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Abstract
In this study, the influence of operating parameters on themechanical properties ofDual Phase (DP)
steels was investigated, using response surfacemethodology (RSM) to develop a predictionmodel. In
developing themodel, temperature and holding timewere considered as themodel variables. To
establish this fact, an experiment based on statistical four-level two factorial designmethodwas
carried out. Based on the statistical analysis, surface hardness (SH) shows a correlation coefficient of
R2=0.9607whileUltimate Tensile strength (UTS) gave R2=0.9297, this suggests that the proposed
quadraticmodel is suitable for use. The optimumoperating parameters were predicted using the user-
defined design (UDD)under RSMand the result was confirmed through experiments, which predict
at a temperature (T) of 800 °Cand holding time (HT) of 60min, hardness valuewas given as
157.798HV andUTS as 553.648Mpa. This result indicates that RSM is a suitablemethod to optimize
the process variables formechanical properties ofDP steels.

1. Introduction

Over the yearsDual-phase (DP) steels have drawn the attention ofmost researchers, basically in the automotive
industries. This came as a result of the quest for safety, lightweight and energy-savingmaterials [1]. DP ismade
up of low carbon steels with a duplex ferrite-martensitemicrostructure [2–4].When equatedwith other
conventional steels, it is regarded as a dependablematerial for the automotive and other structural industries.
DP steels are cost-effective and become the choicematerial due to its uniquemechanical properties such as high
tensile strength, excellent formability, improved continuous yielding behavior, crashworthiness, high
hardenability and high strength-ductility [5–7].

Dual Phase steel has a polygon likemicrostructural shape and its properties is a function of T, holding time
(HT), quenching rate, the chemical composition of the steel, fractional volume of ferrite tomartensite, grain size
andmorphology of the steel [3, 8–10]. The distribution pattern ofmartensite also influences themechanical
behavior ofDP steel. An isolatedmartensite regionwithin the ferritematrix tends to have improved strength and
ductility than a distribution of chain-like structure surrounded by ferritematrix [8].

Heat treatment plays a significant role in the formation of themicrostructure ofDP steels. Heating at
Intercritical annealing to form ferrite-martensite structurewhen austenite fully transformed.However, the
transformation of austenite is a function of temperature andHT [2, 5, 11]. At Intercritical annealing, the
isothermal transformation of austenite to ferrite occurs, thereby forming an austenite-ferritemixture.Hence,
quenching of thismixture rapidly forms a ferrite-martensitemicrostructure [12]. The volume fraction of
martensite is controllable by regulating theHT and temperature. Increase in temperature during Intercritical
annealing results in the reduction of carbon in austenite leading to reducedmartensite produced fromaustenite
hence increase inHTmay be responsible for improved properties as result of the segregation of substitutional
atoms, therefore, increased temperature andHTvaries directlywith an increase in the volume fractionof austenite
anddirectly proportional to the increasing volumeofmartensitewhen quenched rapidly [13]. However, at a high
temperature,more volume fraction of austenite alongside aweaker carbon content is formed. Therefore, the
carbonandother alloying elements present inDP steel affect its SHandhardenability [14–16]. Several types of

RECEIVED

14August 2019

REVISED

5 September 2019

ACCEPTED FOR PUBLICATION

10 September 2019

PUBLISHED

20 September 2019

© 2019 IOPPublishing Ltd

https://doi.org/10.1088/2053-1591/ab430e
https://orcid.org/0000-0002-6842-6134
https://orcid.org/0000-0002-6842-6134
https://orcid.org/0000-0002-6260-450X
https://orcid.org/0000-0002-6260-450X
mailto:olorundaisiemmanuel@gmail.com
https://crossmark.crossref.org/dialog/?doi=10.1088/2053-1591/ab430e&domain=pdf&date_stamp=2019-09-20
https://crossmark.crossref.org/dialog/?doi=10.1088/2053-1591/ab430e&domain=pdf&date_stamp=2019-09-20


researchhave been carried out onDP steels, investigating itsmicrostructure andmechanical properties, but little
has been done on theoptimization of itsmechanical properties consideration [6, 16–19]. Therefore, in this study,
UDD-RSMwas applied to optimize theprocess parameters (Temperature andHT), in order to enhance the
mechanical properties ofDP steel. RSM is a statistical technique that involves the utilization of some experimental
designs to developmathematicalmodelswith linear, quadratic or interaction terms for optimumperformance
fromgiven factors and response variables [20]. Adopting this technique reduces the number of experimental trials
required to evaluatemultiple parameters and their interaction. Table 1 shows thebuildup information for the
model.

