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Abstract: In this paper, water quenching of large ingots was simulated using FORGE NxT 1.1® Finite
Element code. Simulations were carried out for as-forged medium-carbon low-alloy steel. A novel
method is proposed to simulate the different parts of a large size forged block with different chemical
compositions and grain sizes using the multiple materials method. The effects of macrosegregation,
grain size variation and cooling rate on phase distribution through the volume of the forged block
were investigated. The delay in transformation kinetics, which is due to the effect of grain size
variation and carbon content, was analyzed. Results show that macrosegregation and grain size
variations significantly influence transformation start points and the volume fraction of phases that
are present in each location of the forged ingot. The proposed prediction method was validated using
high-resolution dilatometry experiments and X-ray diffraction measurements to evaluate accurately
the volume fraction of martensite, bainite and the percentage of retained austenite for each condition.

Keywords: steel ingot water quenching; FEM simulation; grain size variation; carbon content gradient

1. Introduction

Large-size forged ingots, made from medium carbon high-strength steel, are extensively used as
dies in the automotive industry [1]. Uniform microstructure and hardness through the thickness of
the die is an important requirement by mold makers as the surface quality of the part is significantly
affected by the mechanical and microstructural characteristics of the die material [2,3]. Therefore,
it is of paramount importance to control the manufacturing process in order to obtain the optimum
combination of mechanical and microstructural properties.

The medium carbon die steels are produced by ingot casting followed by open die forging
before undergoing quench and temper operations [3,4]. The quenching step is very important,
since it determines the final grain size, and significantly influences the final distortion, hardness,
and mechanical properties [4]. Relatively homogeneous grain size and microstructure can be obtained
on small- to medium-size forged blocks. In contrast, very large forged blocks, increasingly in demand
by the automotive industry, have been characterized by the presence of macro segregated zones [5]
and grain size variation [6] in the final product.

The above variabilities affect the phase transformation kinetics from austenite to martensite,
bainite or pearlite during the quench operation and result in non-uniform microstructures and
properties. The chemical heterogeneities due to macrosegregation and the variation in grain size
are often reduced, in small-size ingots, through subsequent heat treatment and forging operations.

J. Manuf. Mater. Process. 2018, 2, 34; doi:10.3390/jmmp2020034 www.mdpi.com/journal/jmmp

http://www.mdpi.com/journal/jmmp
http://www.mdpi.com
https://orcid.org/0000-0002-4482-8163
http://www.mdpi.com/2504-4494/2/2/34?type=check_update&version=1
http://dx.doi.org/10.3390/jmmp2020034
http://www.mdpi.com/journal/jmmp


J. Manuf. Mater. Process. 2018, 2, 34 2 of 19

However, the situation is much more complex for very large-size forgings and occasionally such
defects require rework or may even result in scrapping of the part. On the other hand, due to the
stringent quality requirements, non-efficient costly trial and error methods could not be adopted.
Therefore, the development of efficient and reliable simulation methods that would predict the impact
macrosegregation zones or variable grain size on phase proportions is an important necessity.

Over the past decade, several research works have been devoted to the modeling of phase
transformation during water-quenching [7,8]. However, most of them have been focused on
calculation of Continuous Cooling Transformation (CCT) diagrams and hardness uniformity [7,9]. Time
Temperature Transformation (TTT) or CCT diagrams are important tools to predict microstructure
evolution during quenching by allowing the identification of phase boundaries of ferrite, pearlite,
bainite, and martensite as a function of cooling rate [10]. In addition to the cooling rate, phase domains
and boundaries are also influenced by grain size and chemical composition whether local or global.

A combination of Avrami [11] model, Koistinen-Marburger (K-M) equation [12] and Scheil
additivity rule [11–15] have been used to predict phase transformation start and finish temperatures,
residual austenite, bainite and martensite transformations as well as grain size variations and carbon
content during the cooling process. However, little information is available on the influence of chemical
heterogeneity and grain size variation on the volume fraction of the phases during the cooling process
of large-size forged blocks [10,13]. Experimental determination of the volume fraction of phases during
water-quenching of large blocks is not always possible due to the difficulty of obtaining samples from
different sections of the forged slab. To this end, a simulation approach using the multiple-materials
numerical method was employed in the present investigation. The method has been used and proven
to be efficient for the analysis of manufacturing processes where different properties within the
structure of one single part are considered. Specific examples are coextrusion, extrusion, forming of
composite materials, and multi-layer rolling [14]. However, to the best knowledge of the authors,
this is the first time that this method is used to simulate chemical and microstructural heterogeneities
during the quenching process of a large-size forged block. In order to ensure a high level of accuracy
and experimentally proven data, a systematic experimental analysis was also carried out in parallel
with the simulation work.

