metals

Article

Predictive Modeling of Hardness Values and Phase Fraction
Percentages in Micro-Alloyed Steel during Heat Treatment

Using Al

Ankur Bassi, Soham Tushar Bodas, Syed Shuja Hasan, Gaganpreet Sidhu and Seshasai Srinivasan *

check for
updates

Citation: Bassi, A.; Bodas, S.T.; Hasan,
S.S.; Sidhu, G.; Srinivasan, S.
Predictive Modeling of Hardness
Values and Phase Fraction Percentages
in Micro-Alloyed Steel during Heat
Treatment Using Al Metals 2024, 14,
49. https://doi.org/10.3390/
met14010049

Academic Editor: Zhenyu Liu

Received: 20 November 2023
Revised: 18 December 2023

Accepted: 27 December 2023
Published: 30 December 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

W Booth School of Engineering Practice and Technology, McMaster University, Hamilton, ON L8S 4L8, Canada;
bassia8@mcmaster.ca (A.B.); bodass@mcmaster.ca (S.T.B.); hasans54@mcmaster.ca (S.S.H.);
sidhugl@mcmaster.ca (G.S.)

* Correspondence: ssriniv@mcmaster.ca; Tel.: +1-905-525-9140 (ext. 20293)

Abstract: In this work, we have proposed an Al-based model that can simultaneously predict
the hardness and phase fraction percentages of micro-alloyed steel with a predefined chemical
composition and thermomechanical processing conditions. Specifically, the model uses a feed-forward
neural network enhanced by the ensemble method. The model has been trained on experimental
data derived from continuous cooling transformation (CCT) diagrams of 39 different steels. The
inputs to the model include a cooling profile defined by a set of time-temperature values and the
chemical composition of the steel. Sensitivity analysis was performed on the validated model to
understand the impact of key input variables, including individual alloys and the thermomechanical
processing conditions. This analysis, which measures the variability in output in response to changes
in a specific input variable, showed excellent agreement with experimental data and the trends in the
literature. Thus, our model not only predicts steel properties under varied cooling conditions but
also aligns with existing theoretical knowledge and experimental data.

Keywords: multiphase steels; thermomechanical processing; neural network model; mechanical
properties; continuous cooling transformation

1. Introduction

Steel’s ubiquitous application worldwide necessitates variants with specific properties,
such as hardness, ductility, and tensile strength. These attributes are governed by the phase
fractions within the steel’s microstructure [1-3]. This microstructure is determined by a
combination of factors, including the steel’s chemical composition and the thermomechani-
cal processing employed [4-6]. Thus, the ability to predict these properties based on the
steel’s microstructure has become an area of intensive research intended to enhance the
performance of steel in various applications.

Steel manufacturing entails the meticulous selection and proportioning of materials
to yield the desired mechanical properties. The process involves heating steel to a high
temperature, followed by a controlled cooling phase—a process known as continuous
cooling transformation (CCT). This method is instrumental in bestowing steel with its
characteristic properties.

Earlier researchers focused on the relationship between the mechanical properties
and microstructure of steel, offering significant insight into the roles of dislocation density,
lath thickness, alloying elements, and volume fractions of secondary particles. However,
predicting these properties remains a complex challenge due to the numerous variables,
ranging from the constituent alloying elements to the rolling and cooling conditions [1-4].
Neurocomputing techniques are very useful tools in such scenarios to unearth and establish
the relationships between various parameters in complex engineering and natural science
processes. Consequently, in this work, we have employed neural network techniques
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to understand the mechanical properties and phase fractions of steel with respect to its
chemical composition and thermomechanical processing.

In light of previous research [7-11] showing the effectiveness and suitability of neural
network models for solving such challenges, this study aims to develop a neural network
model capable of predicting the microstructural phase fractions and hardness values of steel,
based on its chemical composition and heat treatment profile. Our focus lies in identifying
the optimal continuous cooling transformation that yields the desired mechanical properties
of steel. Specifically, this research has three primary tasks:

1.  Curate a comprehensive steel database from the CCT diagrams in the steel atlas [12].
This database will encompass an exhaustive set of temperature-time cooling profiles of
a variety of steels with various alloying element combinations and the corresponding
phase fractions and hardness values obtained from the thermomechanical processing
of the steel.

2. Develop a neural network model capable of simultaneously predicting the hard-
ness values of steel and microstructure phase fractions, given its composition and
continuous cooling transformation profile.

3. Demonstrate the practical utility of this model and conduct a sensitivity analysis on
the model to understand the impact of key input variables on the predicted output,
providing further insight into the relationships between steel composition as well as
heat treatment processes, and the resulting properties.

As evident from the literature survey below, to the best of our knowledge, there is no
single model that works for a combination of low-, medium-, and high-carbon steels. Most
works focus on one of these steel types with a few variations in the alloying elements.

2. Literature Review

ATl has been used for a variety of studies in materials science, including steel research.
For instance, the study by Huang et al. [7] effectively utilized 1400 datasets, which included
billet compositions, control parameters of the rolling process, and mechanical properties of
the rolled steel bars, as inputs to the neural network. The Al analyzer confidently predicted
critical factors such as yield strength, tensile strength, and elongation percentage for the
rolled steel bars. Their algorithm could precisely set the related control parameters on
the bar rolling process to enhance the quality of steel bars while simultaneously reducing
production costs [7].

