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Abstract

:

By using fusion welding to weld AISI 304 austenitic stainless steel (ASS) and commercial copper, the creation of brittle intermetallic in the weld region that compromises the strength of the joints is the primary challenge. However, friction welding is a suitable method for joining these two materials because no obvious defects are produced at the joints. The joint strength is significantly influenced by the friction-welding-process variables including the pressure of friction, pressure of forging, time of friction, and time of forging. Throughout this study, a central composite factorial design-based empirical relationship-building effort was carried out to determine the tensile strengths of friction-welded AISI 304 austenitic stainless steels (ASS) and commercial copper alloys dissimilar joints from the process variables. The process conditions were optimized employing response surface methods in order to attain the joint’s optimum tensile strength. This research revealed that the greatest tensile strength of the joint created with the friction pressure of 60 MPa, forging pressure of 60 MPa, friction duration of 4 s, and forging time of 4 s, correspondingly, was 489 MPa. As a result, the intermetallic formation at the interface could be identified.
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1. Introduction


Dissimilar materials welding is a remarkable technique that offers numerous advantages, including the ability to combine various qualities into a single component, create lightweight structures, reduce overall costs, and improve efficiency through creative engineering approaches [1,2,3]. One of these material combinations with different physical, chemical, and thermal properties is copper (Cu) and stainless steel (ASS) [4,5,6,7]. Nevertheless, welding of Cu-SS is a considerable area of interest owing to the advantages of having separate thermal performance at both ends, cost savings, enhancement of the mechanical and thermal efficiency of heat exchangers, and other novel applications that are innovative. The differences in metallurgical characteristics make the welding of the Cu-SS combination difficult, notwithstanding the attractive engineering solutions and subsequent applications. Traditional fusion welding techniques are insufficient to provide strong, error-free welds because of the significant challenges involved in welding this dissimilar combination Cu-ASS joint [8,9]. Owing to metallurgical incompatibility, significant melting point differences, thermal mismatches, and other considerations, conventional fusion welding of numerous of these incompatible metal combinations is not practicable. In these circumstances, solid-state welding procedures that restrict the amount of intermixing are typically employed. One such popular solid-state welding approach in these circumstances is friction welding. [10,11].



To prevent unintentional heating of the entire component, copper and iron-based alloys are employed as cooling tubes [12]. Aluminium/copper and steel are connected in a number of equipment components employed in the automation sector, notably electro-hydraulic linear actuators with control systems. Aluminum/copper is utilized to address electrical conductivity, while steel is applied for strength and wear resistance [13]. The limited solubility of copper and iron as well as the absence of any intermetallic compounds makes copper-steel couples unique [14]. Pipelines composed of copper alloys often operate at temperatures much below 150–300 °C [15]. Within such a range of temperature, there are considerable variations in the impacts seen in copper alloys when exposed to radiation. As a consequence, at a temperature of 150 °C, low-temperature radiation embrittlement can be seen [16]. There are softening effects when irradiation temperatures are between 300 and 400 °C [17,18].



