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Abstract: The main process variables to produce galvanized dual phase (DP) steel sheets in continuous
galvanizing lines are time and temperature of intercritical austenitizing (tIA and TIA), cooling rate
(CR1) after intercritical austenitizing, holding time at the galvanizing temperature (tG) and finally the
cooling rate (CR2) to room temperature. In this research work, the effects of CR1, tG and CR2 on the
ultimate tensile strength (UTS), yield strength (YS), and elongation (EL) of cold rolled low carbon
steel were investigated by applying an experimental central composite design and a multivariate
regression model. A multi-objective optimization and the Pareto Front were used for the optimization
of the continuous galvanizing heat treatments. Typical thermal cycles applied for the production of
continuous galvanized AHSS-DP strips were simulated in a quenching dilatometer using miniature
tensile specimens. The experimental results of UTS, YS and EL were used to fit the multivariate
regression model for the prediction of these mechanical properties from the processing parameters
(CR1, tG and CR2). In general, the results show that the proposed multivariate model correctly
predicts the mechanical properties of UTS, YS and %EL for DP steels processed under continuous
galvanizing conditions. Furthermore, it is demonstrated that the phase transformations that take
place during the optimized tG (galvanizing time) play a dominant role in determining the values
of the mechanical properties of the DP steel. The production of hot-dip galvanized DP steels with
a minimum tensile strength of 1100 MPa is possible by applying the proposed methodology. The
results provide important scientific and technological knowledge about the annealing/galvanizing
thermal cycle effects on the microstructure and mechanical properties of DP steels.

Keywords: dual phase steel; hot dip galvanizing line; multivariate analysis; multi-objective
optimization; dilatometry

1. Introduction

The thinner gauge advanced high-strength steels (AHSS) are used in the automotive industry
for the manufacture of structural components for the car body. The objective of using these materials
is a reduction of weight, increase passenger safety and reducing fuel consumption and emission of
greenhouse effect gases [1].
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AHSS dual phase (DP) steels, with a microstructure consisting of a ferrite matrix, responsible
for their good ductility, and martensite and/or bainite islands, which provide high tensile strength,
exhibit the greatest rate of production [1]. In addition to mechanical strength and formability, DP
steel for automotive and other applications require high corrosion resistance. Therefore, they are
usually galvanized to increase the useful life of the components and galvannealed to improved their
weldability [2].

Galvanized DP steel strips can be produced from cold rolled sheets using available continuous
hot dip galvanizing lines (CGL). However, careful selection and control of processing parameters
to generate the dual phase microstructures (ferrite + martensite) are needed to achieve the desired
mechanical properties. Basically, a CGL processing line can be divided into five sections as illustrated
schematically in Figure 1:
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galvanized AHSS- dual phase steel strips.

Heating section, where the strip is heated rapidly to temperatures appropriate to produce the
microstructures required for further processing of the strip.

Soaking section, where typical processing times can be as long as 60 s.
Primary cooling section, where the strip is rapidly cooled to a temperature as close as possible to

the temperature of the galvanizing bath.
Galvanizing section, where the Zn coating is formed by an initial reaction between the steel and

the liquid zinc and rapid solidification of a liquid zinc film as the strip leaves the zinc pot and passes
through air-knives.

Secondary cooling section, where the strip is cooled to room temperature for further processing.
It should be evident that heating and cooling rates, as well as the time of interruption of cooling at

the galvanizing temperature all depend on the size (length) characteristics of each section, the heating
and cooling capacities of each section, the line speed and the thickness and width of the strip.

In contrast to the processing parameters used in the fabrication of other types of galvanized
products, for example formable steel strips, manufacture of DP-galvanized strips requires the cold
worked strip to be heated to temperatures (TIA) within the intercritical (ferrite + austenite) range
(i.e., between Ac1 and Ac3). The initial heating rate (HR1), TIA and (t1 + t2) allow conditioning of the
intercritical austenite and ferrite (initial microstructure).

Metallurgically, the most important characteristics of the intercritical austenite are its volume
fraction and hardenability which depend on: (a) TIA, (t1 + t2), (b) grain size, and (c) chemical composition.
Also, the metallurgical state of the intercritical ferrite is important (degree of recrystallization, solute
content (C, N) and second particle precipitate size and distribution).
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The hardenability of the intercritical austenite is the most important metallurgical property in
the cooling and galvanizing sections of the process. If the intercritical austenite can be maintained in
the metastable form at T < TG and the secondary cooling rate (CR2) is fast enough, the intercritical
austenite will transform to martensite in this section and a galvanized dual phase steel strip will be
produced. It is noteworthy that, in this case, the Zn coating will be formed on an (α + γ) microstructure.
The effect of the volume change associated with the martensite transformation on the adherence of the
Zn coating has never been investigated. On the other hand, if the metastable intercritical austenite
transforms to non-martensite products (pro-eutectoid ferrite, perlite or bainite) at T > TG, due to slow
CR1 cooling rates, the Zn coating will be formed on a complex microstructure consisting of intercritical
ferrite, pro-eutectoid ferrite, perlite, bainite and residual metastable austenite. This residual austenite
may transform to martensite on further cooling to T < Ms or remain in a metastable form at room
temperature. Of course, this will depend on the dynamic changes in hardenability that take place
during continuous cooling and the interrupted cooling of the strip at TG.