Monajati et al. [8] used an artificial neural network (ANN) to analyze how processing
parameters affect the formability of deep drawing quality (DDQ) steel sheets. To accurately
model the mechanical and formability properties such as yield strength, work hardening
exponent, and anisotropy, a detailed description of the material’s chemical composition
was necessary. This resulted in the use of 19 input variables to analyze the properties.
The optimal results were achieved using two hidden layers with 19 neurons each. After
constructing the model, the researchers investigated the influence of various parameters on
the formability of carbon steel. For instance, they examined the effect of carbon content by
varying it in the range [0.0032, 0.062] while keeping all other parameters constant [8].

The researchers also analyzed the effects of finishing and coiling temperatures (FT and
CT) on steel’s properties. To do this, they used all parameters except for FT and CT, which
were varied in the range [854C, 910C] and [540C, 625C], respectively. Finally, the effects of
heating rate and soaking time were studied by varying these parameters.

In another study, Sterjovski et al. [9] evaluated the effectiveness of three back-propagation
artificial neural network models in predicting various mechanical properties of steel. Specif-
ically, the authors studied the impact toughness of quenched and tempered pressure vessel
steel exposed to multiple post-weld heat treatment cycles, the hardness of the simulated
heat-affected zone in the pipeline and tap fitting steels after in-service welding, and the hot
ductility and hot strength of various micro-alloyed steels in the continuous casting process.
The ANN (Artificial Neural Network) proved to be successful in predicting these properties,
as demonstrated by the close match between the predicted and actual experimental values.
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The authors utilized 150,000-500,000 cycles/iterations to minimize and stabilize the RMS
error. The study also examined four micro-alloyed steels (Nb, Nb-Ti, Ti, and C-Mn-Al) of
various chemical compositions, employing tensile test specimens that were cylindrical in
shape with a 10 mm diameter and gauge length of 95 mm [9].

Sidhu et al. [10] employed artificial neural networks to determine the volume fraction
of bainite in isothermally treated low-carbon steel. The dataset, which consisted of 437 data
points, was analyzed through a rigorous comparison of the performance of 25 networks.
The neural networks” input included vital information such as chemical composition
(C, Si, Mo, Cr, V, Ni, Mn), the highest temperature of bainite formation, the isothermal
transformation temperature, and the transformation time. Additionally, the study delved
into analyzing the impact of the alloying element composition on bainite volume fraction,
and the results obtained were in line with established metallurgical theory. This study
successfully demonstrated the capability of artificial neural networks to accurately predict
bainite volume fraction, thereby paving the way for further advancements in the field of
metallurgy [10].

In another study by the same authors [11], training was executed on a dataset consist-
ing of 175 data points to predict the hardness of steel. The study considered not only the
chemical composition but also the heat treatment conditions, specifically the austenitization
temperature (Taus), isothermal transformation time (tiso), and isothermal transformation
temperature (Tiso). The network’s performance was evaluated by applying the remaining
47 data points from the database, which were not included in the initial training. Further-
more, the model was employed to predict the hardness of five newly designed bainitic
steels [11].

Sidhu et al. [13] employed Al and the particle swarm optimization (PSO) algorithm
to obtain the optimal chemical composition and heat treatment conditions to obtain steels
with the desired hardness. The combination of Al with the particle swarm algorithm
resulted in a fast and accurate global search on a multi-dimensional search space to obtain
steels with a specific hardness value. The authors used a simple objective function that was
expressed as:

o HV —-H Vtarget
H Vtarget

7

‘ C
Ctar get

where F is the objective function, HV is Vicker’s hardness, and C is cost ($/gram). Here,
the cost was minimized with the PSO algorithm. The PSO used a hardness value, and C
was calculated from a reduced-order hardness model and was a function of the alloying
elements and thermomechanical processing conditions [13].

Huang et al. [14] used TTT diagrams to study the microstructure of stainless steel. To
extract information from such diagrams, different machine learning (ML) algorithms were
employed, and the results were compared to check the accuracy. The algorithms, including
BP artificial neural network, Random Committee, Random Forest, and Bagging, were
developed for the prediction of TTT diagrams with relevant descriptors comprising the
alloying elements, austenitizing temperature, and holding time. The results showed that
such combinations could achieve high predictive accuracy on TTT diagrams of stainless
steel with a high correlation coefficient value and low root mean squared error value.

Finally, Geng et al. [15] used CCT diagrams to extract data and discussed their signifi-
cance. In this study, machine learning approaches were used to predict the CCT diagrams
of tool steels using relevant material descriptors, including the chemical composition,
austenitizing temperature, and cooling rate. The authors demonstrated that Random Forest
proved to be the best model to accurately predict the pearlite transition temperature and
martensite transformation start temperature. They found that K-Nearest Neighbors and
Bagging were suitable models for predicting the start and end temperatures of bainite
formation, respectively. These optimal models were then used to predict the CCT diagrams
of T8, 6CrW2Si, 4CrMoV, CrMn, and Cr12W.

