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Abstract 
The body frame of the automobile is an essential and critical component of a car. This part when subjected to extreme impact, could lead to 

mechanical failure, which could endanger human life. The effectiveness of the material in safeguarding human life can be influenced by both the 
selection of materials and the manufacturing process.  Dual Phase (DP) steel of 600 grades was developed from low carbon steel (0.13wt) at different 
temperatures and holding time using bitumen as the quenching medium. The material was developed with improved mechanical properties to 
withstand impact due to accidents. The influence of processing parameters on the surface hardness and density was analyzed using response surface 
methodology to develop a prediction model. 

The relationship existing between density and the hardness of Dual Phase steel was established in this study. It was discovered that the increase 
in density resulted in an improvement of the surface hardness as a result of the reduction in pores. The SEM micrographs revealed the extent of the 
dispersion of the ferrite and martensite as a function of the holding time. To ascertain the experimental outcome, a model on a statistical four-level 
and two factorial design method was carried out. Based on the statistical analysis, surface hardness (SH) shows a correlation coefficient of R2= 
0.9522 while Density gave R2= 0.9859, P-values obtained were less than 0.1 and there is only a 0.01% chance that the F-values obtained could occur 
due to noise. 
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Introduction 

Over the years, Dual Phase (DP) steels have become a sort after 
material by the automobile industries, where safety, lightweight and 
energy-saving materials are principal [1]. DP steel is predominantly 
made up of dispersed martensite grain within the ferrite matrix 
[2]. Its wide acceptance could be attributed to its economic value, 
high tensile strength, improved formability, continuous yielding 
behavior, crashworthiness, high strength-ductility, and high work 
hardening rates [3-5].Hence, giving it an edge over conventional 
steel for the manufacturing industries and welding purposes 
[6,7]. DP steel has a tensile strength of 500 – 1200 MPa and a total 
elongation of 12-34% [8].

The evolution of the microstructure of DP steel is a function of 
the heat treatment. The ferrite-martensite phase is formed because 
of the full transformation of austenite during heat treatment. To 
effect this change, temperature (T) and holding time (HT) plays 
an important role [2,3,9]. Other important factors influencing 
the mechanical properties of DP steels are quenching medium, 
cooling rate, morphology (grain size and pattern), and the chemical 
composition of the material [10]. DP steel with an arrangement 
such that the martensitic phase stand in isolation within the 
ferrite’s matrix is said to possess a lesser strength as compared to a 
chain-like arrangement within the ferrite [8]. However, a finer grain 
has better mechanical properties than a coarse grain [6,11,12].
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The amount of martensite formed is a function of the volume of 
austenite being transformed. However, the higher the T, the higher 
the austenite formed, thereby, forming more volume of martensite 
when cool [13]. The ductility of DP steel is determined by the 
amount of ferrite present in the steel, while martensite volume 
influences the surface hardness (SH) of the material [13]. Several 
researchers have investigated the microstructure and mechanical 
properties of DP steels, but little has been done on the optimization 
of the process parameters and establishing a relationship between 
the SH and density (DS) [4,14–17]. In this study, we, therefore, look 
at the relationship existing between SH and density. Using the user-
defined design of response surface methodology (UDD- RSM), the 
process parameters (T and HT), were optimized, to enhance the 
mechanical properties of DP steel.

RSM is used to develop a mathematical model using a statistical 
technique of some experimental designs. To develop mathematical 
models with linear, quadratic or interaction terms for optimum 
performance from giving factors and response variables [18]. 
Therefore, using RSM, a predicting model was developed, using 
temperature, and holding time as the model variables. The build-up 
information for the model is represented in Table 1. To establish 
this fact, an experiment based on a statistical four-level two 
factorial design method was carried out. The optimum operating 
parameters were predicted using the user-defined design (UDD) 
under RSM.

Table 2 shows the coded and actual operating conditions of the 
factors. The experimental results and statistical analysis data were 
analyzed using analysis of variance (ANOVA). 

Table 1: Buildup Information for RSM Model.

File Version Design Expert 11.1.2.0 Build Time (ms) 2.00

Study Type Response Surface Subtype Randomized

Design Type User-Defined Runs 16

Design Model Quadratic Blocks No Blocks

Table 2: Coded and Actual Operating Conditions of the Factors.