Specifically, the present research work focuses on the effects of carbon content gradient and grain
size variation on volume fractions of retained austenite, martensite and bainite through the entire
volume of a 40-ton forged ingot. FE-based FORGE NxT 1.1® software [14] was used to carry out the
simulation work and material physical data were obtained through experimentation, literature or
JMatPro® software [16]. Dilatometry experiments simulating actual cooling rates inside the large-size
forged block were carried out and in order to validate simulation results of electron microscopy
(FE-SEM), as well as X-ray diffraction to determine grain size and the nature and proportions of the
different phases.

2. Mathematical Models for Finite Element Analysis

The energy equation for three-dimensional transient heat conduction of a large-sized ingot during
water quenching can be described by the following partial differential equation [17]:
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where λ, ρ and cp are thermal conductivity, density and specific heat, respectively.
These thermo-physical parameters are temperature-dependent. The quantity of heat released due to
phase transformation [17] which is included in Equation (1) as a heat source is given by:

.
q =

∆H·∆ f
∆t

where ∆f, ∆H are respectively the volume fraction, latent heat during an arbitrary time step ∆t.
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In the finite element analysis, thermo-physical properties of the phase mixture was approximated
by a linear rule of mixture. Thus, any material properties such as density, thermal conductivity, specific
heat during transformation of kth constituent of the phase mixture (i.e., austenite, bainite, pearlite or
martensite) at a given time step was calculated by:

P(T, fk) =
n

∑
k=1

Pk(T) fk (2)

where the summation is performed over the total number of phases present. The term P represents an
overall thermal property of the mixture, Pk(T) is the temperature dependence of the material property
of phase k, and fk is the volume fraction of kth constituent.

In this study, the density, thermal conductivity, specific heat and latent heat of each phase were
determined using JMatPro® software. The thermo-physical properties of the investigated material are
provided in Appendix A.

2.1. Prediction of Phase Fraction

During the quenching process of the large-sized forged block, diffusion-controlled (austenite to
ferrite) and non-diffusive type (martensitic) transformations take place in the material. In the case
of diffusion-controlled transformation, the volume fraction of the transformed phase was calculated
using Scheil’s additivity rule and the Avrami equation [11,15,18]. Specifically, this consisted of dividing
the non-isothermal process of quenching into many isothermal segments and then using the TTT
diagram of the steel, the fraction transformed was calculated for each segment. It can be understood
in the non-isothermal quenching process the summation of the relative fraction reaches unity. Thus,
Scheil’s additivity rule is expressed as:

n

∑
i=1

∆ti
ti(T)

= 1 (3)

where τi(T) and ∆ti are the incubation periods under a certain isothermal temperature T and time
step, respectively.

The modified form of Avrami equation in which the incubation period is included can be
written as:

fi = f max[1 − exp(−b∆tn)] (4)

In the above equation fi and f max are the volume fraction and maximum possible transformed
volume fraction at time and temperature increment i, respectively. Avrami’s coefficients n and b are
functions of temperature.

The concept of the virtual time
(
t∗i
)

and transformed volume fraction ( f ∗i ) are generally used
to explicitly determine the transformed fraction at the time step i. These two variables are usually
calculated by the following equations [17]:

t∗i =

[
− ln(1 − fi−1)

bi

] 1
ni

(5)

f ∗i = 1 − exp(−bi(t∗i + ∆t)n (6)

Hence, the actual volume fraction is [17]:

f = f ∗i
(

f ∗ri−1
+ fi−1

)
fmax (7)

Thus, using Equation (7), it is possible to calculate the total volume fraction of the phases
transformed by diffusion-controlled process. In the investigated steel, f ∗i represents the volume
fraction of bainite and f ∗ri−1

that of the retained austenite, at the time iteration i − 1, respectively.
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The maximum possible transformed volume fraction, f max, was also calculated based on a TTT
diagram generated by JMatPro®.

The volume fraction of the non-diffusive type transformation (i.e., martensite) was calculated
using the Koistinen-Marberger relation [12,15,19]:

f = 1 − exp(−α(Ms − T)) (8)

where, Ms is the start temperature of martensitic transformation and α is a material constant and
varying with the steel composition.