Drawing from this literature, in this work, we employ the principles of machine
learning to simultaneously determine the mechanical properties and phase fractions of
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any steel that undergoes a continuous cooling transformation. In doing so, this work has
focused on developing a generic model that is applicable to low-, medium-, and high-
carbon steels. Specifically, the inputs to the algorithm include the chemical composition
and cooling profile of the steel, and the outputs from the algorithm include the hardness
and phase fractions of martensite, bainite, perlite, and untransformed austenite.

3. Methods
3.1. Database Creation

Continuous cooling transformation (CCT) is a fast and energy-efficient approach to
designing steels with an array of mechanical properties. In conjunction with the alloying
elements, this thermomechanical processing schedule with a variety of possible cooling
profiles results in unique microstructures with a combination of phase fractions that can
result in specific mechanical properties.

In constructing the database for this study, we extracted the cooling profiles [16] and
resulting Vickers hardness values from the CCT diagrams of various types of steel listed
in the steel atlas 24 [12]. Specifically, data from 39 different steels were collected with
multiple cooling profiles for these steels. Thus, a total of 380 records were obtained. An
example of the extracted cooling profiles and other relevant data from the digitized images
in the atlas is shown in Figure 1. Each extracted record had information pertaining to
the temperature-dependent cooling profile, chemical composition, phase fractions, and
hardness value of the resulting steel. Tables 1 and 2 summarize the input and output
parameters, respectively, along with the ranges of these parameters.

To address the limited size of the dataset and account for the expected experimental
variability, we implemented a data augmentation strategy. Specifically, in this approach,
we adjusted the hardness values by 1-0.2% while keeping other input parameters constant.
This helped expand the dataset to 1134 records. Next, the augmented dataset was shuffled,
and 80% of the dataset was randomly allotted for training, and the remaining was used
for testing.
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Figure 1. Red lines are examples of the cooling profiles extracted from the digitized images in the
steel atlas [12].
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Table 1. Range of input parameters, i.e., chemical composition and thermomechanical processing

conditions.
Input Parameter Range
C (wt%) 0.1-2.19
Si (wt%) 0-1.05
Ni (wt%) 0-3.03
Mn (wt%) 0.2-1.98
Mo (wt%) 0-0.56
Cr (wt%) 0-13.12
V (wt%) 0-0.31
Cu (wt%) 0-0.91
Al (Wt%) 0-0.063
N (wt%) 0-0.003
P (wt%) 0-0.44
S (wt%) 0-0.29
B (wt%) 0-0.05
W (wt%) 0-1.15
Ti (wt%) 0-0.18
T (C) 140.48-1774.62
t(s) 0.100122-188,000

Table 2. Distribution of the output parameters, i.e., phase fractions.

Output Range (%)
Austenite 0-30
Ferrite 0-92
Bainite 0-100
Martensite 0-100
Pearlite 0-100

3.2. Description of the Cooling Profile

Three distinct approaches were considered to represent the cooling profile (time—
temperature relationship) for input into the neural network (NN):

3.2.1. Lagrange Interpolating Polynomial

This strategy involved fitting a second-degree Lagrange polynomial [17] to 3 selected
time—temperature pairs (e.g., the first, fourth, and eighth). The 3 coefficients of the poly-
nomial were extracted and used as input features for the NN. Specifically, each cooling
profile extracted from the atlas was defined by a set of 8 time-temperature points. To
create a second-degree Lagrange polynomial, 3 specific data points were selected from
this set of time-temperature points, i.e., (t; 1, T1), (4 , Ts) and (g, Tg), where the subscript
indicates the data point from the set. These points were strategically chosen to provide a
representative snapshot of the entire cooling profile, capturing key characteristics of the
underlying function. A second-degree Lagrange polynomial was constructed using these
3 data points.

In(t1, f(t1)), (ta, f(ta)), (s, f(£8)), t1, ts, and tg are the time values and f(t1), f(t4), f (ts)
are their corresponding temperatures. The cooling profile can be written as:

T(t) = f(t1) - Ly + f(ta) - Lag) + f(ts) - Lg(p 1)
where the Lagrange-based polynomials, L;(;), are given by:

_ (-t (t—tg)
b = (t1— ti)(tl —8158) 2
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(t—t)(t— ts)
Ly = 2b
T (b — 1) (b — t5) (20)
(t—t1)(t —ta)
Lgipy = 2c
8O 7 (b —t1) (b — ta) €
Substituting these into the expression for T, we get:
(t —ta)(t —tg) (t—t)(t —tg) (t—t1)(t —ta)
T(t) = f(¢ + f(¢ + (¢ 3
() f( l)(t1—t4><t1—t8) f( 4)(t4—t1)(t4—f8) f( 8)(fg—t1)(t8—t4) ( )
This is analogous to a standard polynomial [18,19] of the form:
T(t) = at®> + bt +c 4)

The coefficients 4, b, and c can be determined by expanding the expression in Equation (3)
and collecting like terms. Next, the constructed polynomial was evaluated at all of the
given time values in the dataset to deduce the corresponding temperature values. The
temperature predicted by the polynomial was compared with the temperature from the
value extracted from the CCT profile to establish the accuracy of the profile described by
Equation (4).