2. Experimental detail

2.1. Design of experiment
Design of experiment (DOE) as stated earlier was carried out usingUDD-RSM to optimize various parameters
needed to improve themechanical properties ofDP steel. This technique combined the effect ofmathematical
and statistical techniques; however, this technique has been proven to be reliable by different researchers
[21–25]. In this study, two parameters were controlled (temperature andHT), table 2 shows the coded and actual
operating conditions of the factors. Two factors-four levels UDDwas applied, and a total of 16 experimental
runswere given, usingDesign Expert 11 software as shown in table 3 and a 95% confidence interval. The
experimental results and statistical analysis data were analyzed using analysis of variance (ANOVA). Since the
number of levels is just four, the appropriatemodel to adopt is the second-order polynomialmodel [26, 27]
given in equation (1).
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Where:
Y is the predicted response
k the number of studied factors
Xi andXj are the variables (factors);
β0 is the constant-coefficient
βj,βjj,βij are the interaction coefficients of linear, quadratic and second-order terms
ei is the error.

2.2.Material and heat treatment
Table 4 shows the chemical analysis of the as-received steel used in the present work. The samples are rectangular
in shape andwerewire cut to 17 samples each at a dimension of 10×2 mm.Using theDOEobtained, the
experiments were performed, at a holding time of 30, 40, 50, and 60 min, the prepared samples were austenitized
by heating to an Intercritical annealing temperature of 770 °C, 780 °C, 790 °Cand 800 °C and quenched rapidly
in bitumen for 10 min, followed by air cooling at room temperature for the complete removal of any traces of
retained austenite and residual stresses.

Bitumenof grade SS 60–70was heated to a temperature of 230 °Candused as quenchingmedium.The
flashpoint of thebitumenwas obtained to be242 °C, using PenskyMartens close-cupflashpoint testerwith facility
for temperature reading. This value is below theflash point obtained from literature (250 °Cor276 °C) [28, 29],

Table 1.Buildup information for RSMmodel.

File version Design expert

11.1.2.0

Study Type Response Surface Subtype Randomized

Design Type User-Defined Runs 16

DesignModel Quadratic Blocks NoBlocks

Table 2.Coded and actual operating conditions of the factors.

Independent variables Units Coded symbol Type Levels L [1] L [2] L [3] L [4]

Temperature °C A Discrete 4 770 780 790 800

Holding Time Min B Discrete 4 30 40 50 60
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this implies that thebitumen temperaturemustmaintain a level below242 °Cduring the experimentalwork,
hencefire hazardwill be inevitable.As a result, a temperature of 230 °Cwasmaintained throughout thequenching
cycle as a precaution towardsfire disaster. By application offirst lawof thermodynamics, themass of samples
required to be quenchwithout raising the bitumen temperature beyond 1 °Cwas determined. Two liters of
stabilized bitumenwas heated, in an aluminumpot, to a temperature of 230 °C.To estimate themass of the steel
samples that canbe safely austempered in the bitumen at a given time, the followingwas considered:

Mass of sample,=Msg
Mass of bitumen required,Mb=2000 g
Mass of aluminumpot used,Ma=300 g
Specific heat capacity of steel, Cs=0.42 J g−1K−1

Specific heat capacity of bitumen, Cb=3.9 J g−1K−1

Specific heat capacity of the aluminumpot, Ca=0.9 J g−1K−1

The temperature of the test sample from furnace, T1=800 °C
T2=790 °C
T3=780 °C
T4=770 °C
Initial Temperature of bitumen, T5=230 °C
Final temperature ofmixture, T6=231 °C
Heat loss by steel=MsCs (T1-T6)
=Ms