Factor Name Units Type Minimum Maximum Coded Low Coded High Mean Std. Dev

A Temperature (T) oC Numeric 700 850 -1 ↔ 700.00 +1 ↔ 850.00 775 57.74

B Holding Time (HT) Min Numeric 20 80 -1 ↔ 20.00 +1 ↔ 80.00 50 23.09

Modeling and Optimization
Design of Experiments

The experimental design for the process for optimum 
mechanical properties of DP steel was carried out using UDD-RSM. 
This was done to optimize various parameters needed to improve 
its mechanical properties. The relationship existing between the 
responses (SH and DS) and independent variables (T and HT) as 
well as to optimize the relevant conditions of variables to predict the 
best value of responses were assessed using RSM. The experiments 
were designed based on the experimental design technique that has 

been proposed by UDD. Two factors-four levels UDD was applied, 
and a total of 16 experimental runs were obtained, using Design 
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 appropriate model to adopt is the second-
order polynomial model given in equation (1) [19,20].

    (1)

Table 3: Design of Experiments, Response and Prediction Table.

Design of Experiments Experimental Result Predicted Result
Predicted

Run
Factor 1 Factor 2 Actual Actual Predicted

A: T (° C) B:HT (Min) SH (HV)  DS (g/cm3) SH (HV) DS (g/cm3)

1 700 80 182.3 1.236 179.16 1.240

2 800 40 197.55 1.311 202.71 1.320

3 750 40 192.65 1.258 187.8 1.300

4 850 60 223.75 1.334 222.23 1.320

5 700 60 171.9 1.232 175.66 1.230

6 800 80 215.95 1.312 214.82 1.300

7 850 40 219.05 1.329 214.23 1.300

8 800 60 211.8 1.311 210.09 1.320

9 750 60 193.85 1.270 194.57 1.310

10 850 80 224.45 1.337 227.58 1.320
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11 700 20 161.8 1.202 160.71 1.220

12 850 20 203.15 1.316 203.57 1.280

13 750 80 197.95 1.275 198.68 1.270

14 800 20 186.6 1.298 192.66 1.270

15 700 40 166.25 1.223 169.51 1.220

16 750 20 183.35 1.251 178.38 1.270

Response Surface Modeling (RSM) 

A total of 16 runs of the UDD experimental design and response 
was used to evaluate levels of factors and the degree of their 
interactions on the mechanical properties of DP steel. To achieve 
a comprehensive optimization of these operating parameters, 
the problem was further studied by UDD. The two parameters (T 
and HT), were coded as A and B. The ranges of these parameters 
were determined according to the simulation results in the section 
Simulation Results. Four coding levels were set for each variable, 
the values of which are listed in Table 2. The SH and DS were set as 
the response. The data in Table 3 were regressed by Design Expert 
11.0 to get an equation for the coded and actual values. Using a 
statistical model approach from the analysis of variance (ANOVA) 
a mathematical model was obtained. The model established the 
relationship between the two operating parameters (T and HT) 
and the predicted responses (SH and DS). The regression from the 
analysis of variance provides an extensive understanding of the 

relationship between the mechanical properties of DP steel and its 
operating parameters. The test conducted explained the significance 
of the individual model coefficient, regression model and lack of fit. 
These parameters are used to determine the effectiveness of the 
model and its predictive ability. 

Material and Heat Treatment

Table 4 presents the chemical analysis of the as-received 
sample. The as-received sample was wire cut to 17 at a dimension 
of 2 x 10 mm before heat treated. Using the DOE obtained, the 
experiments were performed, at a holding time of 20, 40, 60, and 
80 minutes. The prepared samples were austenitized by heating to 
an Intercritical annealing temperature of 700oC, 750oC, 800oC, and 
850oC and quenched rapidly in bitumen for 10 minutes, followed 
by air cooling at room temperature for the complete removal of any 
traces of retained austenite and residual stresses. While the last 
sample was used as a control, to evaluate the changes that occur in 
the heat-treated ones. 

Table 4: Chemical analysis of the low carbon steel.