It is evident from the above discussion that process and product development in CGL’s to produce
galvanized DP-AHSS strips appears quite a complex task. In general, the chemical compositions of the
DP-steels are adjusted to increase their hardenability by adding alloy elements, such as Cr, Mo, Si, B
etc. However, the hardenability of intercritical and residual austenite changes dynamically during the
cooling stages of the process and makes very difficult to predict their transformation behavior under
actual industrial processing conditions.

Several authors have investigated the behavior of dual phase steels during processing in continuous
annealing and galvanizing lines [3–10]. For example, Calcagnotto et al. [3] studied the effect of
temperature and time of intercritical austenitization on the microstructure and properties produced in
dual phase C-Mn steels with an ultra-fine initial microstructure composed of ferrite and perlite. The
results showed that the amount of martensite and the ferritic grain size increase when the intercritical
austenitization time and temperature are both increased. Also, they reported that the heating rate does
not have a significant influence on the phase transformation kinetics of intercritical austenite.

Recent studies [11] indicate that the interruption of cooling at the temperature of the zinc bath
(450–460 ◦C) can cause the formation of bainite or stabilize the austenite. In both cases the result is an
undesirable microstructure with limited mechanical properties.

Due the importance of the mechanical properties control in these kind of advanced steels, in the
scientific literature have been reported several works to predict the mechanical properties of DP steels
using numerical methods based on microstructural characteristics, such as the morphology, phases ratio
and diffusion equations for dual phase steel with maximum tensile strength of 1000 MPa [12–20]. In this
context, Pernach et al. [18] used numerical methods to model the decomposition of austenite in DP600
steel based on the equations that govern the kinetics and diffusion in steels. Bzowski et al. [19] also
used numerical methods to predict the morphology and carbon distribution in austenite. Kim et al. [20]
used an orthogonal statistic design to predict the UTS and %EL in DP-50Kg-grade employing as input
variables the annealing and galvanizing temperature.

Van et al. [21], studied the effect of the process parameters on the mechanical properties in TRIP
Steels using univariate statistical analysis. However, it is not common to find in the literature the
direct relationship of mechanical properties with processing parameters of DP steels using multivariate
statistical modelling and optimization.

According to Ray et al. [22] process modelling and optimization are tools for obtaining the best
combination of process parameters to maximize or minimize a given product property. There are
several ways to model and optimize processes. Some researchers choose to perform experiments
and statistical analysis through graphs and thus decide the best parameters for a given process. For
example, Lombardi et al. [23] optimized the heat treatment of an aluminum alloy by correlating its
mechanical properties with results of metallographic analysis and statistical analysis of the data.

Other authors prefer to use empirical mathematical models based on statistical analysis methods,
such as response surface methodology (RSM) and the Taguchi method, as well as advanced analysis
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methods, such as neural networks, genetic algorithms and finite element modeling. Cavaliere et al. [24]
optimized different parameters of the nitriding of a steel by combining RSM with a genetic algorithm.
Their models can predict the mechanical properties, the microstructural evolution and the phase
transformations as a function of the chemical composition of the steel and the parameters of the
nitriding process. Chaouch et al. [25] studied the effect of heat treatment on the mechanical properties of
an AISI 4140 steel. Among all the mentioned techniques, RSM is frequently used to model and optimize
processes, due to its low computational time and its high level of precision in optimization [26–28].

This methodology is frequently used in the manufacturing process area [26], such as welding
processes [29], but can be used for other processes where the response variable is influenced by different
input variables [30]. Reisgen et al. [31] developed a statistical model for predicting the heat input
and weld bead geometry in laser welding. Cruz et al. [32] obtained the GTAW welding parameters
to produce quality joints on Ti6Al4V plates. With these results, the adequate amperage, voltage and
advance speed are selected so that the union had the maximum toughness. Miguel et al. [33] also used
this methodology to optimize the weld bead geometry using the GMAW welding process for aluminum
alloy plates (AA 6063-T5). Singla et al. [26] used the factorial design for investigating the effect of
cerium oxide addition on the dry sliding adhesive wear behavior of hardfaced Fe-18Cr-1.1Nb-2.1C
alloy and a regression equation of the model was developed and validated with experimental tests.
García Nieto et al. [34] used multivariate regression to predict the segregation in continuous cast steel
slabs and the results allowed to determinate the most important variables that impact in the industrial
process directly.

In the stage of isothermal holding for the galvanizing process, the chemical composition of
the residual austenite changes dynamically and consequently the microstructure and mechanical
properties of the steel. Due to these dynamic changes in the austenite it is difficult to obtain a general
mathematical model that adequately describes this behavior, making necessary the determination
of empirical models. There are several studies on the influence of the temperature of intercritical
austenitizing on the mechanical properties [2,35–37]. However, the impact of interrupted cooling
time at galvanizing temperature and the effects of the cooling rates prior and after galvanizing on
the microstructure and mechanical properties of dual phase steel strips processed in CGL’s have not
been investigated previously. In addition, multivariate modeling in conjunction with multi-objective
optimization using genetic algorithms is not habitually applied in the area of heat treatments to model
thermal processes, since when the response variables are correlated the statistical analysis becomes
more complex.