2.2. Transformation Kinetics

For the non-isothermal process at any temperature, the modified Avrami’s coefficients, n(T) and
b(T), were used to predict the fraction of the phase transformed. For a given temperature T, it is
necessary to know the incubation time and two points of the kinetic transformation curve in order to
determine Avrami’s parameters. These two parameters are usually calculated from the obtained TTT
diagram by the following equations [19]:

n(T) =
ln[

ln
(

1− 10%
f max(T)

)
ln
(

1− 90%
f max(T)

) ]/
ln
(

t10%(T)−tstart(T)
t90%(T)−tstart(T)

) (9)

b(T) = −
ln
(

1 − 10%
f max(T)

)
(t10%(T)− tstart(T))

n(T)
= −

ln
(

1 − 90%
f max(T)

)
(t90%(T)− tstart(T))

n(T)
(10)

The transformation starting time, tstart(T) (approximate as 1% transformation) and ending time
(e.g., t10%(T), t90%(T) or t99%(T)) are obtained from the TTT diagram. It should be noted that
the CCT curve can be also approximated by Avrami equation and Scheil’s additivity rule model.
JMatPro® software was used to generate both TTT and CCT curves which were then used as input
into the modified form of Avrami equation. TTT diagrams depend on the steel composition and the
austenite grain sizes which were experimentally measured according to ASTM E3-11 Standard [20].
The as-forged medium-carbon low-alloy steel was provided by Finkl steel, Sorel, Quebec, Canada.
The chemical composition of the material is shown in Table 1.

Table 1. Chemical composition of the studied steel (wt. %).

C Mn Si Ni Cr Mo Cu

0.35 0.99 0.41 0.5 1.86 0.53 0.16

The TTT curves and the critical transformation temperatures for different carbon contents or grain
size are illustrated in Figures 1 and 2. It can be seen that, the transformation temperatures and the
duration of the phase transformation, in particular martensite and bainite start and finish temperatures,
Ms, Mf, Bs and Bf, vary with carbon concentration or grain size. The increase in carbon content results
in lower critical transformation temperatures while the transformation starting time decreases with
the decrease in grain size.
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2.3. Model Buildup and Input Data

Simulation of the water-quenching of a 40-ton forged ingot was performed using 3D FEM
FORGE NxT 1.1® software. Here, it is worth nothing that the dimensions of the forged block are
2540 × 1270 × 1016 mm3. Because of the symmetry, only one eighth of the geometry of the ingot was
considered, and the symmetry faces were set as adiabatic boundaries (see Figure 3). Austenitizing
temperature for the ingot was assigned at 900 ◦C and then the block quenched in water at 25 ◦C.
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simulation results. Fine tetrahedron meshes (1 mm) were used on the surface while for the inner 
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Figure 3. Geometry of the large-sized ingot and the symmetrical sets used in the FE simulation of the
quenching process. Distributions of the transformed phases are displayed in the section A-A.

As discussed, in order to consider the presence of gradients in grain size and carbon content
between the surface and the center, the multiple materials module of FORGE NxT 1.1® software was
used [14]. Using this tool, it was possible to create a part with several zones, each one represents
a specific material with distinct properties. The discretized FE model with five zones is shown in
Figure 4.

J. Manuf. Mater. Process. 2018, 2, x FOR PEER REVIEW  6 of 18 

 

 
Figure 3. Geometry of the large-sized ingot and the symmetrical sets used in the FE simulation of the 
quenching process. Distributions of the transformed phases are displayed in the section A-A. 

 
Figure 4. One-eighth model discretization with multiple materials in which cross section A-A 
indicates five zones with respect to the outer and symmetry planes. 

Therefore, for each region, the computation differs according to the selected material file [21,22]. It 
must be noted that in order to reduce the computational cost, the mechanical contact conditions 
between different zones were neglected. This simplification does not introduce any errors in the 
present investigation as only thermal aspects are considered in the analysis. The variations of the grain 
size and carbon concentration associated with each simulation condition are given in Table 2. The 
properties of the referred zones such as grain size and carbon concentration are provided in Table 3. 

Three-dimensional volume meshing using tetrahedral elements were used for the discretization 
of the forged block. Mesh sensitivity analyses were conducted to optimize the dimension of the 
elements in order to establish both high accuracy and a reasonable computational cost of the 
simulation results. Fine tetrahedron meshes (1 mm) were used on the surface while for the inner 
domain mesh sizes of up to 5 mm were used. 

The emissivity of the steel alloys is generally temperature-dependent. The emissivity over the 
temperature range of 25 °C to 1000 °C was assumed to vary linearly between 0.2 and 0.7, respectively 
[23,24]. 

Figure 4. One-eighth model discretization with multiple materials in which cross section A-A indicates
five zones with respect to the outer and symmetry planes.