Elements C Mn Si Al B Nb Cr Cu Ni S P

Composition (wt%) 0.13 2.03 1.0 0.92 0.004 0.14 1.3 0.2 0.048 0.01 0.05

Struers CitoPress-1 Machine was used to hot mount the 
prepared samples, followed by grinding and polishing using Struers 
TegraPol-11 550 Machine, with a disc grade of 90, 220 and 330 in 
successions. The etching of the samples was carried out using a 
3% Nital. The prepared sample’s surface was then placed under 

an Olympus microscope to capture the microstructure. The micro-
hardness was done using the Vickers Microhardness Tester with a 
diamond indenter. The samples were indented 5 times for 15s each 
with a load of 500 gf. until a permanent indentation was achieved. 
After which the average mean was taken as the hardness result.

Model Adequacy Checking for Surface Hardness

Figure 1: Normal Probability Plot.
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The adequacy of the model is an integral part of this research, 
this is necessary to ensure the fitted model and it provides an 
adequate approximation of the real system. By establishing the 
adequacy of the model, Figure 1 shows the normal probability plot 
of the studentized residuals, for SH. From the result obtained it was 
observed that the points follow a straight line, which indicates that 
the data is normally distributed [21]. 

Interaction of Variables on the Surface Hardness 
The interaction between the variables used in improving the 

mechanical properties of DP steel was verified to ensure the fit of 
the model. The residual versus run plots in Figure 2, shows if the 
design points are within the control limit for the model to be valid. 
The red lines indicate the control limits from -3.9969 to 3.9969, and 
it would be observed that the design points are within the control 
limit.

Figure 2: Residual Plot.

The Box-Cox represented in Figure 3 shows the logarithm 
of the residual sum of square (SS) against λ. The lambda value 
indicates the power to which all data should be raised, which must 
lie between the low confidence interval (Low-CI) and the high 

confidence interval (High-CI) [22]. For SH, the current lambda (λ) is 
1 and it lies close to the best lambda value of 1.72 and it is between 
the Low-CI (-4.25) and High-CI (7.69). Thus, no transformation of 
the model is required. 

Figure 3: Box-Cox Plot for Power Transforms SH.
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Figures 4 & 5 show the contour and the 3D plot for the 
interactive effects of T and HT on the SH, at a design point above 
the predicted value. The contour pattern describes the relationship 
between the factors, for a circular pattern, this tends to suggest 
an independent factor while an elliptical pattern indicates an 
interaction between the variables [23,24]. The surface response 

graph shows the optimum process parameters that produce a 
maximum or minimum value of the response [25]. In this present 
work, the optimum SH was observed as the T and HT increases. 
The shape of the contour tends to be elliptical, which indicates an 
interaction between the factors (T and HT). 

Figure 4: Contour plot of interaction between Holding Time and Temperature on SH

Figure 5: 3D Surface plot of interaction between Holding Time and Temperature on SH

Development of Regression Model Equation for Surface 
Hardness 

The constant in equation 1 was determined using the design 
matrix of the 16 experimental runs alongside the coded factors for 
each variable. A quadratic model for SH was used by the software 
for the response. The parameters were coded with four coding 
levels for each variable, as shown in Table 2. Table 4 data were 
regressed by Design Expert 11.0 to develop a mathematical model 
for the coded and actual values. Second-order polynomial was 
used to correlate the response and variable values for SH. The final 

equations in terms of coded and actual factors are represented in 
equations 2 and 3.

SH= +199.55 + 22.82A + 10.61B + 1.39AB - 3.80A2 - 2.99B2 

                                                                                                                  (2)

SH= -444.54250 + 1.32164T + 0.208056HT + 0.000617T * HT 
-0.000676T2 -0.003320(HT)2                                                                       (3)

Where 

i.	 A represents the coded value for temperature.
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ii.	 B represents the coded value for holding time.

iii.	 T represent Temperature.

iv.	 HT represents the Holding Time.

v.	 SH represents the Surface hardness.