Therefore, the aim of this work is to optimize the continuous galvanizing cycle to produce DP
steels with a minimum ultimate tensile strength of 1100 MPa, yield strength between 550–750 MPa and
a minimum elongation of 10% from an advanced cold rolled steel.

2. Materials and Methods

2.1. Theoretical Aspects of Multivariate Model

In this work the response variables to be optimized are the ultimate tensile strength (UTS), the
yield strength (YS) and the elongation (EL). From a metallurgical point of view, these mechanical
properties are correlated with each other. Therefore, the type of analysis indicated for this case is
the multivariate analysis which is appropriate when several measurements are obtained from each
experimental sample subjected to an experiment with several input variables [38]. With the use of the
statistical modeling it is possible to jointly establish the correlation of the galvanizing thermal cycle
parameters (CR1, tG and CR2) with the response variables (UTS, YS and EL). In the regression model of
Equation (1) each response variable y in a sample of n observations is represented as a linear function
of the process variables x plus a random error ε.

y1 = β0 + β1x11 + β2x12 + . . .+ βqx1q + ε1

yn = β0 + β1xn1 + β2xn2 + . . .+ βqxnq + εn
(1)
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In this equation the βi coefficients represent the “weights” that the magnitudes of the input
variables (x), by themselves or due to their interactions, have on the magnitude of the output variables
(y). In other words, they represent the magnitude of the influence of the values of the process variables
(CR1, tG and CR2) on the ultimate tensile strength (UTS), yield strength (YS) and elongation (EL) of
the material. It is noteworthy that, although the UTS and other mechanical properties depend on the
final microstructure of the steel and the final microstructure depends strongly on the evolution of
microstructure from TIA to room temperature. Therefore, the final mechanical properties depend on
the phase transformation behavior of the intercritical austenite during the cooling cycle.

Thereby, the multivariate model is constructed as follows [39]:

a) Selection of the input variables according to the objective of the investigation;
b) Selection of experimental design and generation of the experimental matrix;
c) Perform the experiments according to the experimental matrix designed;
d) Statistical analysis of the experimental data to obtain the fit of the polynomial function; i.e., obtain

the βi coefficients in Equation (1).
e) Statistical evaluation of the fitted model using multivariate variance analysis (MANOVA) and

analysis of determination coefficients (R2);

Once it is ensured that the model meets with the statistical assumptions and presents good
prediction, the regression equations are used as functions in the optimization stage. In this investigation
the multivariate model is developed using three dependent variables (UTS, YS and EL) and three
independent variables (CR1, tG and CR2). The multivariate model can be written in its general form as
follows [38]:

Y = XB + E. (2)

Therefore, the coefficients B can be estimated by the following equation [38]:

B̂ = (X′X)−1X′Y. (3)

When the process variables have an influence on the response variable, hypothesis tests for the
analysis of variance should be performed. The hypothesis test is used to determine which hypothesis
is best supported by the data. There are two hypotheses: The null hypothesis (H0) and the alternative
hypothesis (H1). In this investigation the test of Wilks (Λ) was used to determine if the process variables
have a significant influence on the response variables. This test is based on the calculation of Λ:

Λ =
|Y′Y − B̂′X′Y|
|Y′Y − nyy′ |

. (4)

The null hypothesis is H0: B1 = 0, where B1 is the matrix X without the first column. The null
hypothesis is rejected if Λ ≤ table value and it means that the response variables are influenced by the
process variables.

The performance of a model can be expressed by the goodness coefficient or determination
coefficient R2. For multivariate modeling there are several measurements of association between the
y’s and the x’s. One of these measurements is based on Wilks test:

R2 = 1−Λ. (5)

In the present investigation a composite central design with three center points is used for
obtaining the experimental matrix. The experimental data obtained are then used to evaluate the
feasibility of manufacturing cold-rolled galvanizing dual phase (ferrite + martensite) steel strip with
a UTS > 1100 MPa, YS between 550–750 MPa and a minimum elongation of 10% in an idealized
continuous galvanizing line where the thermal profile to which the strip is subjected is, as shown
in Figure 1. In practice, the heating and cooling rates in each step are defined by the speed and the
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actual temperature of the strip along the processing line. It is noteworthy that the galvanizing stage
effectively represents an interruption of cooling at temperatures between 450 and 460 ◦C. Therefore,
phase transformations that take place on the cooling of the strip may be affected significantly.

The mechanical properties investigated are important in advanced steels because they determine
the potential of weight savings of the components used in the automotive industry [1]. The goal in
this work is to evaluate the effect of CR1, tG and CR2 on the mechanical properties of the steel with
chemical composition listed in Table 1.

Table 1. Chemical composition of the experimental steel.

Element C Si Mn P S Cr Mo Ni B

wt. % 0.154 0.260 1.906 0.013 0.0009 0.413 0.108 0.048 0.0010

Element Al Cu Nb Ti V Ca N Fe + Impurities

wt. % 0.036 0.018 0.004 0.044 0.008 0.001 0.0036 Balance

The experimental region of the process variables (CR1, tG and CR2) is presented in Table 2 and the
17 conditions produced by the experimental design are shown in Table 3. The experimental matrix
represents a composite center design with 3 central points for investigating the relationship of the
mechanical properties with the process variables.