3.2.2. Least Squares Approximation

In this approach, we utilized all 8 available time-temperature pairs to fit a second-
degree polynomial using the least squares method. The 3 coefficients of the polynomial
were then used as inputs to the NN. To calculate the coefficients, unlike the Lagrange
polynomials method, which only used 3 specific points in every cooling profile, the least
squares method considered the entire dataset, seeking to minimize the sum of the squares
of the differences between the predicted and true y-values.

The mathematical formulation of the second-degree polynomial is as described in
Equation (4), where the coefficients 4, b, and ¢ are determined by solving a system of linear
equations that result from minimizing the sum of the squared errors:

Error = (ES) (yi - (axz + bx; + C)>2 (5)
(i=1) l

In the above equation, y; is the actual temperature in the profile in the dataset. By
solving this optimization problem, the coefficients were obtained to represent the best-
fitting polynomial for the 8 data points.

Table 3 shows the results of the mean relative error (MRE) obtained after transforming
the data using the above two mentioned methods and feeding the inputs to the NN model
for training and testing. As seen in this table, the least squares approach was more accurate.
This was expected since it used more information from every profile to determine the
coefficients in Equation (4).

Table 3. Mean relative error (MRE) from the two cooling profile functionals.

Lagrange Interpolation MRE Least Squares Approximation MRE
Mode 82.0975 12.9347
Mean 5.6517 2.26397
Median 2.7776 1.4660

3.2.3. Directly Using All Temperature-Time Pairs

Finally, in this strategy, we directly employed all of the time-temperature pairs from
the cooling profile as inputs into the NN, preserving the complete information about the
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cooling profile. There were no errors associated with this approach since the true cooling
profile was directly used as input to train the neural networks.

As expected, after analyzing the three approaches, the third option—directly using all
of the temperature—time pairs—was found to yield the most accurate results. By avoiding
the constraints and potential errors associated with polynomial fitting, this approach
leveraged the power of the NN to capture the underlying complexity of the cooling profile.

3.3. Neural Network Architecture for Hardness

In this research, a three-layer neural network known as a multi-layer perceptron
(MLP), a type of feed-forward neural network, was employed. MLP was chosen because
of its ability to manage multiple inputs, model non-linear relationships, and its flexibility
towards architectural modifications. This made it well-suited for predicting steel hardness
based on a dataset consisting of 23 features.

A schematic of the NN employed in this work is shown in Figure 2. As seen in this
figure, the third layer of the network, i.e., the output layer, consisted of a single neuron,
and the output of this neuron corresponded to the hardness value of steel with a given
composition and thermomechanical processing schedule. The number of neurons (nH) in
the first layer corresponded to the number of input parameters that were supplied to the
NN. Specifically, the inputs to the NN included the concentrations of 15 alloying elements
and a set of 8 time-temperature coordinates that helped to define the cooling profile, all
of which were independent of each other. The second layer was the hidden layer, which
had the same number of neurons as the input layer. This number was obtained after an
exhaustive analysis of the different number of neurons in this layer and a combination of
various hyperparameters, eventually confirming that using 31 neurons in the hidden layer
provided the best R2 value for the NN predictions. The need for this rigorous exploration
stemmed from the fact that, usually, the number of neurons in these hidden layers can
significantly impact both the accuracy and complexity of the neural network [20]. Too
few neurons may inadequately capture the trend in the training database, while too many
neurons can result in overfitting of the training dataset [19,20]. Thus, multiple networks
were created to ascertain the optimal number of neurons. The architecture of the neural
network model, including the various hyperparameters, is summarized in Table 4.

Input Layer Hidden Layer Output Layer

i h1 h2 (]
Input 1
Input2
Input 3
Hardness value

Input 4

Input5

Input23

Text isnot SVG - cannot display

Figure 2. The neural network architecture used in this study.
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Table 4. Different values tested for various hyper-parameters of the neural network.

Parameters Value
Hidden layers [1-3]
Neurons in each hidden layer [0-20]
Optimizer SGD, Adam
Activation function RELU, Sigmoid
Batch size 64,128, 256
Epochs 100, 200, 500, 1000
Dropout [0.1-0.4]

3.4. Neural Network Architecture for Phase Fractions

Similarly, the same neural network architecture, the one developed for predicting the
hardness values, was utilized for predicting the phase fractions of the steels. However, in
this case, instead of predicting hardness, the phase fractions of ferrite, martensite, pearlite,
and bainite microstructures were predicted. A distinct neural network with a three-layer
structure consisting of two hidden layers and an output layer was established for each
microstructure prediction. This architecture was consistent with that used by Geng et al. [21]
to determine the phase fractions in low-alloy steels.

3.5. Neural Network Architecture for Phase Fractions

Once the neural network was designed, we conducted a sensitivity analysis to deter-
mine the impact of the individual chemical compositions on the hardness values predicted
by the model. For this, we employed a systematic approach wherein each metal composi-
tion was perturbed in the range [ 5%, +5%], while all other variables were held constant.
This method enabled us to assess the influence of each alloying element on the overall
hardness prediction. Specifically, the focus was on the absolute percentage change in
predicted hardness in response to changes in the individual alloying element content. This
approach elucidated how each composition affected hardness, providing insight into the
critical factors affecting accurate hardness prediction.