A study on continual drive friction welding for T2 Cu to 1Cr18Ni9Ti SS materials with a 30 mm solid rod diameter was performed by FU et al. [19]. Through processing friction welding with an additional electric field, researchers were able to attain the greatest torsional strength. According to Reza et al. [20], the development of a vortex-shaped joint interface was triggered by an increase in the standoff distance and explosive material thickness, and localized melted areas were created as a consequence of an improvement in the collision pressure close to the interface vortex waves. Through using friction welding, Shanjeevi et al. [21] examined the mechanical and metallurgical characteristics of different materials. Continuous drive friction welding on cylindrical rods was used by Jayabharath et al. [22] to create dissimilar junctions between steel (made using powder metallurgy) and economically efficient wrought copper materials. By adjusting the friction-welding-process parameters, they evaluated various processing scenarios and proposed a number of parametric combinations that improved joint qualities. Kimura et al. [23] investigated the dissimilar joints of oxygen-free copper to low carbon steel materials on cylindrical rods employing continual drive friction welding. They looked at how friction duration and forge pressure affected joint efficiency. According to Mohammad Reza Jandaghi et al. [24], the exceptional kinetic energy of the impact resulted in a greater standoff distance leading to an increase in the corrosion potential, current rate, and concentration gradient at the interface, which diminished resistance to corrosion. Ambroziak et al. explored friction welding for different metal of copper to austenitic steel and copper to titanium zirconium molybdenum alloy welds employing a cylindrical rod design [25]. In the joint between the copper and austenitic steel, they saw a micro-crack close to the flaying surface toward the copper substrate. Friction welding was used by Yeoh et al. [26] to combine incompatible materials such as copper C1100 and AISI 1030 steel using a cylindrical solid bar. Wang et al. [27] explored inertia radial friction welding for the dissimilar welding of a copper ring on a 35-CrMnSi steel rod. In that other research of radial friction welding between H90 brass and D60 steel materials by Luo et al. [28], the welding is performed on a steel tube with a brass ring on it. Along with the diffusion evidence in other areas of the contact, they noticed tiny flaws around the welding interface. According to SafaraliFeleh Shargh et al. [29], raising the temperature and duration of the process of heat treatment at the specimen interfaces tends to decrease the energy stored during explosive welding, the distinction in the concentration of aluminium when compared to steel in the interface layer, the rate of corrosion (current density), and the electrical charge transfer. In order to investigate dissimilar welding between H21 steel and copper alloy of 1015, Sahin et al. [30] coupled friction welding with a heat transmission mechanism. To forecast the variation in heat transfer as well as a modification in the process parameters, they created a two-dimensional heat transfer concept that is transitory. The inertia radial friction welding for H90 brass-D60 steel connections was researched through Luo et al. [31]. According to the authors, following welding, a microstructure made up of bainite and martensite develops in the thermomechanical affected zone (TMAZ), and as a result, the faying zone’s microhardness is raised.



This literature review reveals that the phase development at the interface, microhardness changes, evaluation of tensile properties, and microstructural characteristics dominated information published on friction welding of dissimilar materials. The friction input variables have not yet been systematically studied to achieve the highest tensile strength in dissimilar junctions made of copper and stainless steel. Therefore, this research attempted to optimize the friction-welding-process variables to achieve the greatest tensile strength in copper and stainless steel (ASS) dissimilar joints.




2. Experimental Work


2.1. Materials and Methods


The investigation’s base materials were 75 mm-long, cylinder-shaped rods of copper alloy (Cu) and AISI 304 austenitic stainless steel (ASS). Table 1 and Table 2 provide the composition of the chemical and mechanical characteristics of the materials. In friction welding experiments, the SS material (ASS) was clamped to a rotating three-jaw chuck, whereas the circumference clamping on the Cu pipe was connected to other extremities that do not move but retain the work piece firmly. On a specialized hydraulic-controlled, continual drive friction welding equipment, the welding experiments were carried out (20 kN capacity). Prior to choosing the process inputs for the current inquiry, feasibility tests were performed based on firsthand knowledge.



The preset values of the various variables were employed to alter the process parameters in the friction welding equipment. The welded samples were tested and characterized after welding to be able to assess the characteristics and microstructures of the joint. On welded samples, various inspection techniques were used, including visual inspection, tensile testing with fracture surface inspection by microstructure observations using X-ray diffraction (XRD), ULTIMA-III, Rigaku, Tokyo, Japan maps, optical (Metal Vision, Version 6, 2022, Chennai Metco Pvt. Ltd, Chennai, India) and scanning electron microscopy (SEM), and electron dispersive x-ray spectroscopy (EDS) (6410—LV, JEOL, Tokyo, Japan) on a combined interface. After a visual inspection, the flash was eliminated utilizing turning and boring operations in order to make the samples suitable for analysis and characterization.



In order to assess yield strength, tensile strength, and elongation, the tensile samples were fabricated as illustrated in Figure 1. A 100 kN, electro-mechanically controlled universal testing machine was employed for the tensile test. According to the American Society for Testing and Materials standards (ASTM E8M-04), the specimen was loaded at a rate of 1.5 kN per minute to ensure the consistent deformation of the tensile specimen. After recording the load versus displacement and the specimen’s necking, the specimen fails completely. The diagram was used to calculate the 0.2% offset yield strength. The hardness across all the joints was measured using a Vicker’s microhardness testing machine (Make: Matzu-sawa, Tokyo, Japan; MODEL: MMT-X7) with such a 0.05 kg load.