Table 2. Independent process variables and experimental design levels.

Notation Process Variable Unit
Level

Low
−1

High
+1

x1 Cooling rate (CR1) ◦C/s 10 110
x2 Hold time (tG) s 3 20
x3 Cooling rate (CR2) ◦C/s 10 110

Table 3. Design matrix with independent process variables.

Run

Process Variables

CR1 tG CR2
◦C/s s ◦C/s

1 30 17 90
2 10 11 60
3 110 11 60
4 60 11 60
5 90 6 30
6 60 11 10
7 30 17 30
8 30 6 90
9 30 6 30

10 90 6 90
11 60 20 60
12 60 11 60
13 60 11 110
14 90 17 90
15 60 11 60
16 90 17 30
17 60 3 60

The models obtained after going through the inferential statistical analysis can be used as objective
functions to perform the optimization of input parameters (CR1, tG and CR2) looking for the results of
optimal mechanical properties for the manufacture of a DP steel with the desired properties. For this a
genetic algorithm NSGAII (Non-Dominated Sorting Genetic Algorithm) was used, it allows to optimize
several responses at the same time, that is, a multi-objective optimization.

The use of the genetic algorithm NSGAII is based on the mechanisms of genetics and natural
selection, combining the survival of the fittest in the form of structured representations of solutions
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to the problem, called individuals, with mechanisms of information exchange for the generation of
new solutions. The search is based on the information obtained from the problem and as the space of
possible solutions is traversed, the search is directed towards the best values [40]. Thereby, to optimize
the parameters of the thermal cycle presented in Figure 1, a solution is searched that maximizes the UTS,
as well as elongation and minimizes the yield strength (YS) in order to obtain a DP steel with minimum
UTS of 1100 MPa, yield strength between 550 and 750 MPa and a minimum elongation of 10%. Five
solutions obtained from optimization were selected to perform experimental tests. Furthermore, the
hypothesis of a normal distribution of the data was verified.

2.2. Experimental Methods

Figure 2 illustrates the time-temperature-transformation (TTT) and continuous cooling transformation
(CCT) diagrams calculated using JMatPro (Java-based Materials Properties, 9.0 version, Sente Software
Ltd., Guildford, UK) for the steel investigated. The calculation was performed assuming TIA = 800 ◦C.
Under these conditions of intercritical austenitizing, the software predicts an initial microstructure
consisting of 11.3% ferrite and 88.7% austenite, an intercritical austenite grain size of 8.5 µm and an Ms
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As can be appreciated in the CCT diagram, cooling rates faster than 100 ◦C/s are needed to produce
ferrite + martensite microstructures while cooling rates between 30 and 100 ◦C/s result in ferrite
+ bainite + martensite microstructures. Cooling rates slower than 1 ◦C/s produce microstructures
consisting of ferrite+pearlite and martensite can not be formed under these cooling conditions. It is
noteworthy that, according to the TTT diagram, any isothermal holding at temperatures between 450
and 460 ◦C will produce a transformation of any metastable residual austenite to bainite. Another
important observation is that, for cooling rate slower than 10 ◦C/s, the ferrite volume fraction in
the final microstructure has contributions from the intercritical ferrite present at the beginning of
cooling and the pro-eutectoid ferrite formed on cooling. Ferrite + perlite + bainite microstructures are
produced when the cooling rates are slower than 30 ◦C/s. It is therefore evident that, with the chemical
composition of the steel and using a TIA = 800 ◦C, a wide variety of microstructures, and consequently
of properties can be produced depending on the actual cooling conditions during processing. In this
work, the effect of introducing an interrupted cooling stage (isothermal holding) at 460 ◦C to simulate
the thermal effects of galvanizing on the microstructure and mechanical properties after final cooling
to room temperature is investigated.

The thermal cycles (Figure 1) were simulated using a quenching dilatometer Linseis model L78
RITA (Selb, Germany). The experiments were carried out in both miniature tension test samples
with dimensions presented in Figure 3, and standard test samples of 5 mm × 11 mm × 1.1 mm for
microstructure and microhardness analysis. The tensile tests were performed using a miniature
extensometer (MTS System Corporation, Eden Prairie, MN, USA) MTS model 632.29 with a 5 mm
calibrated gauge length. This extensometer has a strain measuring the range of −10% to 30%, which is
perfectly adequate for the tensile test specimens designed for dilatometry. The tensile tests carried out
using an electromechanical universal testing system MTS model QTEST/100 (MTS System Corporation,
Eden Prairie, MN, USA) at a crosshead speed as 1.5 mm/min. Experimental data were obtained to
provide ultimate tensile strength (UTS), yield strength (0.2% proof stress) and elongation to fracture
(EL). Al experiments were performed by duplicate.
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Figure 3. Dimensions of miniature tensile test specimens used in dilatometry experiments.

