	
150

	
4.76

	
0.62




	
12

	
3000

	
800

	
2330

	
885

	
670

	
1555

	
61.71

	
11.00

	
−1128.0

	
180

	
6.80

	
0.82




	
13

	
2360

	
550

	
1975

	
530

	
385

	
915

	
46.51

	
11.36

	
−350.0

	
120

	
2.65

	
0.46




	
14

	
2360

	
550

	
1975

	
530

	
385

	
915

	
46.51

	
11.36

	
−350.0

	
150

	
2.90

	
0.39




	
15

	
2360

	
550

	
1975

	
530

	
385

	
915

	
46.51

	
11.36

	
−350.0

	
180

	
7.15

	
0.88




	
16

	
1080

	
310

	
940

	
505

	
140

	
365

	
49.42

	
10.49

	
−971.0

	
120

	
4.14

	
0.66




	
17

	
1080

	
310

	
940

	
505

	
140

	
365

	
49.42

	
10.49

	
−971.0

	
150

	
4.71

	
0.73




	
18

	
1080

	
310

	
940

	
505

	
140

	
365

	
49.42

	
10.49

	
−971.0

	
180

	
7.45

	
0.81




	
19

	
1750

	
80

	
670

	
775

	
1080

	
305

	
49.06

	
10.12

	
−1550.6

	
120

	
4.85

	
0.68




	
20

	
1750

	
80

	
670

	
775

	
1080

	
305

	
49.06

	
10.12

	
−1550.6

	
150

	
7.40

	
0.94




	
21

	
1750

	
80

	
670

	
775

	
1080

	
305

	
49.06

	
10.12

	
−1550.6

	
180

	
9.64

	
1.03




	
22

	
1155

	
70

	
802

	
643

	
353

	
290

	
67.73

	
11.51

	
−745.0

	
120

	
4.41

	
0.58




	
23

	
1155

	
70

	
802

	
643

	
353

	
290

	
67.73

	
11.51

	
−745.0

	
150

	
5.62

	
0.83




	
24

	
1155

	
70

	
802

	
643

	
353

	
290

	
67.73

	
11.51

	
−745.0

	
180

	
6.70

	
0.79




	
25

	
2800

	
800

	
1935

	
490

	
865

	
1355

	
53.45

	
10.95

	
−577.0

	
120

	
3.80

	
0.51




	
26

	
2800

	
800

	
1935

	
490

	
865

	
1355

	
53.45

	
10.95

	
−577.0

	
150

	
4.00

	
0.54




	
27

	
2800

	
800

	
1935

	
490

	
865

	
1355

	
53.45

	
10.95

	
−577.0

	
180

	
6.80

	
0.84




	
28

	
3200

	
600

	
2531

	
1086

	
669

	
1755

	
71.48

	
11.36

	
−592.0

	
120

	
2.17

	
0.34




	
29

	
3200

	
600

	
2531

	
1086

	
669

	
1755

	
71.48

	
11.36

	
−592.0

	
150

	
2.31

	
0.32




	
30

	
3200

	
600

	
2531

	
1086

	
669

	
1755

	
71.48

	
11.36

	
−592.0

	
180

	
3.70

	
0.44




	
31

	
4300

	
400

	
2715

	
1270

	
1585

	
2855

	
75.45

	
11.90

	
−1080.0

	
120

	
2.31

	
0.30




	
32

	
4300

	
400

	
2715

	
1270

	
1585

	
2855

	
75.45

	
11.90

	
−1080.0

	
150

	