2.2. Microstructure


A light optical microscope (ML7100, MEIJI, Tokyo, Japan) integrated with image-analysis software was employed for the microstructural investigation (Cle-mex-Vision).



The specimen for microstructural research was cut into the necessary sections from the joint’s weld metal, high-hazard zone, and base metal areas, and it was polished using various emery paper grades. SiC abrasive papers with a grit size varying from coarse (500 grit) to ultra-fine (150 grit) were utilized to grind the specimens. The disc-polishing machine’s diamond compound (1 m particle size) was employed for the final polishing. Oxalic acid was utilized to etch the ASS side, whereas ethanol, concentrated HCl, and FeCl3 were applied to etch the copper side. In order to demonstrate the microstructure, they were then cleaned using acetone, washed in distilled water, and dried by warm air flow.




2.3. Identification of Important Parameters


The most important factors that have a greater impact on the tensile strength of friction-welded (FW) joints were discovered from the literature. They are the following: (i) friction pressure; (ii) friction time; (iii) forging pressure; and (iv) forging pressure and time. By changing one of the process variables while holding the other variables constant, numerous trial experiments were carried out to establish the operational range of the aforementioned factors. The working range was designed to prevent any exterior flaws from being obvious in the friction-welded joints.



	
Weakly bonded joints between the ASS and Cu alloy happened if indeed the friction pressure was lesser than 40MPa, and this was because of the inadequate pressure.



	
The specimen exhibited significant deformation if indeed the friction pressure exceeded 80 MPa.



	
The joints were only weakly bonded if somehow the forging pressure was less than 40 MPa, which results in minimal deformation of the material.



	
If indeed the forging pressure exceeded 80 MPa, there was significant deformation, which lowers the strength.



	
Forging might result in an unbounded region if indeed the forging time was lower than 2 s, which would result in an irregular forging effect.



	
In the event that the forging time exceeded 6 s, the forging time was excessive and not only lowered output but also enhanced material consumption.



	
The heating effect might become erratic, and an unbounded zone might arise if indeed the friction time was lesser than 2 s.



	
If indeed the friction duration exceeded 6 s, it reduced productivity, increased material consumption, and also caused the grain to become coarser, which in turn decreased the strength of the weldment.






Table 3 lists the crucial variables that affect the tensile characteristics of the FW joints and their operating range for SS and Cu.




2.4. Designing of Experimental Matrix


A central composite rotatable four-factor, five-level factorial design matrix was chosen since the range of the individual factors was broad. A full replication four-factor factorial design with 16 points, 8 star points, and 6 center points was employed, and the experimental design matrix (Table 4) that contained this information has been used. The variables’ upper and lower bounds were denoted by the codes +2 and −2, respectively. The connection can be used to determine the coded values for intermediate levels.


Xi = 2 [2X − (Xmax + Xmin)]/(Xmax − Xmin)



(1)




where Xi is a variable’s required coded value and X is any value within the range from Xmin to Xmax. To prevent the noisy creeping output response, the friction welds were created in accordance with the requirements specified by that of the design matrix in a randomized order. Thirty joints were fabricated in accordance with the design matrix’s guidelines and a tensile test was performed. The results are summarized in Table 4.





3. Developing an Empirical Relationship


Tensile strength (TS) of the friction-welded Cu and ASS joint is a function of the friction welding variables such as the friction pressure(A), friction time(B), forging pressure (C), and forging time (D), and it can be expressed as follows


TS = f {A, B, C, D}



(2)







The response surface Y (TS) is expressed by the second-order polynomial (regression) equation, which is provided by


Y = b0 + Σbixi + Σbiixi2 + Σbijxixj



(3)




and the preferred polynomial could have been represented as follows for four factors:


TS = b0 + b1(A) + b2(B) + b3(C) + b4(D) + b12(AB) + b13(AC) + b14(AD) + b23(BC) + b24(BD) + b34(CD) + b11 (A2) + b22(B2) + b33(C2) + b44(D2)



(4)




where b0 represents the mean of the responses and b1, b2, b3, …, b44 represent the regression coefficients [13] based on the corresponding linear, interaction, and squared aspects of the variables. Design-Expert Software was employed to determine the coefficient’s value.