For metallographic analysis, the samples were cut in the longitudinal section, prepared using
conventional metallographic techniques and analyzed by scanning electron microscopy (SEM) model
JSM-7800F (JEOL Ltd., Akishima, Japan). Microhardness tests were carried out using a Vickers Tukon
300-FM/10kg microdurometer (Wilson Instruments®, Binghamton, NY, USA) with a 500 gf load applied
during 12 s. The actual initial microstructure of the steel at 800 ◦C for all dilatometry experiments
consists of 35% intercritical ferrite and 65% intercritical austenite with an average intercritical austenite
grain size of 2.8 µm. This later value is about 3 times smaller than the one predicted by JMatPro. CR1
and CR2 are varied between 10–110 ◦C/s, while TG, the galvanizing temperature, is kept constant at
460 ◦C. Finally, the interrupted cooling time (tG) is varied from 3 to 20 s.
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3. Results and Discussion

3.1. Effect of Thermal Cycle on Mechanical Properties

The mechanical properties resulting from the 17 experiments performed (different thermal cycles)
included in the experimental design matrix (Table 3) are listed in Table 4. With these results, the
model coefficients (β) of Equation (1) were determined using the least squares method described by
Rencher [38]. The multivariate variance analysis (MANOVA) was used to evaluate the fit of the model
and identifying which factors and interactions among them were more significant.

Table 4. Mechanical properties for each of the experimental combination (standard deviation in
brackets).

Run

Response Variables

Run

Response Variables

UTS YS EL UTS YS EL

MPa MPa % MPa MPa %

1 1142 (3) 729 (13) 11.3 (3.3) 10 1274 (13) 959 (30) 8.6 (0.6)
2 1174 (34) 754 (21) 12.1 (3.1) 11 1123 (4) 730 (28) 9.9 (1.2)
3 1237 (1) 829 (7) 10.3 (0.5) 12 1187 (9) 828 (17) 10.5 (1.8)
4 1245 (4) 853 (9) 10.8 (0.6) 13 1203 (20) 781 (13) 10.7 (0.3)
5 1264 (6) 890 (19) 8.3 (0.7) 14 1145 (13) 779 (24) 9.4 (1.6)
6 1141 (18) 745 (31) 9.9 (1.6) 15 1199 (8) 844 (33) 9.5 (1.1)
7 1131 (32) 725 (18) 10.7 (0.9) 16 1166 (12) 777 (16) 10.1 (0.8)
8 1226 (3) 841 (20) 8.6 (1.3) 17 1294 (31) 1015 (11) 8.0 (0.6)
9 1196 (8) 791 (11) 9.8 (0.8) - - - -

3.2. Development of Statistical Model

Before making the estimation of the parameters of the model, it is important to determine if
the response variables are correlated. The answer to this question allows to select the method that
should be employed to estimate the β parameters, that is, whether the calculations should be done
using univariate or multivariate methods. To this end, the Pearson correlation test was used. This test
calculates the correlation coefficient between the response variables considered. If one variable tends
to increase while the others decrease, the correlation coefficient is negative. On the other hand, if the
two variables tend to increase at the same time, the correlation coefficient is positive. The hypothesis
test performed is as follows [41], H0: r = 0 versus H1: r , 0 where r is the correlation between a pair
of variables.

The null hypothesis H0 indicates that there is no correlation between the variables analyzed. Thus,
the p-value is used to reject or not the null hypothesis, that is, if the P-value is less than the value of
alpha (α = 0.05) the null hypothesis is rejected and therefore the variables could be correlated. The
level of alpha often used is 0.05 which means that the possibility of finding an effect that does not really
exist is only 5%. Then, when the alpha value is equal to 0.05, the results can be accepted with 95%
confidence [41].

Table 5 presents the results of the Pearson correlation test applied to the y responses showed a
Table 4. As can be seen at Table 5, all the p-values are less than 0.05 (α = 0.05), which means that, with
95% confidence, the responses variables (UTS, YS and EL) are correlated with each other.

Table 5. Pearson correlation test between the response variables.

Variable UTS YS

YS 0.926
0.000 -

EL −0.570
0.017

−0.717
0.001

Contents of the cell: Pearson Correlation
p-value
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Pearson correlation values demonstrate that the correlation between UTS and YS is positive, that
is, when the UTS increases the YS tends to increase. However, when these two variables increase the
elongation decreases since the EL presents a negative correlation with YS and UTS. From physical
metallurgy point of view, these results are completely coherent. Since the response variables are
correlated and several input variables (x’s) are considered, the linear regression model must be
calculated using the equations for multivariate modeling (Equations (3) and (4)). The resulting
models are:

UTS (MPa) = 1241.7 + 0.6368CR1 − 9.0971tG + 0.3278CR2 (6)

YS (MPa) = 868.05 + 1.0918CR1 − 12.836tG + 0.4549CR2 (7)

E (%) = 9.772− 0.0204CR1 + 0.1099tG + 0.001639CR2 (8)

Analyzing the values of the β coefficients of the model for UTS (Equation (6)), it becomes evident
that cooling rates CR1 and CR2 have a positive linear relationship with the UTS. In contrast, the cooling
interruption time (tG) at 460 ◦C has a negative linear relationship with the UTS. The variable that has
the greatest impact on UTS is tG at 460 ◦C, where increasing tG causes a decrease in UTS. The same
behavior is noted for YS, but for EL the cooling rate CR1 and the time tG have opposite effects than
those presented by UTS and YS.