The positive sign in the equations indicates synergy effects 
while the negative signs imply an antagonistic effect. Also, the 
positive effect of the factors implies that the response improved 
with increased in the factor level, while the negative implies that 
no improvement as the factor level increase [26]. The coefficients 
with one factor of T and HT represent the effect of that factor. The 
equations can be used to make predictions about the response 
for a given level of each factor. By default, the equation in terms 
of coded factors at the high levels of the factors is 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 [27]. The coded 

equation is useful for identifying the relative impact of the factors 
by comparing the factor coefficients. While the actual equation 
cannot be used because the coefficients are scaled to accommodate 
the units of each factor and the intercept is not at the center of the 
design space [28]. 

Model Validation for Surface Hardness

Table 5 shows the model validation table. The value of R2, 
Adjusted R2 and standard deviation obtained are used to validate 
the accuracy of the developed model. The model is said to be valid if 
the difference between the Predicted R2 and Adjusted R2 is less than 
0.2, and if the Adeq Precision value is greater than 4.  The value of 
R2 described the significance and the acceptability of the developed 
model while the value of Adeq precision is the signal to noise ratio. 
The result obtained (Table 5), indicates that the model is valid and 
can be used to analyze the design space.

Table 5: Model Validation.

Test Predicted R² Adjusted R² Difference Adeq. Precision 

SH 0.9177 0.9522 0.0345 25.1680

ANOVA and Statistical Significance of the Model for 
Surface Hardness

The integrity and significance of the model were justified using 
ANOVA. For a P-values of less than 0.1, it implies that the model 
term is significant. In this study, SH, show a P-values of less than 

0.0500. In this case of SH; A, B, are significant model terms. The 
Model F-value for SH is 60.71, which implies that the model is also 
significant. There is only a 0.01% chance that the F-values obtained 
could occur due to noise. Tables 6 shows the statistical analysis of 
the model, where the factor coding is coded, and the sum of squares 
is Type III Partial.

Table 6: ANOVA Table.

Source Sum of Squares df Mean Square F-value p-value

Model 5714.09 5 1142.82 60.71 < 0.0001 Significant

A-Temperature (T) 4629.16 1 4629.16 245.91 < 0.0001

B-Holding Time 
(HT) 1001.47 1 1001.47 53.20 < 0.0001

AB 9.50 1 9.50 0.5047 0.4937

A² 45.73 1 45.73 2.43 0.1501

B² 28.22 1 28.22 1.50 0.2489

Residual 188.25 10 18.82

Cor Total 5902.33 15

Model Adequacy Checking for Density

The adequacy of the fitted model for density measurement was 
established using the normal probability plot of the studentized 
residuals as shown in Figure 6. From the result obtained it was 
observed that the points follow a straight line, which indicates that 
the data is normally distributed. 

Interaction of Variables in Density Measurement

The residual versus run plots in Figure 7, shows that the 
design points are within the control limits from -3.9969 to 3.9969. 
Therefore, the model is valid. The Box-Cox is a measure of the 

logarithm of the residual sum of square (SS) against λ. This is 
represented in Figure 8.  The current lambda (λ) in the measurement 
of density is 1 and it lies close to the best lambda value of -2.36 
and it is between the Low-CI (-12.48) and High-CI (7.76). Thus, no 
transformation of the model is required.

Figure 9 and 10 shows the contour and the 3D plot for the 
interactive effects of T and HT on the density, at a design point above 
the predicted value. In this present work, the optimum density was 
observed as the T and HT decreases. The shape of the contour tends 
to be elliptical, which indicates an interaction between the effect of 
the factors (T and HT).
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Figure 6: Normal Probability Plot for Density Measurement.

Figure 7: Residual Plot for Density Measurement.
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Figure 8: Box-Cos plot for DS.

Figure 9: Contour plot of interaction between Holding Time and Temperature on Density Measurement.
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Figure 10: 3D Surface Plot of Interaction Between Holding Time and Temperature on Density Measurement.

Development of Regression Model Equation for Density 
Measurement

Table 3 data were regressed by Design Expert 11.0 to develop 
a mathematical model for the coded and actual values for the DS. 
Second-order polynomial was used to correlate the response and 
variable values. The final equations in terms of coded and actual 
factors are represented in equations 4 and 5

ρ=+1.29+0.0543A+0.0113B-0.0038B-0.0108A2-0.0058B2                          
(4)

ρ=-0.527325+0.003792T+0.002312HT-1.67*10 -06T*HT-
1.925*10-06T2-6.406*10-06(HT)2     (5)

Where 

i.	 A represents the coded value for temperature.

ii.	 B represents the coded value for holding time.

iii.	 T represent Temperature.

iv.	 HT represents the Holding Time.

v.	 ρ represents the Density.