4. Optimization by Response Surface Methodology Approach


This study’s parameters were optimized using the response surface methodology (RSM). The RSM is a collection of mathematical and statistical methods that can be utilized to plan a series of tests, create a mathematical model, search for the ideal set of input parameters, and graphically represent the results [32,33]. Surface plots and contour plots, which are indicators of potential independence of variables, have been established for the proposed empirical relation by taking into account two variables in the middle level and two variables in the x- and y-axes in order to obtain the affecting nature and optimized condition of the process on the UTS. The prediction of the response (UTS) for any zone of the experimental domain can be assisted by these response contours [34].




5. Results


5.1. Empirical Relationships to Predict Tensile Strength


Using the regression coefficient as seen in Table 5, the empirical relationship to estimate the tensile strength was built, and the created final empirical relationship is shown below:


TS = {488 + 5.125(A) + 7.625(B) + 2.7915(C) − 2.20(D) + 3.4375(AB) − 5.4375(AC) − 4.4375(AD) − 2.1875(BC) + 0.5625(BD) + 9.1875(CD) − 19.0313(A2) − 26.2813(B2) − 8.156(C2) − 6.2812(D2)}MPa



(5)







Table 5 includes the results of the Student’s t-test and p-values used to establish the significance of each coefficient. Model terms are considered significant whenever “Prob > F” values are less than 0.05. A, B, C, D, AC, A2, B2, and D2 are important model terms in this instance. Model terms are not relevant if the value is higher than 0.10.




5.2. Evaluating the Model’s Appropriateness


The analysis of variance (ANOVA) method was employed to determine whether the established empirical relationship was adequate. The intended level of confidence in this inquiry was set at 95%. The relationship may be deemed adequate if (a) the calculated value of the developed model’s F-ratio does not exceed the value of the standard tabulated “F”-ratio, and (b) the calculated value of the established relationship’s “R”-ratio exceeds the value of the standard tabulated “R”-ratio for the desired level of confidence. The model is determined to be suitable. The model is thought to be significant given the model F-value of 116.33. A model F-value this high might happen owing to noise only in 0.01% of cases. The lack of fit is assumed to be insignificant by the lack-of-fit F-value of 0.6431. Only 0.05% of the time may noise be the cause of such a large lack-of-fit F-value. As seen in Figure 2, each projected value closely corresponds to its experimental value.



The Fisher’s F-test, which has an extremely low probability value (Pmodel > F = 0:0001), shows that the regression model has a very profound importance. The determination coefficient was used to evaluate how well the model fit the data (R2). For the response, the coefficient of determination (R2) was calculated to be 0.9908. This suggests that the model does not only account for 0.925% of the overall changes but that 99.08% of the experimental data validate the compatibility with the data predicted by the model. The R2 value, which is always in the range from 0 and 1, represents how well the model fits the data. A decent statistical model should have an R2 value that is near to 1.0.The expression with the significant terms is rebuilt using the altered R2 value. In support of the model’s high significance, the adjusted determination coefficient’s value (Adj R2 = 0.9823) is similarly significant. The model could account for 95% of the variability in forecasting new findings, according to the Pred R2 of 0.9646. The Adj R2 of 0.9823 is in fair accord with this. The low coefficient of variation value of 0.979 suggests that there are not many differences between the experimental results and the predictions. The ratio of signal to noise is measured by adequate precision. A ratio of at least 4 is preferred. The ratio in this experiment is 39.47, which denotes a strong signal. To move around the design space, utilize this model.




5.3. Optimizing Friction Welding Parameters


The first stage in considering multiple reactions at once is to create an acceptable response surface model for each reaction. The next step is to identify a set of operational variables that, in some manner, maximizes all responses—or, at the very least, maintains them within predetermined bounds. By using Design-Expert software for the response surface analysis, anyone may easily characterize the response surface’s form and locate the optimal with a decent amount of precision by constructing response graphs and contour plots.



It may be deduced from Figure 3 that the response plot’s peak displays the highest possible UTS. If the degrees of freedom are the same for all the input variables, the contributions produced by the process conditions on the ultimate tensile strength can be rated [35,36] based on the specific F-ratio value that was observed in Table 6. The corresponding phrase is implied to be of greater significance by a larger F-ratio value and vice versa. According to the F-ratio values, the friction time has a greater impact on the joint’s ultimate tensile strength than the friction pressure, forging pressure, and forging time over the range under consideration in this study.