As can be seen in the calculated TTT or CCT diagrams of Figure 2, interruption of cooling at
460 ◦C causes an isothermal transformation of metastable austenite to bainite. Therefore, the UTS
and YS at room temperature of the steel will decrease with increasing tG since smaller amounts of
martensite would be present at room temperature after the final cooling.

The multivariate determination coefficient (R2) was calculated according to Equation (5): R2 = 91%.
This result indicates that the model has a good fit since the coefficient of determination is greater than
80% [41]. It can be that 91% of the variability of the process is explained. The models in Equations (6)–(8)
allow optimizing the heat treatment process using the optimization algorithm NSGA II and helps to
predict the behavior of the process considering input variables changes.

After estimating the coefficients, it is important to verify if the data satisfy some assumptions,
which according to Montgomery [41] are:

a) The variance of the errors (residuals) must be homogeneous;
b) Errors must be independent;
c) Errors must have a normal distribution.

Using the Henze-Zirkler multivariate normality test [42], the normality of the data can be verified.
The p-value of the Henze-Zirkler test for the calculated models was 0.0829 indicating that the data
follows a normal distribution and therefore comply with part of the assumptions for multivariate
variance analysis. To verify the homogeneity of the variance, another statistical test is performed called
the Breusch-Pagan test. The null hypothesis of this test is that the variance is homogeneous over the
residuals of the model. If this is not the case (rejection of H0), the model can lose its efficiency and
makes erroneous predictions [43]. The variance of the models (Equations (6)–(8)) is homogeneous
since the p-values of the tests were greater than α = 0.05 according to the results in Table 6.

Table 6. Breusch-Pagan test for verification of the homogeneity of the variance of the residuals for each
response variable.

Studentized Breusch-Pagan Test

Model p-Value

(UTS ~ V1 + t2 + V2) 0.71
(YS ~ V1 + t2 + V2) 0.2588
(EL ~ V1 + t2 + V2) 0.6142
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Once the model data satisfies the assumptions for statistical analysis, the next step is to verify the
effect of the input variables and their interactions over the UTS, YS, and EL. Thus, the multivariate
variance analysis (MANOVA) was carried out using the Wilks test. The results of the p-values for each
input variable and the first order interactions between them are presented in Table 7.

Table 7. p-Values for multivariate analysis of variance (MANOVA).

Terms Valor–P

V1 0.0432031
t2 0.0003479
V2 0.5830329

V1t2 0.7387451
t2V2 0.8638424
V1V2 0.6460354

In this case, the null hypothesis (H0) is that the variable under analysis is not significant.
According to the results in Table 7, the interactions between the input variables are not significant
(p-value > α = 0.05). The results also show that CR2 is not significant. However, it was assumed
that this variable is significant considering that, from physical metallurgy point of view, CR2 does
play an important role in the transformation to martensite of any residual austenite at the end of the
interruption of cooling at 460 ◦C. Of course, this is important when considering the thermal cycles
involved in continuous galvanizing.

The hypothesis tests carried out as part of the inferential analysis indicated that the models
obtained have a good performance (R2 = 91%). Thus, Equations 6-8 were used as objective functions in
the optimization of input variables, as will be shown in the next sections.

3.3. Optimization

Process optimization techniques allow the selecting of the best parameters combination from a
set of available alternatives. The problem to be optimized is defined by an objective function that
returns as a result a real value or a vector of real values. Multi-objective optimization is used when it is
necessary to optimize more than one objective function simultaneously, where the solution is composed
of a set of optimal elements and, generally, it needs a decision maker to select one of them [40].

In this research it is sought to minimize the resistance to yield (YS) and to maximize both the
ultimate tensile strength (UTS) and elongation (EL). The objective functions used in the optimization
process are the statistical models presented in Equations (6)–(8).

The results of the optimization are presented in the form of a Pareto Front graph, as illustrated in
Figure 4. The graph presents the set of optimal solutions in the target space where all the objectives in
play are considered. All the options presented in the Pareto Front are equally valid [40]. The next step
is to perform experimental tests with solutions presented in the Pareto Front.

Of the 21 optimal solutions presented in Figure 4, five conditions were selected to corroborate
de optimization experimentally and the mechanical properties results are presented in Table 8. The
criterion for selecting the conditions for the experimental test was that they should comply with a
minimum UTS of 1100 MPa, YS between 550 and 750 MPa and a minimum elongation of 10%.

The five conditions selected were run experimentally using the miniature tensile test specimens
designed to perform dilatometry thermal cycles. The mechanical properties were measured, and their
results compared with those calculated by the model (Figure 5). The error in the prediction of the UTS
is less than 3.4%, in the YS it is less than 7.7% and that of the elongation to fracture is less than 7.6%.
These results indicate that the models obtained have a very good predictive capacity since they present
errors of less than 10% [31].
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Figure 5. Results of mechanical properties for the experimental tests with optimization results.