It must be noted that this analysis relied on the assumption of independence between
variables, which may only sometimes hold true in complex systems such as micro-alloyed
steel. Additionally, the linearity of the response within the range of —5% to +5% variation
may not be valid for larger perturbations. Nevertheless, this analysis provides valuable pre-
liminary insight into the model’s sensitivity to changes in the chemical composition of steel.

3.6. MLP Training

The pre-processed database was used for the training and testing of the MLP models.
From the dataset, 85% of the data was allocated for training, while the remaining 15%
was reserved for testing. These testing configurations were pivotal in gauging model
performance since the MLP models were not exposed to testing data during the training
phase. The efficacy of an MLP model is intrinsically linked to the training parameter values
chosen for that specific model.

The optimal training parameter combinations for each model were cherry-picked
based on the highest R2 value, computed for each MLP using the formula:

RZ_1_ N i — i) ©)
(i — )
in which N
y= bl @

In the formulas above, N represents the number of steel compositions considered from
the respective dataset. 1j;, y;, and ¥ denote the predicted properties for composition i by the
MLP model, the values derived from the experimental results, and the mean of the values
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from the experimental results, respectively. The search parameters listed in Table 4 outline
the parameters used for each MLP model, corresponding to their R2 values. Finally, the
combination of parameters that gave the most appropriate R2 is summarized in Table 5. The
learning rate was held constant for the models, utilizing the Adam optimization algorithm.

Table 5. Final parameters used for training.

Parameters Value
Hidden layers 2
Neurons in each layer (32,20,20,1)
Optimizer Adam
Activation function RELU
Batch size 128
Epochs 1000
Dropout 0.1

Before training the model, the bias and model weights (w) were initialized using the
Glorot uniform initializer. The weights of neurons in every layer were initialized with
random values from a uniform distribution, U[a, b], where a and b are the bounds of the
distribution. The uniform distribution bounds for the neurons in layer k were dependent
on the number of neurons in the previous layer. Specifically, with n;_; neurons in the
(k — 1)th layer, the initial weight values for the neurons in the kth layer were individually
assigned via the following equation:

-1 1
vt L/”kl’ \/”kl] ®

The weights and bias values were updated during model training via the appropriate
optimization algorithm of each model (c.f. Table 4). The Adam optimization algorithm was
applied to train the MLP models. The Adam algorithm uses the first (mt) and second (vt)
order moments of the predicted cost gradient to update the values of weights and bias. This
algorithm was applied to train the MLP models, using the parameters defined in Table 5.
Following the best practices outlined by Kingma et al. [22], the first (1) and second ([32)
order moment bias values were set to 0.9 and 0.999, respectively. The Adam algorithm
can train models with a higher learning rate and converge more quickly to a set of model
weights and bias values, yielding highly accurate predictions [22]. The learning rate for
the Adam algorithm was initialized to 1 x 1073 and automatically optimized throughout
training by the algorithm.

The cost function is defined by the mean square error (MSE) and includes the predicted
potential energy values in the formulation. Thus, for N steels, MSE is defined as

1
MSE = < Y00y (vi = 9i) ©)

where N is the number of steels in the training set; and for the ith record in this dataset,
¥i, and y; are the steel hardness or phase fraction predictions by the MLP model and the
actual values obtained from the experiment, respectively.

3.7. Termination Criteria of the Training Algorithm

The final models were trained using the optimal parameters summarized in Table 5.
All models used the same termination criteria. With an epoch being a single training
iteration over all training configurations, the model training was terminated if:
1.  The number of epochs reached 1000.
2. The MSE cost was below 1 x 1073.
3. The MSE cost did not improve over the previous 40 epochs.
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These termination criteria were set to limit model training time and prevent over
training. Upon completion of training, the weights and bias values were recorded as the
final values for the respective model.

4. Results and Discussion

In this study, feed-forward neural networks were used to determine steel’s hardness
and microstructure volume fractions. In the sensitivity analysis, we varied individual metal
compositions by 5% and observed the effect on predicted hardness.

4.1. Evaluation of the Neural Network

For the 5 MLP models developed in this study, the coefficient of determination (R2),
described by Equation (6), was the selected indicator of model performance. The coefficient
of determination provides a ‘goodness of fit" with the highest possible value being 1. Higher
values of R2 are desirable as they indicate strong prediction performance. However, R2
values equal to or approaching 1 are undesirable as they are indicative of over-training and
lack of generalization. R2 was computed based on the test dataset of each model (25% of
the dataset), and the results are summarized in Table 6.

Table 6. R2 values for hardness and phase fractions predicted by the MLP model.