Model Validation for Density Measurement

The value of R2, Adjusted R2 and standard deviation obtained 
are used to validate the accuracy of the developed model. The 
result obtained in Table 7, indicates that the model is valid and can 
be used to analyze the design space, having gotten a difference of 
less than 0.2 between Predicted R2 and Adjusted R2, and an Adeq 
Precision value greater than 4.

Table 7: Model Validation.

Test Predicted R² Adjusted R² Difference Adeq. Precision 

SH 0.9782 0.9859 0.0077 41.756

ANOVA and Statistical Significance of the Model for 
Density Measurement

The integrity and significance of the model were justified using 
ANOVA. The P-value obtained for density was observed to be less 
than 0.0500, indicating that the model terms are significant. Hence, 
for density measurement, A, B, A2 are significant model terms. The 
Model F-value of 211.52 indicates the significance of the model. 
There is only a 0.01% chance that an F-value this large could occur 
due to noise. Table 8 shows the statistical analysis of the model, 

where the factor coding is coded, and the sum of squares is Type 
III Partial.

Optimization Studies

Optimization was carried out to maximized material strength, 
with the selected range of parameters (T and HT). At desirability of 
0.966, out of the 16 runs obtained for optimum covering criteria, 
the first was selected as the best desirability for SH and DS, as 
represented in Figure 11. Table 9 shows the constraints measured 
applied.
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Table 8: ANOVA Table.

Source Sum of Squares df Mean Square F-value p-value

Model 0.0279 5 0.0056 211.52 < 0.0001 significant

A-Temperature (T) 0.0262 1 0.0262 993.79 < 0.0001

B-Holding Time 
(HT) 0.0011 1 0.0011 43.17 < 0.0001

AB 0.0001 1 0.0001 2.64 0.1353

A² 0.0004 1 0.0004 14.03 0.0038

B² 0.0001 1 0.0001 3.98 0.0741

Residual 0.0003 10 0.0000

Cor Total 0.0282 15

Table 9: Constraints Measure for Optimization.

Name Goal Lower Limit Upper Limit Lower Weight Upper Weight Importance

A: T is in range 700 850 1 1 3

B: HT is in range 20 80 1 1 3

SH maximize 161.8 224.45 1 1 3

UTS maximize 573.437 795.476 1 1 3

YS maximize 290.636 403.172 1 1 3

Ρ minimize 1.202 1.337 1 1 3

Figure 11: Optimization Result.

Microstructural and Mechanical analysis of DP 
Steel
Microstructural Analysis  

Figure 12 represents the microstructure obtained for different 
dual phase conditions, at an Intercritical annealing temperature of 
700 oC and held for 20 min, 40 min, 60 min, and 80 min. At a holding 
time (HT) of 20 min, the sample shows a finer and lesser dark region 
(martensite phase). As the HT increases, there is a considerable 

increase in the grain size of austenite formed, the amount and size 
of martensite formation also increases [28.29]. The distribution 
pattern of martensite within the ferrite matrix is in isolation. The 
higher percentage volume of austenite formation transforming into 
martensite could be observed and a considerable reduction in the 
ferrite matrix. The as-received sample shows a typical structure of 
hypo-eutectoid steel with a larger region of ferrite and dispersed 
martensite which makes it softer than the austenitized samples.
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Figure 12: Microstructure of the Heat-Treated Sample at 700 oC at Different HT.

Hardness Behavior of DP steel at Intercritical Annealing 
Temperature. 

Table 10 presents the mechanical properties of DP steel at an 
Intercritical annealing temperature of 700oC and held for; 20, 40, 60 
and 80 min. It can be seen from the table that, as the HT increases, 

there is a corresponding increase in the SH. From the SEM result 
in Figure 12, the volume fraction of martensite increases as the HT 
increase and this is directly proportional to the hardenability of the 
material. Figure 13 shows the hardness variation. It was observed 
that as the HT increases the hardness also increases.  