In addition, the thermal TVF-3 presented in Table 8 can be used to produce dual phase steel
(DP1100) that is desired in this investigation. It is worth mentioning that this condition results in a
YS/UTS ratio of 0.66. This value is important because dual phase steels must have very good formability
for the manufacture of components for the automotive industry, so it is important to minimize the
YS/UTS ratio. Figure 6 presents the microstructure of this condition where the thermal cycle is optimized.
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the microstructure was quantified by metallography and is formed by 13% martensite (α’), 32% bainite
(B) and 55% ferrite (α).
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Figure 6. Microstructure of TVF-3 heat treated sample: (a) 2500× and (b) 10,000×; B: Cainite; α: Ferrite
and α’: Martensite.

3.4. Effects of Process Parameters

In the manufacturing of galvanizing DP-AHSS steels, the cooling rate (CR1) must be fast enough
to avoid the formation of perlite or bainite and retain carbon in solution in the metastable austenite
until the transformation to martensite takes place at T < Ms. With the statistical models developed in
this work (Equations (6)–(8)) it is possible to predict the effect of CR1 over the mechanical properties to
DP steel, as shown in Figure 7. To plot this graph, the secondary cooling rate (CR2) was kept constant
at 25◦C/s and tG at 13 s. As can be seen, both the UTS and YS tend to decrease with slower initial
cooling rates (CR1).

Metals 2019, 9, 703  15  of  19 

 

constant at 25°C/s and tG at 13 s. As can be seen, both the UTS and YS tend to decrease with slower 

initial cooling rates (CR1). 

 

Figure 7. Effect of CR1 on mechanical properties of dual phase (DP) steel. Calculations with statistical 

models. 

According  to  these  results,  a  galvanizing DP  steel with  a minimum UTS  of  1100 MPa, YS 

between 550 and 750 MPa and a minimum elongation to fracture of 10% can be produced using values 

of CR1 between 10 °C/s and 30 °C/s with the other parameters constants at: HR1 = 35 °C/s; TIA = 800 

°C, t2 = 60 s; tG = 13s, TG = 460 °C and CR2 = 25 °C/s. 

During the time of  interruption of cooling at 460 °C, a certain amount of metastable residual 

austenite is available which, during the isothermal holding transforms to bainite as can be seen in 

both  the TTT and CTT diagrams presented  in Figure 2. These  transformations have a  significant 

impact on the mechanical properties of a galvanizing DP steel, as can be seen in Figure 8. With the 

increase of tG at 460 °C the UTS and the YS decreases, and the elongation increases. Thus, in order to 

ensure  the  desired mechanical  properties  (UTS  >  1100 MPa, YS  between  550  and  750 MPa  and 

elongation to fracture greater than 10%), the time of interruption of cooling must be between 13 and 

17 s when the other process variables are set to: HR1 = 35 °C/s; TIA = 800 °C, t2 = 60 s; CR1 = 13 °C/s, TG 

= 460 °C and CR2 = 25 °C/s. 

 

Figure 8. Effect of interruption of cooling (tG) on the mechanical properties of DP steel. Calculations 

with statistical models. 

Figure 8 shows that as tG increases, the UTS decreases and this behavior is associated with the 

formation of lower strength microstructures. The formation of bainite and consequently the decrease 

in the fraction of martensite in the microstructure causes the observed decrease in tensile strength. 

According to the TTT and CCT diagrams (Figure 2), the transformation of metastable austenite to 

bainite occurs during the interruption of cooling. Fonstein [1] reported that there is little information 

0 20 40 60 80 100 120
0

200

400

600

800

1000

1200

1400

E
L 

(%
)

U
T

S
, 

Y
S

 (
M

P
a

)

CR
1
 (°C/s) UTS

 YS

0

5

10

15

20

25

30

 EL

t
G
 = 13s

CR
2
 = 25°C/s

0 3 6 9 12 15 18 21 24
0

200

400

600

800

1000

1200

1400

t
G
 (s) UTS

 YS

U
T

S
, 

Y
S

 (
M

P
a)

E
L 

(%
)

0

5

10

15

20

25

30

CR
1
 = 13°C/s

CR
2
 = 25°C/s EL

Figure 7. Effect of CR1 on mechanical properties of dual phase (DP) steel. Calculations with
statistical models.

According to these results, a galvanizing DP steel with a minimum UTS of 1100 MPa, YS between
550 and 750 MPa and a minimum elongation to fracture of 10% can be produced using values of CR1
between 10 ◦C/s and 30 ◦C/s with the other parameters constants at: HR1 = 35 ◦C/s; TIA = 800 ◦C,
t2 = 60 s; tG = 13s, TG = 460 ◦C and CR2 = 25 ◦C/s.
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During the time of interruption of cooling at 460 ◦C, a certain amount of metastable residual
austenite is available which, during the isothermal holding transforms to bainite as can be seen in both
the TTT and CTT diagrams presented in Figure 2. These transformations have a significant impact
on the mechanical properties of a galvanizing DP steel, as can be seen in Figure 8. With the increase
of tG at 460 ◦C the UTS and the YS decreases, and the elongation increases. Thus, in order to ensure
the desired mechanical properties (UTS > 1100 MPa, YS between 550 and 750 MPa and elongation to
fracture greater than 10%), the time of interruption of cooling must be between 13 and 17 s when the
other process variables are set to: HR1 = 35 ◦C/s; TIA = 800 ◦C, t2 = 60 s; CR1 = 13 ◦C/s, TG = 460 ◦C
and CR2 = 25 ◦C/s.
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Figure 8. Effect of interruption of cooling (tG) on the mechanical properties of DP steel. Calculations
with statistical models.