*0.42*(800–231)
= 238.98Ms J
Heat gained by bitumen=MbCb(T6-T5)
= 2000*3.9*(231–230)
= 7800 J
Heat gained by aluminumpot=MaCa(T6-T5)
= 300*0.9(231–230)
= 270 J
Total heat gained=7800+270
=8070 J
If no heat is lost to the surroundings, from the first law of thermodynamics [30],

Table 3.Design of experiments.

Factor 1 Factor 2 Response 1 Response 2

Run

A: Temperature

(°C)

B:Holding

time

(Min)

Surface

hardness

(HV)

Ultimate tensile

strength

(Mpa)

1 800 50 151.23 535.976

2 790 50 150.89 532.76

3 790 40 146.08 520.87

4 770 30 141.26 508.97

5 780 40 145.98 518.29

6 800 60 158.32 561.1

7 770 60 152.33 528.09

8 770 50 147.78 521.76

9 780 30 143.56 510.36

10 780 50 148.25 529.56

11 800 40 144.33 511.522

12 790 30 143.96 511.08

13 790 60 156.92 560.67

14 780 60 154.89 553.89

15 800 30 147.07 521.233

16 770 40 143.89 513.56

Table 4.Chemical analysis of the low carbon steel.

Elements C Mn Si Al Co Cr Cu Ni S P

Composition (wt%) 0.094 0.54 0.093 0.036 0.002 0.039 0.14 0.048 0.02 0.016
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Heat lost by steel=Total heat gained
238.98Ms=8070
Ms=33.7685 g
The above analysis shows that 33.7685 g of steel at 800 °C is needed to cause the temperature of 2 liters of the

bitumen to rise from230 °C to 231 °C. this was repeated for temperature 790 °C, 780 °C and 770 °CandMs of
34.3726 g, 34.9987 g, and 35.6480 gwas obtained respectively. At no time during the experiment was the total
mass of steel samples in the bitumenmore than 17.8 g.

Beforemicrostructural examinationwas done, the prepared samples were hotmountedwith a Struers
CitoPress-1Machine. Proceeded by grinding and polishing of the samples face thoroughly, using Struers
TegraPol-11 550Machine, with disc grade of 90, 220 and 330 in successions. The samples were washed and air-
dried, followed by etchingwith a 3%nital solution. The prepared samples surface was then placed under an
Olympusmicroscope to capture themicrostructure. Themicro-hardness was determined using theVickers
indentationmethod at an applied load of 500gf with a time of 15 s. The surface hardness (SH) result was used in
equation (2) to determine the ultimate tensile strength (UTS) of the samples. TheCahoon’s expressions
according toVantyne (2015) [31] shows excellent agreement (<2%) in calculating the tensile strength. The
expressions are given as:

H n
UTS

2.9 0.217
2

n

= ⎜ ⎟⎜ ⎟⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠ ( )

Where:
UTS is given asUltimate Tensile Strength
H is given as SurfaceHardness
n is given as the Strain-Hardening Exponent (for low carbon steel it’s given as 0.26) [32].
Converting hardness value fromVickers PyramidNumber (HV) toMegapascal (Mpa) is provided as:

HVMpa 9.806 3= ( )( ) ( )

3. Results and discussion

3.1.Mechanical analysis
Themechanical properties of the as-received sample are presented in table 5.

There is a uniform increase in strength as theHT increases. The increase could be due to the diffusion of
more carbon content from supersaturated body cantered cell of ferrite inmartensite to form secondary carbide
phase [16]. The reduction in theUltimate tensile strength (UTS) at a lowerHT, could be as a result of higher
percentage volume of austenite formation and reduction in the ferritematrix ormay be due to the effect of
residual stress inducedwhile quenching [16]. The value ofUTS agrees with literature, which stateUTS ofDP
steel ranges between 500 to 1200Mpa [8]. Figure 1 shows the variation in theUTS and SH values of the
experimental results. It was noticed that increment of SH andUTS is uniform and gradual not until the samples
held at 50 and 60 min. Figure 2 represents the regression analysis of the samples for SH andUTS respectively,
which indicates the significance and acceptability of the result as it is less than 1. It can, however, be stated that a
prolongHT shows improved strength due to the formation ofmore austenite transforming intomartensite
[33–36].