2.57

	
0.37




	
33

	
4300

	
400

	
2715

	
1270

	
1585

	
2855

	
75.45

	
11.90

	
−1080.0

	
180

	
4.00

	
0.49




	
34

	
2850

	
625

	
2615

	
1170

	
235

	
1405

	
55.66

	
10.29

	
−635.0

	
120

	
3.05

	
0.49




	
35

	
2850

	
625

	
2615

	
1170

	
235

	
1405

	
55.66

	
10.29

	
−635.0

	
150

	
3.15

	
0.41




	
36

	
2850

	
625

	
2615

	
1170

	
235

	
1405

	
55.66

	
10.29

	
−635.0

	
180

	
3.50

	
0.47




	
37

	
3600

	
635

	
2826

	
1381

	
774

	
2155

	
29.84

	
9.43

	
−602.0

	
120

	
2.55

	
0.44




	
38

	
3600

	
635

	
2826

	
1381

	
774

	
2155

	
29.84

	
9.43

	
−602.0

	
150

	
2.70

	
0.37




	
39

	
3600

	
635

	
2826

	
1381

	
774

	
2155

	
29.84

	
9.43

	
−602.0

	
180

	
3.50

	
0.42











 





Table 6. Predicted against actual value and residuals of D mathematical model.






Table 6. Predicted against actual value and residuals of D mathematical model.





	Run Order
	Actual Value
	Predicted Value
	Residual





	1
	4.32
	4.32
	0.0009



	2
	6.85
	5.55
	1.3000



	3
	7.63
	7.78
	−0.1478



	4
	4.23
	3.98
	0.2507



	5
	4.72
	4.65
	0.0647



	6
	6.30
	6.32
	−0.0213



	7
	4.00
	4.46
	−0.4559



	8
	5.25
	5.53
	−0.2861



	9
	6.80
	7.61
	−0.8070



	10
	4.35
	4.35
	−0.0023



	11
	4.76
	5.00
	−0.2408



	12
	6.80
	6.65
	0.1524



	13
	2.65
	2.41
	0.2386



	14
	2.90
	3.86
	−0.9625



	15
	7.15
	6.30
	0.8527



	16
	4.14
	3.99
	0.1515



	17
	4.71
	5.26
	−0.5566



	18
	7.45
	7.53
	−0.0826



	19
	4.85
	5.41
	−0.5576



	20
	7.40
	6.95
	0.4521



	21
	9.64
	9.49
	0.1516



	22
	4.41
	4.13
	0.2797



	23
	5.62
	5.14
	0.4865



	24
	6.70
	7.14
	−0.4388



	25
	3.80
	3.60
	0.1983



	26
	4.00
	4.37
	−0.3712



	27
	6.80
	6.13
	0.6657



	28
	2.17
	2.76
	−0.5881



	29
	2.31
	2.57
	−0.2626



	30
	3.70
	3.38
	0.3194



	31
	2.31
	2.07
	0.2409



	32
	2.57
	2.60
	−0.0254



	33
	4.00
	4.12
	−0.1245



	34
	3.05
	2.98
	0.0712



	35
	3.15
	2.69
	0.4612



	36
	3.50
	3.39
	0.1077



	37
	2.55
	2.38
	0.1722



	38
	2.70
	2.76
	−0.0587



	39
	3.50
	4.13
	−0.6276










 





Table 7. Results of D in terms of X1, X2, …, X9 and I.






Table 7. Results of D in terms of X1, X2, …, X9 and I.