Figure 8 shows that as tG increases, the UTS decreases and this behavior is associated with the
formation of lower strength microstructures. The formation of bainite and consequently the decrease
in the fraction of martensite in the microstructure causes the observed decrease in tensile strength.
According to the TTT and CCT diagrams (Figure 2), the transformation of metastable austenite to
bainite occurs during the interruption of cooling. Fonstein [1] reported that there is little information
about the effect of the presence of bainite in DP steels. However, some data indicate that the hardening
generated by bainite in DP steels is weaker than that generated by the presence of martensite. Also,
Fonstein et.al [44] report that a 10% replacement of martensite by bainite decreases the UTS in 40 MPa.

The transformation of austenite during the interruption of cooling at 460 ◦C can be of vital
importance since, in general, the martensite start-temperature (Ms) of most industrial DP-steel grades
are lower than 450 ◦C. Therefore, the formation of bainite in processes that involve interruption of
cooling, such continuous galvanizing, can inhibit the formation of martensite and, consequently, the
desired strength in the steel will not be obtained.

It can be seen in Figure 9 that the final cooling rate (CR2) does not significantly influence the final
mechanical properties. This result is similar to that reported by other researchers [1], who suggest that
this final cooling rate (CR2) does not have a significant influence on the strength of the steel. The reason
for this suggestion is that the amount of martensite generated is determined by the initial cooling rate
in thermal cycles to obtain DP-steels without interrupted cooling at 460 ◦C. However, in this work, the
isothermal holding at 460 ◦C prior to the final cooling produces residual metastable austenite with
more carbon compared to the intercritical austenite and then the final rate for the transformation of the
residual austenite has a significant effect in the UTS. Furthermore, using HR1 = 35 ◦C/s; TIA = 800 ◦C,
t2 = 60 s; CR1 = 13 ◦C/s, TG = 460 ◦C and tG = 13 s, it is possible to obtain a galvanizing DP steel with
minimum UTS of 1100 MPa, YS between 550 and 750 MPa and a minimum elongation of 10% with the
final cooling rate (CR2) between 10 and 70 ◦C/s.
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Figure 9. Effect of CR2 on UTS mechanical properties in DP steel. Calculations with statistical models.

Analysis of the effect of the process variables of the thermal cycle presented in Figure 1 on the
mechanical properties of the steel using and the statistical models developed, allow defining a process
window in which the process parameters can be combined, so that the DP1100 steel can be produced.
Of course, the applicability of the models developed is limited to the specific chemical composition and
amount of deformation by cold rolling of the steel for which they were developed. In the present case,
processing with HR1 = 35 ◦C/s; TIA = 800 ◦C, t2 = 60 s; CR1 = 12–30 ◦C/s, TG = 460 ◦C, tG = 13–17 s and
CR2 = 15–30 ◦C/s, allow to obtain galvanizing DP steel with a minimum UTS of 1100 MPa, a maximum
YS of 750 MPa and a minimum elongation to fracture of 10%.

It is important to emphasize that, from the results of the present investigation, it is clear that the
holding time at 460 ◦C has the greatest influence on the resulting mechanical properties. The decrease
in UTS when tG is increased is related to the lower amount of martensite produced as a result of the
final cooling, due to the formation of bainite during the holding period at 460 ◦C. These results are in
accordance with those reported by Bellhouse [2] that studied the effect of the holding time at 465 ◦C on
the mechanical properties and microstructure of TRIP steels using a thermal cycle very similar to the
one used in this work.

4. Conclusions

The models developed using the multivariate analysis combined with multi-objective optimization
shown good prediction capabilities for the mechanical properties of DP steels processed under
continuous galvanizing conditions with a prediction error less than 10%. With this model it is possible
to design, from very specific chemical composition, different grades of galvanized DP steels with UTS
higher than 1100 MPa.

It is possible to obtain dual phase microstructures with the steel chemistry selected in this
investigation and the intercritical austenitization temperature of 800 ◦C. For this, an initial cooling rate
to 460 ◦C of 13 ◦C/s, an interruption of cooling of 13 s at 460 ◦C and a final cooling rate of 25 ◦C/s seem
to be most appropriate.

In relation to the effect of the heat treatment parameters, the results show that the holding time at
the temperature of the zinc bath (460 ◦C) is the most significant variable for the processing of galvanized
DP steels. The evolution of the microstructure and the final mechanical properties of these steel grades
are directly controlled by this process parameter. The tG has a strong impact on the UTS, due to the
transformation of the metastable austenite to bainite that causes that the UTS and YS decrease as the
time of interruption increases.

Furthermore, the multivariate model results are agreed with the metallurgist knowledge about
the phenomenon discussed in this study and the methodology applied can be used to another dataset
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like the variables used in this investigation, but it is important to consider the specific characteristics of
each industrial process.
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