MLP Model R2 for Testing R2 for Training and Testing Data
Hardness 0.99 0.99
Ferrite 0.99 0.99
Martensite 0.98 0.99
Pearlite 0.98 0.99
Bainite 0.96 0.98

The results of the training and testing phases are also shown in Figure 3. As seen
in Figure 3a, the hardness points appeared tightly knit, with the diagonal line indicating
an R2 close to 1. This suggested that our model was well-trained and performed well
on the testing set. In view of the fact that the test data for a variety of steels was also
well-predicted, it could be said with confidence that the model was able to predict the
hardness values for a variety of steels with a good level of accuracy.

Figure 3b shows the ferrite fraction of various steels. As seen in this figure, while there
was good agreement with the experimental data, there was some scatter in the training as
well as test data that showed a marked deviation from the experimental data. Nevertheless,
the majority of data aligning along the diagonal was an indicator of good fit.

The prediction of the pearlite fraction for the various steels is shown in Figure 3c. As
seen in this figure, the quality of prediction of the pearlite fraction was very similar to that
of the ferrite fraction. In other words, there was excellent agreement with the experimental
data. While there were a few outliers, the overall R2 value of 0.97 was an excellent indicator
of the accuracy of the model in predicting the fraction of pearlite for a variety of steels.

A similar trend was seen for the prediction of the martensite content in steel. The
results are shown in Figure 3d. As seen in this figure, the martensite fraction was well-
predicted for a variety of steels. More precisely, the R2 value for the martensite fraction
was 0.98. There was a slight increase in the scatter around the phase fraction of 0.4-0.8.
This was expected because of the fewer points in the training and testing datasets for the
fraction of martensite.

Finally, the prediction of the phase fraction of bainite is shown in Figure 3e. As seen
in this figure, unlike the other phases and the hardness value, there was a larger error
in predicting the bainitic phase fraction. Once again, this was attributed to the fewer
data points available for steels with the bainitic phase fraction in the range of 0.4-0.8.
Nevertheless, the R2 value in predicting the bainite fraction was 0.95, indicating a fairly
accurate model for a large variety of steels.
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In summary, based on these results, our models were accurate in predicting both the
phase fractions and hardness. In all models, further enhancements of the models with

additional training were avoided to prevent overfitting.
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Figure 3. Predicted versus true values of: (a) hardness, (b) ferrite fraction, (c) pearlite fraction,
(d) martensite fraction, and (e) bainite fraction.

4.2. Sensitivity Analysis

The models developed in this work included numerous input parameters. In develop-
ing a reasonable model that is not mathematically ill-conditioned, it is essential to evaluate
the parameters for their sensitivity. To determine this, a sensitivity analysis was conducted
on 850 datasets, corresponding to the training data, from the database. For each steel,
one parameter was varied by 5% on either side of its standard value and the effect on
the hardness value was determined. The average effect of each parameter on the training
dataset is shown in Figure 4. As seen in this figure, carbon and chromium had the most
significant impacts on hardness. In the ensuing subsections, we study the impacts of these
two elements in further detail.

Percent change in Hardness

C cr w n Al 5 Cu Mo N !\Ill v Mn P S B
Parameters changed by (+/-)5%

Figure 4. Sensitivity analysis for hardness value based on (£)5% change in each input composition.
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4.2.1. Analysis of the Impact of Carbon Content on the Hardness of Steel

Figure 5 shows the effect of increasing the carbon content on steel’s hardness. In
understanding the trend, in Figure 5a, we observed a rising trend in hardness as the
carbon content in the high-carbon steel increased. The calculated hardness values of the
three standard steels were 885, 872, and 609, which were in excellent agreement with the
experimental hardness values of 890, 885, and 633, respectively. Comparing the three
steels, Steels 1 and 2 showed only a small increase in the hardness value when the carbon
content was increased, indicating a saturation of the martensite content contributing to
the maximum possible hardness values. On the other hand, Steel 3 showed a significant
increase in hardness, as the martensite fraction of the steel was far from saturation.
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Figure 5. Impact of carbon content on the hardness of: (a) high-carbon steel, (b) medium-carbon steel,

(c) low-carbon steel.
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Figure 5b displays interesting results for the medium-carbon steel. Steel 1 reached a
plateau in hardness with an increase in carbon content. More precisely, when the carbon
content was increased by 0.20%wt, the hardness value only increased from 467 to 475. This
suggested that perhaps the other elements played a role in contributing to the hardness
of this particular steel. Steels 2 and 3 showed a significant increase in hardness with an
increase in carbon content. This was probably due to the higher manganese content in
these steels. The original calculated hardness values for Steels 2 and 3 were 640 and 264,
respectively. The maximum hardness values achieved when adding 0.20 wt% carbon were
643 and 188, respectively. Steel 3 exhibited a significant decrease in hardness when the
carbon content was decreased. In fact, for this particular steel, a reduction in the carbon
content put this steel in the low-carbon steel category.

In Figure 5¢, it is particularly intriguing to observe the results for the low-carbon steel.
The graph depicts the highest variation in the increase in hardness when the carbon content
was increased. The experimental hardness values of the standard steels were 205, 294, and
339, respectively, which were a bit higher than the calculated hardness values of 110, 215,
and 284, respectively, for the three steels. Steels 2 and 3 demonstrated considerable increases
in hardness when the carbon content was raised by 0.20 wt%, resulting in hardness values
of 246 and 329, respectively. Steel 1, on the other hand, showed a relatively lower impact
from an increase in carbon content, indicating that other alloying elements (most likely the
low chromium content) contributed to its hardness as well.