3.2.Development of regressionmodel equation for SH andUTS
Figures 3 and 4 show the individual behavior of the two factors used in improvingmechanical properties ofDP
steel prediction. Figures 3(i)–(iv), shows the relationship between temperature, HT and SH. Infigure 3(i),
tremendous increase in SH value, at a constant temperature of 800 °Cwas discovered. As the temperature drops,
the SH value also dropped, the rate of increasing SH infigure 3(iv), is steady tending towards a 180° line. This
implies that with increasing temperature and holding time a better SHwill be achieved. As stated above, the
improved hardness could be related to a higher volume of austenite formation transforming intomartensite and
a consequent reduction in the ferritematrix [16].

Table 5.Mechanical properties of normalized low carbon steel.

Sample designation Hardness (HV)
Ultimate tensile

strength (Mpa)

Normalized sample 92.58 328.11
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Likewise, infigures 4(i)–(iv), the hardness value increases at constantHT and increasing temperature.
Figure 5(i) shows a sharp increase inUTS as compared tofigure 5(iv). This result is in agreement with the
experimental result infigures 1 and 2. As explained previously the change could be as a result of a higher
percentage of austenite transforming intomartensite and the interstitial diffusion of carbon that occurs rapidly.

Figures 6(i) and (ii) represents the perturbation plots, which shows the effect of all the factors at optimal
experimental conditions. The plot helps to evaluate the effects of all the factors at a particular point in the design
space. At a point where the curve obtained is sharp, the factor tends to bemore important to the response. The
plot was obtained for 785 °C temperature at a holding time of 45 min. Figure 6(i) shows that the response of SH
efficiencywasmost sensitive toHT than temperature and likewise the response forUTS.

Figures 7(i) and (ii) represents the simultaneous increase in the values of holding time and temperature on
SH andUTS. It depicts the influence of T andHTon the SH andUTS efficiency forDP steel. As seen, the
interaction of the two variables was illustrated, as the T andHT increases, there is a corresponding increase in the
SH andUTS. AmaximumTandHTwas reached at 800 °Cand 60 min respectively, with amaximumSHand
UTS of 158.32HV and 561.1Mpa respectively. Improved SH andUTS is noticeable with the T andHT separately
represented but varies directly.

Figure 1.Variation in SH andUTS at differentHT.

Figure 2.Regression analysis (R2) forUTS and SH.
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The study of response surface and contour plots are represented infigures 8 and 9, it enables the
optimization of parameters in enhancing themechanical properties ofDP steels. Figure 8(i) shows the response
surface plot of SH efficiency, at a design point above the predicted value. The response surface of SH efficiency
increasedwith a corresponding increase inHT and temperature. At anHTof 60 min and 800 °C temperature
themaximumvalue of the SH efficiencywas 158.32 HV,while infigure 8(ii), UTS efficiencywas 561.104 Mpa.

3.3. Interaction of variables on SHandUTS
The designmatrix of the 16 experimental runs alongside the coded factors for each variable was implored in
determining all the constants in equation (1). A quadraticmodel for SHwas used by the software for the
responsewhile cubicwas selected for theUTS. The parameters were codedwith four coding levels for each
variable, as shown in table 2. Table 3 datawere regressed byDesign Expert 11.0 to develop amathematicalmodel
for the coded and actual values. Second and third-order polynomial was used to correlate the response and
variables values forHS andUTS respectively. Thefinal equation in terms of coded and actual factors is
represented in equations (4) and (5) respectively for SH,while equations (6) and (7) represent thefinal equation
in terms of coded and actual factors forUTS respectively.