Table 10: Mechanical Properties of Low Carbon Steel Quenched at an Intercritical Annealing Temperature of 700° C.

HT (Min.) SH (HV) Density (g/cm3)

20 161.800 1.202

40 166.250 1.223

60 171.900 1.232

80 182.300 1.236

Figure 13: SH of the Heat-Treated Sample at 700 oC for Different HT.
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Density Behaviour of DP Steel at Intercritical Annealing 
Temperature

From the result of Table 10, it was observed that as the HT 
increases the density also increases. This implies that as the HT 

increases, the rate of diffusion is being enhanced hence pores are 
rapidly closing, leading to porosity reduction and microstructure 
refinement. Therefore, as the T and HT increases, there is a 
corresponding increase in weight and improvement in the strength, 
as represented in Figure 14.

Figure 14: Density variation Curve of the Heat-Treated Sample at 700 oC for Different Holding Time.

Validation of Model with Experimental Work

The model for SH and DS was validated by looking at the 
relationship between the actual and the predicted response. 
The result from Table 3 was used to plot a variation between the 

response (actual) and the predicted values. 

Figure 15 shows a similarity in the pattern of the plots. This 
implies that there is an agreement between the experimental and 
the model.

Figure 15: Comparison of Experimental and Predicted Results for SH, UTS, YS and DS.

Conclusion

The heat treatment was effectively used as a means of altering 
the microstructure and mechanical properties of the Dual Phase 
steel at an annealing temperature of 700oC, 750oC, 800oC, 850oC 
and at a holding time of 20, 40, 60, 80 min.  After successful 
characterization and optimization, the DP steel of grade DP 600 

was improved. This class of DP steel can be used for car body 
frame, Floor Panel, Hood Outer, Body Side, Outer, Cowl, Fender, 
Floor Reinforcements, roof rail, roof bow, and cross member. From 
literature, DP 600 has YS of 340 MPa, UTS of 580 MPa and YS/UTS 
ratio of 0.58 [30]. Table 11 shows 10 out of the 16-experiment work 
that falls within the DP 600. 
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Table 11: DP 600.

S/N T (oC) HT (min) YS (MPa) TS (MPa) YS/TS Ratio

1 750 40 346.051 682.773 0.506832

2 750 60 348.206 687.026 0.506831

3 750 80 355.571 701.557 0.506831

4 800 20 364.911 719.986 0.506831

5 800 40 354.852 700.139 0.506831

6 800 60 380.449 750.643 0.506831

7 800 80 387.904 765.351 0.506832

8 850 40 393.472 776.338 0.506831

9 850 60 401.915 792.995 0.506832

10 850 80 403.172 795.476 0.506831

To improve the mechanical properties of DP steel, the operating 
parameters (T & HT) were optimized, and a predicting model was 
developed, with a minimum experimental run of 16 using RSM; 
this was efficiently done. The results obtained from the Model; 
F- value, P-value, R2, Predicted R2, Adeq Precision established the 
significance of the model developed. Therefore, comparing the 
experimental and the predicted values, the accuracy of the model 
developed was established and the following conclusions are 
drawn from the experimental work. 

i.	 The lower holding time of the dual phase steel shows 
lower strength, hardness when compared to that of higher holding 
time, for each of the temperatures investigated. 

ii.	 The distribution pattern of the martensite within the 
ferrite matrix influences the mechanical properties. 

iii.	 An increase in temperature and holding time causes a 
proportional increment in the density of Dual Phase steel. As the 
temperature and holding time increase, it was observed that the 
microstructure is being refined and there is a reduction in the pores.  

iv.	 When density increases, the hardness also increases. 

v.	 The microstructure of dual phase steel shows a dark 
region of martensite phases within the greyish ferrite matrix. 

It could, therefore, be concluded that the mechanical properties 
of Dual Phase steels vary directly with the microstructure, a 
change in the structure influence its mechanical properties. From 
the observations above, the distribution pattern of martensite 
within the ferrite matrix plays an important role in the mechanical 
properties of Dual Phase steels.
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