The characteristic circular mound shape in the contour plots suggests that the variables and the response may be independent of one another. To graphically depict the area of the ideal factor settings, a contour plot was created. Such a plot can be more complicated for second-order response surfaces than it is for first-order models, which can just be a simple set of parallel lines. Characterizing the response surface close to the stationary point once it has been located is typically necessary. To characterize a stationary point, one must determine whether it is a saddle point, a maximum response, or a minimum response. The easiest way to classify this is to look at a contour plot. Contour plots are essential for investigating the response surface. The optimum can be located quite precisely by characterizing the surface’s shape with the use of response surface analysis tools and contour plot production. A patterning of circular-shaped contours typically indicates the independence of the variable, but elliptical contours may indicate variable interactions. The response in the “Z”-axis, two parameters in the “X”- and “Y”-axes, and two variables in the middle level were used to generate the response surfaces for the suggested model. The response surfaces clearly show the appropriate reaction point. It is evident from Figure 3 that the TS rises as the friction pressure, forging pressure, and friction time increased until a certain point, at which point it falls.



The highest attainable UTS value is determined to be 489 MPa by examining the response surfaces and contour plots (Figure 3). The matching variables, friction pressure of 60 MPa, forging pressure of 60 MPa, and friction duration of 4 s, forging time of 4 s, produced this maximum value.




5.4. Analysis of Microstructure at an Optimized Condition


Figure 4 displays the cross-sectional optical micrographs of various regions of the welded joint made at the optimum friction-welding-process parameters. At two separate magnifications, Figure 4a,b display the weld cross-section of the dissimilar joints of an ASS-Cu joint. These micrographs obviously demonstrate the creation of an extremely thin interface area. Nevertheless, both base metals have significantly deformed regions closer to the joint line that are visible in Figure 4c,d. These regions are caused by thermomechanical action. The HAZ on the joint’s ASS side is seen in Figure 4e. The HAZ grains were recrystallized since rolling was used to create the primary austenitic phase of the base metal. However, due to the modest heat input of the welds, those grains did not appreciably increase in size. In some areas, the borders of the recrystallized austenite grains also produced the phase delta-ferrite. It has been demonstrated that ferrite grains that occur between austenite grain boundaries limit the grain growth and hot crack propagation in the HAZ. When compared to the parent metal, the grains in the HAZ on the copper side expand considerably. Near the contact, coarse granules are crucial as depicted in Figure 4f. Figure 4h shows the microstructure of the unaffected copper alloy. Figure 4g shows the microstructure of the unaffected SS. While there are no noticeable microstructure modifications on the ASS side, there are considerable microstructure variations on the Cu side close to the Cu-ASS weld interface. The full dynamic recrystallization zone and the partial dynamic recrystallization region are the names mentioned to the microstructures on the Cu side.



Scanning electron microscopy (SEM) was utilized to show how the weld contact zone between the ASS and Cu formed. Figure 5a illustrates the microstructure that the SEM was able to acquire. Figure 5a demonstrates that a very thin weld interface zone has formed. Subsequent analysis of the interface region using X-ray diffraction (XRD) has confirmed the existence of FeCu4 (Figure 5b). However, the formation of this thin layer is the nature of friction welding process and slightly deteriorates the tensile strength of the welded joints.





6. Conclusions


	
The tensile strength of friction-welded AISI 304 austenitic stainless steel and commercial copper dissimilar joints was predicted empirically using process variables. At a 95% confidence level, the established relationship can reliably be utilized to estimate the tensile strength of the friction-welded dissimilar joints of Cu-ASS.



	
The friction welding input variables were incorporated into response graphs and contour plots to create a list of the domains with the highest tensile strengths. The highest tensile strength of 489 MPa was discovered to be produced by friction welding under the following parameters: 60 MPa friction pressure, 60 MPa forging pressure, 4 s of friction time, and 4 s of forging time.



	
Friction time, friction pressure, forging pressure, and forging time were determined to have the greatest impact on the tensile strength of the joints of the four process variables studied.



	
Friction welding successfully joins the imperfect-free and leak-proof dissimilar materials of the Cu-ASS joints, making them acceptable for use in cryogenic heat exchanger applications.