Therefore, for each region, the computation differs according to the selected material file [21,22].
It must be noted that in order to reduce the computational cost, the mechanical contact conditions
between different zones were neglected. This simplification does not introduce any errors in the
present investigation as only thermal aspects are considered in the analysis. The variations of the
grain size and carbon concentration associated with each simulation condition are given in Table 2.
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The properties of the referred zones such as grain size and carbon concentration are provided in
Table 3.

Three-dimensional volume meshing using tetrahedral elements were used for the discretization of
the forged block. Mesh sensitivity analyses were conducted to optimize the dimension of the elements
in order to establish both high accuracy and a reasonable computational cost of the simulation results.
Fine tetrahedron meshes (1 mm) were used on the surface while for the inner domain mesh sizes of up
to 5 mm were used.

The emissivity of the steel alloys is generally temperature-dependent. The emissivity over
the temperature range of 25 ◦C to 1000 ◦C was assumed to vary linearly between 0.2 and 0.7,
respectively [23,24].

Table 2. Designation of material condition and their corresponding parameters employed in
the simulation.

Material Condition Designation

Uniform grain size and %C A
Uniform grain size and variable %C B
Variable grain size and uniform %C C

Variable grain size and %C D

Table 3. The initial austenite grain size and carbon concentration specified for different zones
corresponding to the simulation condition.

Zone 1 2 3 4 5

A
Grain size (µm) 133 133 133 133 133
Carbon (wt. %) 0.35 0.35 0.35 0.35 0.35

B
Grain size (µm) 133 133 133 133 133
Carbon (wt. %) 0.3 0.35 0.38 0.42 0.55

C
Grain size (µm) 133 205 300 330 360
Carbon (wt. %) 0.35 0.35 0.35 0.35 0.35

D
Grain size (µm) 133 205 300 330 360
Carbon (wt. %) 0.3 0.35 0.38 0.42 0.55

In the water-quenching stage, a coupled computation of the metallurgical changes and thermal
field was carried out by considering the latent heat of transformation for each phase. Thermal
exchanges including convection between the circulating water and the block were also implemented
in the FE model. However, the convective transfer due to fluid motion induced by buoyant and
thermocapillary forces was neglected in the simulation. Recorded temperatures at different positions
of the ingot provided the approximate value of the heat transfer coefficient used in the simulations.
Then a range of convective heat transfer coefficients from 200 W·m−2·K−1 to 22,000 W·m−2·K−1 were
used to determine the one that predicted with the best accuracy phase distributions after the quenching
process. A heat transfer coefficient value of 800 W·m−2·K−1 was obtained between the workpiece
surface and the quenching media. The obtained value is also in agreement with those reported by
other researchers in the literatures [17,22,25–27]. It should be noted that one of the reasons for this
selection is related to the large surface of the component which significantly increases the temperature
of the fluid surrounding the block.

The experimental validation procedure consisted of dilatometry experiments simulating the
thermal cycling during the quench process using thermo-mechanical simulator Gleeble 3800®,
microstructure examination using electron microscopy (Hitachi 8230 FE-SEM) to determine the
nature of the different phases, and the proportion of the phases were determined using X’Pert3
MRD PANalytical X-ray diffractometer.
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3. Results and Discussion

3.1. Effect of Carbon Contetnt

Figure 5 shows a comparison of the obtained results for conditions (A) and (B) where only the
influence of changes in carbon concentration on phase distribution is illustrated. It can be seen that
the outer zone (i.e., surface) has a high martensitic volume fraction and the inner zone of the block
has a high bainite volume fraction. The results also show that martensitic transformation has been
more important in the corners of the ingot for condition (B) as compared to condition (A). In contrast,
a significant change in the volume fraction of bainite on the corner and in the center of the block is
observed between conditions (A) and (B).

A detailed analysis of the above observations on the evolution of the phases is presented in
Figure 6. The results of condition (A), (dashed lines in Figure 6), where both uniform grain size
and chemical compositions were assumed, show that in the first 40 mm from the sample surface,
the austenite phase has been transformed to 100% martensite. Between 40 mm to 120 mm depth
from the surface, the fraction of martensite decreased to nearly 9% while that of bainite increased
to approximately 90% and retained austenite content of 1%. From 120 mm to 160 mm depth,
the microstructure is composed of 99% bainite with a much lower amount of martensite (0.9%).
From 160 mm down to the center of the forged block, the microstructure remains nearly fully bainitic
(99%) with the rest being residual austenite.
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Figure 5. Distribution of phased transformed in the section A-A (1/8 model) after quenching process
under various simulation conditions (A: uniform grain size and uniform %C, B: uniform grain size and
variable %C). (a) Contour of martensite and bainite distributions under the condition of A; (b) Contour
of martensite and bainite distributions under the condition of B; (c) Contour of retained austenite
distribution under the conditions of A & B.