In general, our model predicted that hardness increases with the carbon content of steel,
and this is consistent with the findings in the literature. For example, Wang et al. [23] found
that with increasing carbon content in steel, the hardness increased and impact toughness
distinctly decreased due to the increasing supersaturation of carbon and refinement of
martensite [23]. Similarly, Sotoodeh et al. [24] found that increasing the carbon content
increased the mechanical strength and hardness but decreased the ductility and weldability
of carbon steel. According to another study, the level of carbon content impacted both
martensite hardness and hardenability. As the carbon content and martensite fraction
increased, so did the hardness and strength [25].

4.2.2. Analysis of the Impact of Chromium Content on the Hardness of Steel

As seen in Figure 6a, in the presence of high-carbon content, altering the fraction of
chromium had almost no effect on the hardness of the first steel. When more chromium
was added, the hardness of the three steels leveled off, indicating a saturation in hardness.
With Steels 2 and 3, there was a slight decrease in hardness when the chromium content
was decreased below the standard value of the steel. Specifically, the reductions in hardness
values were 26, 28, and 26 for Steels 1, 2, and 3, respectively, which were not significantly
different. This behavior was also observed by Khanh et al. [26] in high-manganese steel,
wherein hardness did not change much when the chromium content increased from 2% to
2.5%. Interestingly, Steel 3, which had no chromium content, showed a change in hardness
even when varying chromium in the range [0.13, 0.656] wt%, suggesting that the chromium
content in that composition of metals had no effect on hardness. On the contrary, the
hardness of Steels 2 and 3 decreased with a decrease in chromium content, indicating the
contribution of chromium to hardness.

Figure 6b shows the hardness values for the medium-carbon steel. Once again, overall,
there was a trend of increasing hardness with an increase in chromium content and vice
versa. Steel 1 had the highest chromium content in the dataset at 13.12 wt%. We can observe
that increasing the chromium content further by about 0.656 wt% resulted in a maximum
positive change of around 5% from the original estimate of the hardness. On the other
hand, reducing the chromium content by 0.656 wt% resulted in a decrease in the hardness
percentage of around 10%. On the other hand, Steel 3 had zero chromium content and we
can see that increasing the chromium content caused a significant increase in hardness,
indicating that chromium affected the hardness of steel. In the case of Steel 2, the increase
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in hardness was not much, but it decreased quickly if we reduced the chromium content of
the standard steel, showing that steel is sensitive to chromium content.
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Figure 6. Impact of chromium content on the hardness of: (a) high-carbon steel, (b) medium-carbon

steel, (c) low-carbon steel.

Finally, Figure 6¢ shows the hardness trends of three low-carbon steels. Steels 2 and 3
had interesting results, both showing similar percent changes in hardness when the
chromium content was increased or decreased. Steel 2 had a chromium content of 0.97 wt%
and carbon content of 0.22, while Steel 3 had a chromium content of 1.95 wt% and carbon
content of 0.16.

In these steels, the hardness increased when the chromium content was increased by
0.6 wt%, and there was a decrease in hardness when the chromium content was reduced by
0.65 wt%. These results support Tian et al.’s [27] claim that adding the proper amount of
chromium can significantly increase the micro-hardness of the matrix and macro-hardness
of the alloy.
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Our findings are in good agreement with the trends reported in the literature. For
example, Khanh et al. [26] found that the hardness of high-manganese steel increased
when the chromium content increased, but the hardness did not change much when the
Cr content changed from 2% to 2.5% of the weight. Chromium tends to increase hardness
penetration. This element has exciting effects on steel and improves the corrosion resistance
of manganese steel. Chromium acts as a carbide former; thus, excess Cr in manganese
steel will precipitate carbide at the grain boundary in the as-cast condition [28]. Similarly,
Tian et al. [27] showed that when the proper amount of chromium element was added, the
micro-hardness of the matrix and macro-hardness of the alloy were relatively high. The
hardness of Fe-Cr-B alloy slightly decreased when the chromium content was more than
12 wt%.

4.2.3. Analysis of Other Alloying Elements

In the previous subsections, a detailed sensitivity analysis was conducted for carbon
and chromium as their concentrations had significant impacts on hardness. In this subsec-
tion, we present a sensitivity analysis of the other elements that had much lower impacts
on the hardness of steel. For this, we picked Steels 1, 5, and 8 from Table 7 as the baseline
steels corresponding to low-, medium-, and high-carbon steels, respectively. The impacts
on hardness due to varying the composition of each element by £5% are shown in Figure 7.