	
While there are noticeable microstructure changes on the Cu side close to the Cu-ASS weld contact, there are no noticeable changes on the SS side. The wide dynamic recrystallization zone and the partial dynamic recrystallization zone are the names mentioned to the microstructures on the Cu side.
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Nomenclature




	FW
	Friction welding



	TS
	tensile strength MPa



	A
	Friction pressure MPa



	B
	friction time, Sec



	C
	forging pressure MPa



	D
	forging time, Sec



	RSM
	Response surface methodology



	FZ-HAZ
	Fusion zone-Heat affected zone



	UTS
	Ultimate tensile strength
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Figure 1. Dimensions of the Unnotched Tensile Specimen. 
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Figure 2. Correlation graph. 
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Figure 3. Response graphs and contour plots for the effect of parameters on tensile strength (a–h). 
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Figure 4. Optical micrograph of various regions of dissimilar joint. 
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Figure 5. (a,b) SEM micrograph of weld interface; (c) X-ray diffraction analysis at the weld interface. 
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Table 1. Base metals chemical composition.






Table 1. Base metals chemical composition.





	Materials
	C
	Si
	Fe
	Cu
	Mn
	P
	Ni
	Cr
	Al
	O
	Pb
	B
	S





	Austenitic stainless Steel (ASS)
	0.08
	0.75
	Bal
	-
	2.00
	0.045
	10
	19
	-
	-
	-
	-
	0.30



	Copper (commercial

grade)
	-
	-
	0.007
	Bal
	-
	-
	-
	-
	0.14
	0.092
	0.001
	0.018
	<0.001
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Table 2. Base metals’ mechanical characteristics.
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	Materials
	Ultimate Tensile

Strength

(MPa)
	Elongation (%)
	Notch Tensile Strength (MPa)
	Notch

Strength

Ratio

(NSR)
	Impact

Toughness

@RT

(J)





	Copper

(commercial grade)
	344
	14
	476
	1.35
	60



	ASS
	460
	30
	575
	1.25
	50
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Table 3. Important factor and their levels.






Table 3. Important factor and their levels.





	
No

	
Factor

	
Unit

	
Notation

	
Levels




	
(−2)

	
(−1)

	
0

	
(+1)

	
(+2)






	
1

	
Friction pressure

	
MPa

	
A

	
40

	
50

	
60

	
70

	
80




	
2

	
Friction time

	
Sec

	
B

	
2

	
3

	
4

	
5

	
6




	
3

	
Forging

pressure

	
MPa

	
C

	
40

	
50

	
60

	
70

	
80




	
4

	
Forging time

	
Sec

	
D

	
2

	
3

	
4

	
5

	
6
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Table 4. Results of the experiment and the design matrix.
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Expt.

	
Coded Values

	
Original Values

	
Tensile




	
No

	
Strength




	

	
A

	
B

	
C

	
D

	
A (MPa)

	
B (s)

	
C (MPa)

	
D(s)

	
(MPa)