	Source
	Sum of Squares
	DF
	Mean Square
	F-Value
	p-Value
	% Contribution





	Model
	122.3000
	13
	9.4100
	30.29
	<0.0001
	



	X2
	0.0528
	1
	0.0528
	0.17
	0.6835
	0.07



	X3
	0.0031
	1
	0.0031
	0.01
	0.9212
	0.00



	X4
	6.9600
	1
	6.9600
	22.41
	<0.0001
	9.71



	X7
	0.9700
	1
	0.9700
	3.12
	0.0894
	1.35



	X8
	0.3898
	1
	0.3898
	1.26
	0.2732
	0.54



	X9
	10.7900
	1
	10.7900
	34.75
	<0.0001
	15.05



	I
	38.2500
	1
	38.2500
	123.17
	<0.0001
	53.36



	X2 X3
	3.1300
	1
	3.1300
	10.09
	0.0039
	4.37



	X3 I
	1.2400
	1
	1.2400
	4.00
	0.0565
	1.73



	X7 I
	3.1900
	1
	3.1900
	10.26
	0.0037
	4.45



	X8 I
	3.0900
	1
	3.0900
	9.94
	0.0042
	4.31



	X9 I
	1.1600
	1
	1.1600
	3.72
	0.0652
	1.62



	I2
	2.1400
	1
	2.1400
	6.89
	0.0146
	2.99



	Residual
	7.7600
	25
	0.3105
	
	
	



	Cor Total
	130.0600
	38
	
	
	
	










 





Table 8. Predicted against actual values of D/W and residuals.






Table 8. Predicted against actual values of D/W and residuals.





	Run
	Actual Value
	Predicted Value
	Residual





	1
	0.5791
	0.6480
	−0.0689



	2
	1.0300
	0.7513
	0.2835



	3
	0.9466
	0.8547
	0.0920



	4
	0.5544
	0.5862
	−0.0318



	5
	0.5461
	0.6895
	−0.1434



	6
	0.7079
	0.7928
	−0.0849



	7
	0.4878
	0.6065
	−0.1187



	8
	0.6799
	0.7099
	−0.0300



	9
	0.8000
	0.8132
	−0.0132



	10
	0.6591
	0.5029
	0.1562



	11
	0.6201
	0.6062
	0.0139



	12
	0.8203
	0.7096
	0.1107



	13
	0.4617
	0.4705
	−0.0089



	14
	0.3912
	0.5739
	−0.1826



	15
	0.8849
	0.6772
	0.2077



	16
	0.6603
	0.6177
	0.0426



	17
	0.7264
	0.7210
	0.0054



	18
	0.8098
	0.8244
	−0.0146



	19
	0.6831
	0.8167
	−0.1336



	20
	0.9371
	0.9200
	0.0172



	21
	1.0300
	1.0200
	0.0088



	22
	0.5803
	0.6009
	−0.0207



	23
	0.8320
	0.7043
	0.1277



	24
	0.7882
	0.8076
	−0.0194



	25
	0.5101
	0.5177
	−0.0077



	26
	0.5405
	0.6211
	−0.0805



	27
	0.8374
	0.7244
	0.1131



	28
	0.3444
	0.3596
	−0.0151



	29
	0.3208
	0.4629
	−0.1421



	30
	0.4353
	0.5662
	−0.1309



	31
	0.2962
	0.3075
	−0.0114



	32
	0.3710
	0.4109
	−0.0399



	33
	0.4854
	0.5142
	−0.0287



	34
	0.4919
	0.3634
	0.1285



	35
	0.4102
	0.4667
	−0.0566



	36
	0.4667
	0.5700
	−0.1034



	37
	0.4397
	0.2474
	0.1922



	38
	0.3725
	0.3507
	0.0218



	39
	0.4197
	0.4541
	−0.0344










 





Table 9. ANOVA figures for D/W with X1, X2, …, X9 and I.






Table 9. ANOVA figures for D/W with X1, X2, …, X9 and I.














	Source
	Sum of Squares
	DF
	Mean Square
	F-Value
	p-Value
	% Contribution





	Model
	1.1900
	5
	0.2378
	18.83
	<0.0001
	



	X1
	0.0039
	1
	0.0039
	0.31
	0.5820
	0.69



	X3
	0.1116
	1
	0.1116
	8.84
	0.0055
	19.70



	X9
	0.0394
	1
	0.0394
	3.12
	0.0867
	6.95



	I
	0.2776
	1
	0.2776
	21.98
	<0.0001
	48.99



	X1X3
	0.1215
	1
	0.1215
	9.62
	0.0039
	21.44



	Residual
	0.4168
	33
	0.0126
	
	
	



	Cor Total
	1.6100
	38
	0.5666
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