Surface hardness 147.331 1.959 A 5.91375 B 0.4068 AB

0.6075 A 2.79563 B 42 2

* * *
* *

= + + +
+ - + ( )

Surface hardness 1547.71 4.28824 Temperature 2.14328 Holding Time

0.001808 Temperature Holding Time

0.0027 Temperature 0.012425 Holding Time 52 2

* *

* *

* *

= - + + -
+
+ - + ( )

UTS 524.681 0.0303384 A 25.5243 B 5.7223 AB 4.95927 A

9.99824 B 7.83775 A B 8.52321 AB 2.47698 A 2.15604 B 6

2

2 2 2 3 3

* * * *
* * * * *

= + - + + + -
+ + - + + + - ( )

Figure 3.One factor interaction of the variables on SH at a constantHT.
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UTS 306727 1231.28 Temperature 1278.78 Holding Time

3.44415 Temperature Holding Time 1.64592 Temperature

1.85176 Holding Time 0.0023223 Temperature Holding Time

0.0025254 Temperature Holding Time 0.00073392 Temperature

0.000638827 Holding Time 7

2

2 2

2 3

3

* *

* * *

* * *

* * *

*

= - + + -
+ + -
+ - + -
+ +
+ - ( )

Where
A represent the coded value for temperature
B represent the coded value for holding time.
From equations (4) to (7), the positive sign represents synergy effect, while negative sign represents

antagonistic effect. The coefficients with one factor of temperature and holding time represent the effect of that
particular factor. The equations can be used tomake predictions about the response for given levels of each
factor. By default, the equation in terms of coded factors at the high levels of the factors are coded as+1 and the
low levels are coded as−1, while for actual factor the levels are to be specified in the original units for each factor.
The coded equation is useful for identifying the relative impact of the factors by comparing the factor
coefficients.While the actual equation cannot be use because the coefficients are scaled to accommodate the
units of each factor and the intercept is not at the center of the design space.

3.4.Model validation
The accuracy of the developedmodel can be validated from the value of R2, Adjusted R2 and standard deviation
obtained. The value of R2 described the significance and the acceptability of the developedmodel. If the

Figure 4.One factor interaction of the variables on SH at a constant temperature.
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Figure 5.One factor interaction of the variables onUTS.

Figure 6.Perturbation plot for SH andUTS.
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difference between the Predicted R2 andAdjusted R2 is less than 0.2, themodel can be said to be valid, likewise,
the Adeq Precisionwhich is the signal to noise ratio should be greater than 4 for an adequate signal. In this study;
the difference between the Predicted R2 of 0.8549 andAdjusted R2 of 0.9411 is 0.0862, also the Adeq Precision
ratio is 20.853 for SH. These values indicate that themodel can be used to analyze the design space. For theUTS,
the difference between the Predicted R2 of 0.8678 andAdjusted R2 of 0.9562 is 0.0884, also the Adeq Precision
ratio is 18.325. Thismodel can also be used.

Tables 6 and 7 shows the coefficients estimate in terms of the coded factors, it represents the expected change
in response per unit change in factor value when all remaining factors are held constant. The intercept in an
orthogonal design is the overall average response of all the runs. The coefficients are adjustments around that
average based on the factor settings.When the factors are orthogonal theVIFs are 1; VIFs greater than 1 indicate
multi-collinearity, the higher theVIF themore severe the correlation of factors. Figures 10 and 11 shows the
relationship between the actual and the predicted response for SH andUTS.

Figure 7. Interactions of variables on SH andUTS.

Figure 8. 3D Surface plot of interaction between holding time and temperature on SH andUTS.
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3.5. ANOVAand statistical significance of themodel
ANOVAwas used to justify the integrity and significance of themodel. P-values less than 0.1, implies thatmodel
term is significant. For SH, theModel F-value is 48.89which implies that themodel is significant. The P-values is
<0.0001 therefore, A, B, B2 are significantmodel terms. ForUTS, theModel F-value is 37.42which implies that
themodel is significant. The P-values is 0.0001 therefore, B, AB, B2, A2B, AB2 are significantmodel terms. There
is only a 0.01% chance that an F-value of 48.89 for SH and 37.42 forUTS could occur due to noise. Tables 8 and 9
shows the statistical analysis of themodel, where the factor coding is coded, and the sumof squares is Type III-
Partial.