	
1

	
−1

	
−1

	
−1

	
−1

	
50

	
3

	
50

	
3

	
417




	
2

	
1

	
−1

	
−1

	
−1

	
70

	
3

	
50

	
3

	
435




	
3

	
−1

	
−1

	
−1

	
−1

	
50

	
5

	
50

	
3

	
430




	
4

	
1

	
1

	
−1

	
−1

	
70

	
5

	
50

	
3

	
461




	
5

	
−1

	
−1

	
1

	
−1

	
50

	
3

	
70

	
3

	
413




	
6

	
1

	
−1

	
1

	
−1

	
70

	
3

	
70

	
3

	
420




	
7

	
−1

	
1

	
1

	
−1

	
50

	
5

	
70

	
3

	
419




	
8

	
1

	
1

	
1

	
−1

	
70

	
5

	
70

	
3

	
433




	
9

	
−1

	
−1

	
−1

	
1

	
50

	
3

	
50

	
5

	
403




	
10

	
1

	
−1

	
−1

	
1

	
70

	
3

	
50

	
5

	
409




	
11

	
−1

	
1

	
−1

	
1

	
50

	
5

	
50

	
5

	
415




	
12

	
1

	
1

	
−1

	
1

	
70

	
5

	
50

	
5

	
438




	
13

	
−1

	
−1

	
1

	
1

	
50

	
3

	
70

	
5

	
444




	
14

	
1

	
−1

	
1

	
1

	
70

	
3

	
70

	
5

	
420




	
15

	
−1

	
1

	
1

	
1

	
50

	
5

	
70

	
5

	
448




	
16

	
1

	
1

	
1

	
1

	
70

	
5

	
70

	
5

	
442




	
17

	
−2

	
0

	
0

	
0

	
40

	
4

	
60

	
4

	
399




	
18

	
2

	
0

	
0

	
0

	
80

	
4

	
60

	
4

	
426




	
19

	
0

	
−2

	
0

	
0

	
60

	
2

	
60

	
4

	
369




	
20

	
0

	
2

	
0

	
0

	
60

	
6

	
60

	
4

	
398




	
21

	
0

	
0

	
−2

	
0

	
60

	
4

	
40

	
4

	
447




	
22

	
0

	
0

	
2

	
0

	
60

	
4

	
80

	
4

	
465




	
23

	
0

	
0

	
0

	
−2

	
60

	
4

	
60

	
2

	
463




	
24

	
0

	
0

	
0

	
2

	
60

	
4

	
60

	
6

	
464




	
25

	
0

	
0

	
0

	
0

	
60

	
4

	
60

	
4

	
486




	
26

	
0

	
0

	
0

	
0

	
60

	
4

	
60

	
4

	
490




	
27

	
0

	
0

	
0

	
0

	
60

	
4

	
60

	
4

	
480




	
28

	
0

	
0

	
0

	
0

	
60

	
4

	
60

	
4

	
489




	
29

	
0

	
0

	
0

	
0

	
60

	
4

	
60

	
4

	
495




	
30

	
0

	
0

	
0

	
0

	
60

	
4

	
60

	
4

	
488
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Table 5. Estimated regression coefficients.






Table 5. Estimated regression coefficients.





	Factor
	Estimated Coefficient





	Intercept
	488



	A-A
	5.125



	B-B
	7.625



	C-C
	2.791



	D-D
	−0.291



	AB
	3.437



	AC
	−5.437



	AD
	−4.437



	BC
	−2.187



	BD
	0.562



	CD
	9.187



	A2
	−19.031



	B2
	−26.281



	C2
	−8.156



	D2
	−6.281
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Table 6. ANOVA results.






Table 6. ANOVA results.













	Source
	Sum of Squares
	df
	Mean Square
	F-Value
	p-Value Prob > F





	Model
	30,283.88
	14
	2163.135
	116.3323
	<0.0001 a



	A-A
	630.375
	1
	630.375
	33.90125
	<0.0001



	B-B
	1395.375
	1
	1395.375
	75.04258
	<0.0001



	C-C
	187.0417
	1
	187.0417
	10.05901
	0.0063



	D-D
	2.041667
	1
	2.041667
	0.1098
	0.7450



	AB
	189.0625
	1
	189.0625
	10.16769
	0.0061



	AC
	473.0625
	1
	473.0625
	25.44107
	0.0001



	AD
	315.0625
	1
	315.0625
	16.9439
	0.0009



	BC
	76.5625
	1
	76.5625
	4.117493
	0.0606



	BD
	5.0625
	1
	5.0625
	0.272259
	0.6094



	CD
	1350.563
	1
	1350.563
	72.63258
	<0.0001



	A^2
	9934.313
	1
	9934.313
	534.2624
	<0.0001



	B^2
	18,945.03
	1
	18,945.03
	1018.854
	<0.0001



	C^2
	1824.67
	1
	1824.67
	98.12983
	<0.0001



	D^2
	1082.17
	1
	1082.17
	58.19855
	<0.0001



	Residual
	278.9167
	15
	18.59444
	
	



	Lack of Fit
	156.9167
	10
	15.69167
	0.643101
	0.7420 b



	Pure Error
	122
	5
	24.4
	
	



	Cor Total
	30,562.8
	29
	
	
	







S.D = 4.312128, mean = 440.2,C.V% = 0.979584, PRESS = 1079.52, R2 = 0.990874.a significant, b Not significant. Ad j R2 = 0.982356, Pred. R2 = 0.964679, Adeq precision = 39.47841.
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