Table 7. Composition of the 9 steels used to study the impact of the alloying element content on

hardness.
Element Steel 1 Steel 2 Steel 3 Steel 4 Steel 5 Steel 6 Steel 7 Steel 8 Steel 9
High Carbon Medium Carbon Low Carbon

C 1.04 1.03 0.98 0.44 0.41 0.39 0.3 0.22 0.16
Mn 0.33 0.97 1.84 0.2 0.66 1.56 0.51 0.64 0.5

P 0.23 0.016 0.023 0.025 0.008 0.01 0.011 0.01 0.013

S 0.006 0.018 0.011 0.01 0.024 0.024 0.007 0.011 0.14
Si 0.26 0.28 0.08 0.3 0.25 0.21 0.32 0.25 0.31
Ni 0.31 0.13 0 0.31 0.31 0 3.03 0.33 2.02
Cr 1.53 1.05 0 13.12 1.03 0 0.07 0.97 1.95
Mo 0.01 0.03 0 0.01 0.17 0 0 0.23 0.03
Cu 0.2 0.25 0 0.09 0.28 0 0 0.16 0
Al 0 0 0 0 0 0 0.032 0 0.03
\Y% 0.01 0 0 0.02 0.01 0 0 0.01 0.01
Ti 0 0 0 0 0 0 0.01 0 0
w 0 1.15 0 0 0 0 0 0 0
HV 890 885 633 525 640 264 205 294 339

As seen in Figure 7a, the hardness values varied non-linearly in the range [844, 886],
[565, 597], and [214, 218] for the high-, medium-, and low-carbon steels, respectively, as
concentrations were varied by £5%. This corresponded to variations of 5%, 4%, and
1%, respectively, for the three steels from the baseline concentrations. In the case of
phosphorus (Figure 7b), hardness varied in the range [877, 894] and [558, 601] for the
high- and medium-carbon steels, respectively. Further, while the change was somewhat
linear for the high-carbon steel, it was non-linear for the medium-carbon steel. On the
other hand, there was almost no change in the hardness of the low-carbon steel. When
the concentration of sulfur was changed in the steels (Figure 7c), we found that there was
only a 2% change in the hardness of the high-carbon steel, i.e., [867, 896], from the baseline
concentration of S. On the other hand, there was a larger change in the hardness of the
medium-carbon steel, up to 7%, with the hardness varying in the range [549, 620] with
respect to the baseline concentration. As in the case of phosphorus, there was no change
in the hardness of the low-carbon steel. Variation in the concentration of Si had a very
small impact on the hardness of the steels (Figure 7d). Specifically, the hardness of the
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three steels changed by only about 2% ([870, 889]), 3% ([573, 594]), and 1% ([213, 218]),
respectively, from the baseline concentration of Si. A similar observation was made for
the impact of Ni, as shown in Figure 7e. In this case, while there was almost no change
in the hardness of the high- and low-carbon steels, the hardness of the medium-carbon
steel varied by about 3% with respect to the baseline steel. In case of Mo (Figure 7f), the
hardness varied by about 5% from the baseline high-carbon steel, with specific values in
the range [837, 889]. For the medium-carbon steel, this variation was reduced to about 3%,
with specific hardness values in the range [569, 592]. For the low-carbon steel, there was no
impact from the change in Mo concentration on the hardness of the steel. Finally, as seen in
Figure 7g, there was almost no change in the hardness of the high- and low-carbon steels
when the concentration of Cu was changed by +5% from the baseline concentration. On
the other hand, there was about 4% variation in the hardness of the medium-carbon steel,
with specific values in the range [563, 597].
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Figure 7. Impact of varying the composition of (a) Mn (b) P (c) S (d) Si (e) Ni (f) Mo and (g) Cu on the
hardness of the steel.



Metals 2024, 14, 49

19 of 20

References

5. Limitations of This Study

The main limitation of this work is the number of experimental datasets that were
available for training the model. We extracted data from 39 different steels from the atlas
and artificially expanded the database by assuming that the experimental error on the
hardness was about 0.2%. This helped expand the database from 380 records to over
1100 records. As a result, the model training was based on a somewhat limited dataset.
Another issue in training is that certain elements, such as N and B, were present in very
low concentrations. Thus, the validity range of the model for these low concentrations was
too narrow. In terms of data on the phase fractions of the steels, the values were obtained
as reported in the diagrams in the atlas. In some instances, the values of phases that were
very small were not reported and we assumed that they were the remaining fraction in the
steel. These assumptions may have introduced a certain bias in training. To overcome these
unavoidable sources of error, it is important to have a more expanded database, which will
require more experimental data.

6. Conclusions

Our study successfully developed a predictive model using a feed-forward neural
network to determine the hardness values and phase fraction percentages of steel during
heat treatment under specific cooling conditions. The model incorporates input variables
such as time and temperature pairs from the cooling profiles and chemical compositions of
steel. The model demonstrates high accuracy, as assessed by the R2 values obtained during
the training and testing phases. Sensitivity analysis revealed that carbon and chromium
are among the key input variables with the most significant impacts on hardness.

The findings of this research align with existing theoretical knowledge and experimen-
tal data, highlighting the effectiveness of the developed model in predicting steel properties
under varied cooling conditions. The accurate prediction of phase fractions could guide us
toward the optimal time-temperature cooling rate for steel production. By determining the
optimum chemical composition and thermomechanical processing schedule, we can tailor
the manufacturing process to achieve the desired mechanical properties of steel. Not only
does this enhance the quality and performance of the resulting product, but it also presents
the potential for considerable cost reductions in the manufacturing process.
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