Figure 9. 2D Surface plot of interaction between holding time and temperature on SH andUTS.

Table 6.Coefficients in terms of coded factors for SH.

Factor Coefficient estimate df Standard error 95%CI low 95%CI high VIF

Intercept 147.33 1 0.6261 145.94 148.73

A-Temperature 1.96 1 0.4136 1.04 2.88 1.0000

B-Holding Time 5.91 1 0.4136 4.99 6.84 1.0000

AB 0.4068 1 0.5549 −0.8295 1.64 1.0000

A2 −0.6075 1 0.6936 −2.15 0.9379 1.0000

B2 2.80 1 0.6936 1.25 4.34 1.0000

Table 7.Coefficients in terms of coded factors forUTS.

Factor Coefficient estimate df Standard error 95%CI low 95%CI high VIF

Intercept 524.68 1 1.86 520.14 529.23

A-Temperature −0.0303 1 4.63 −11.36 11.30 14.24

B-Holding Time 25.52 1 4.63 14.20 36.85 14.24

AB 5.72 1 1.65 1.69 9.75 1.0000

A2 −4.96 1 2.06 −9.99 0.0761 1.0000

B2 10.00 1 2.06 4.96 15.03 1.0000

A2B −7.84 1 2.76 −14.59 −1.08 2.56

AB2 8.52 1 2.76 1.77 15.28 2.56

A3 2.48 1 4.60 −8.78 13.74 12.67

B3 −2.16 1 4.60 −13.42 9.10 12.67
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3.6.Optimization studies
Optimizationwas carried out tomaximizedmaterial strength, with the selected ranges of parameters
(temperature andHT). At desirability of 0.399, seven solutionswere obtained for optimumcovering criterial.
Thefirst solutionwas selected as the best desirability for SH andUTS, as represented in figure 12. The report for
themodel is presented in tables 10 and 11 for SH andUTS respectively.

Figure 10.Predicted versus Actual Plots for SH andUTS.

Figure 11.Comparison of Experimental and Predicted Results for SH andUTS.
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4. Conclusion

Modeling and optimization of temperature andHT to improve themechanical properties ofDP steel was
efficiently done, with aminimumexperimental run of 16 using RSM. The behavior of each of the variables was
observed on the SH andUTS, and it shows an inter−relationship between them; as the temperature andHT
increase, there is a corresponding increase in the SH andUTS. From the results obtained from theModel;
F- value, P-value, R2, Predicted R2, Adeq Precision and the comparison of the experimental and predicted values
describe the accuracy of themodel developed and can be used to navigate within the design space.

Table 8.ANOVA for quadraticmodel for surface hardness.

Source Sumof squares df Mean square F-value p-value

Model 371.66 5 74.33 48.89 < 0.0001 significant

A-Temperature 34.11 1 34.11 22.44 0.0008

B-Holding Time 310.87 1 310.87 204.47 < 0.0001

AB 0.8172 1 0.8172 0.5375 0.4803

A2 1.17 1 1.17 0.7672 0.4016

B2 24.70 1 24.70 16.25 0.0024

Residual 15.20 10 1.52

Cor Total 386.87 15

Table 9.ANOVA for cubicmodel for ultimate tensile strength.

Source Sumof squares df Mean square F-value p-value

Model 4507.09 9 500.79 37.42 0.0001 significant

A-Temperature 0.0006 1 0.0006 0.0000 0.9950

B-Holding Time 406.78 1 406.78 30.39 0.0015

AB 161.70 1 161.70 12.08 0.0132

A2 77.73 1 77.73 5.81 0.0526

B2 315.94 1 315.94 23.61 0.0028

A2B 107.86 1 107.86 8.06 0.0296

AB2 127.55 1 127.55 9.53 0.0215

A3 3.88 1 3.88 0.2898 0.6097

B3 2.94 1 2.94 0.2195 0.6559

Residual 80.30 6 13.38

Cor Total 4587.39 15

Figure 12.OptimizationResult for SH andUTS.
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Table 10.Report of the SHmodel.

Run

Order

Actual

value

Predicted

value Residual Leverage

Internally

studentized

residuals

Externally

studentized

residuals

Cook’s

distance

Influence

onfitted

value

DFFITS

Standard

order

1 151.23 151.10 0.1304 0.335 0.130 0.123 0.001 0.087 12

2 150.89 150.24 0.6468 0.215 0.592 0.572 0.016 0.299 11

3 146.08 146.21 −0.1303 0.215 −0.119 −0.113 0.001 −0.059 7

4 141.26 142.05 −0.7928 0.615 −1.036 −1.041 0.286 −1.315 1

5 145.98 144.99 0.9853 0.215 0.902 0.893 0.037 0.467 6

6 158.32 157.80 0.5217 0.615 0.682 0.662 0.124 0.837 16

7 152.33 153.07 −0.7367 0.615 −0.963 −0.959 0.247 −1.212 13

8 147.78 146.91 0.8696 0.335 0.865 0.853 0.063 0.605 9

9 143.56 143.63 −0.0676 0.335 −0.067 −0.064 0.000 −0.045 2

10 148.25 148.85 −0.5968 0.215 −0.546 −0.526 0.014 −0.275 10

11 144.33 146.89 −2.56 0.335 −2.542 −4.054a 0.542 −2.877b 8

12 143.96 144.66 −0.7024 0.335 −0.699 −0.679 0.041 −0.482 3

13 156.92 156.76 0.1589 0.335 0.158 0.150 0.002 0.107 15

14 154.89 155.18 −0.2939 0.335 −0.292 −0.278 0.007 −0.198 14

15 147.07 145.16 1.91 0.615 2.500 3.874 1.664b 4.896b 4

16 143.89 143.24 0.6509 0.335 0.647 0.627 0.035 0.445 5

a Observationwith |External Stud. Residuals|>4.00.
b Exceeds limits.

Table 11.Report of theUTSmodel.

Run

Order

Actual

value

Predicted

value Residual Leverage

Internally

studentized

residuals

Externally

studentized

residuals

Cook’s

distance

Influence

onfitted

value

DFFITS

Standard

order

1 535.98 531.95 4.03 0.585 1.708 2.176 0.411 2.584a 12

2 532.76 534.41 −1.65 0.465 −0.618 −0.583 0.033 −0.543 11

3 520.87 516.86 4.01 0.465 1.497 1.726 0.195 1.609 7

4 508.97 508.94 0.0276 0.865 0.021 0.019 0.000 0.047 1

5 518.29 517.34 0.9481 0.465 0.354 0.327 0.011 0.305 6

6 561.10 561.94 −0.8392 0.865 −0.624 −0.589 0.250 −1.492 16

7 528.09 528.56 −0.4687 0.865 −0.349 −0.322 0.078 −0.814 13

8 521.76 521.35 0.4124 0.585 0.175 0.160 0.004 0.190 9

9 510.36 510.62 −0.2560 0.585 −0.109 −0.099 0.002 −0.118 2

10 529.56 532.35 −2.79 0.465 −1.041 −1.050 0.094 −0.979 10

11 511.52 516.50 −4.98 0.585 −2.114 −3.820 0.630 −4.535a 8

12 511.08 512.65 −1.57 0.585 −0.665 −0.630 0.062 −0.749 3

13 560.67 561.46 −0.7861 0.585 −0.334 −0.307 0.016 −0.365 15

14 553.89 551.80 2.09 0.585 0.889 0.870 0.111 1.033 14

15 521.23 519.44 1.80 0.865 1.335 1.454 1.143a 3.681a 4

16 513.56 513.53 0.0288 0.585 0.012 0.011 0.000 0.013 5

a Exceeds limits.
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