In contrast to above, when a variable carbon concentration is considered condition (B) solid line
(Figure 6), it can be seen that in the first 40 mm from the surface of the block, phase distribution
consisted of 84% of martensite, 15% of bainite and 1% of retained austenite. From 40 mm to 120 mm
depth, the fraction of martensite decreased to 32% and the fraction of bainite increased from 15% to
67%. As the distance from the surface increases from 120 mm to 160 mm depth, the microstructure
becomes much richer in bainite (93%) and leaner in martensite (7%). From 160 mm depth and to the
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center of the forged block, the microstructure was composed of nearly fully bainitic (99% bainite) and
the remaining is considered to be being retained austenite.
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The observed differences in the distribution of the phases between conditions (A) and (B) can
be interpreted in terms of the influence of carbon concentration in austenite. In fact, an increase
in the carbon concentration in austenite leads to a decrease in the bainite start temperature Bs [25],
and therefore longer time will be needed for carbon to diffuse away from the interface [28]. This is
probably the reason for the observed differences in the slopes of the curves of bainite volume fraction
(plain and dotted lines in Figure 6) in the first 200 mm from the surface. Furthermore, the results
also show that the ferrite formation, which occurs before the bainite transformation, has had no
significant impact on the changes in the slope. This is probably because when carbon concentration is
increased in the austenite, the ferrite transformation is delayed, which leads to a decay in the amount
of polygonal ferrite formed before bainitic transformation. As a result, the impact of the polygonal
ferrite formation on the bainite transformation will also reduce and therefore was not considered in
the simulations [28]. For distances of 200 mm or above from the surface of the sample, bainite volume
fractions were very similar in both simulations. This could be explained in terms of the precedence of
bainite transformation over martensitic transformation at slower cooling rates (i.e., far from the surface
zone) as also reported by other authors through experimental work on similar steels [10,29,30].

3.2. Effect of Variable Grain Size

The influence of variable grain size on distribution and volume fraction of phases was considered
in condition (C) and the results are reported in Figure 7 where a comparison with condition (A) is also
presented. The simulation results clearly reveal the significant dependence of the microstructure and
volume fraction of phases on grain size. The obtained results are also in agreement with those reported
by other researchers [31–35]. Specifically, it can be seen that the outer surface, with smaller grain size,
has a higher martensitic volume fraction compared to the inner zones (larger grain size) where higher
bainitic volume fraction is found. The results of condition (C) also show that the martensitic and
bainitic transformations are more significant in the corners and in the center of the ingot, as compared
to condition (A). In contrast, there is a remarkable change in the volume fraction of retained austenite
in the center of the block as compared to condition (A) as detailed in Figure 8.
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In Figure 8, it can be seen that in the first 40 mm from the surface of the block, phase 
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Figure 7. Distribution of phased transformed in section A-A (1/8 model) after the quenching process
for simulation condition C (variable grain size and uniform %C). (a) Contour of martensite and bainite
distributions; (b) Contour of retained austenite distribution.

In Figure 8, it can be seen that in the first 40 mm from the surface of the block, phase distribution
consists in about 98% of martensite, 1% of bainite and about 1% of retained austenite. From 40 mm to
120 mm depth, the fraction of martensite drops from 98% to 64% while the fraction of bainite increases
from 1% to 20%. From 120 mm to 160 mm, the fraction of martensite decreases to 46% and the fraction
of bainite and retained austenite move up to 48.5% and 5.7%, respectively. Finally, from 160 mm to the
center of the forged block, the microstructure of bainite increase from 48.5% to 83%, retained austenite
from 5.7% to 13%, and a small amount of martensite (4%).
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The differences in the distribution of the phases between the two simulations indicate that the fast
cooling rates in the surface region have promoted the formation of martensite (Figure 7). Moreover,
the finer grain sizes in the surface (about 100 µm) compared to the center (about 300 µm) have also
contributed to promoting the formation of martensite. Indeed, as reported by Wang and Hu et al. [36,37]
a decrease in the grain size stabilizes the austenite phase and accelerates the transformation kinetics
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by providing more nucleation sites for the martensite. As the distance increases from the surface,
the cooling rate decreases and the martensite volume fraction is reduced. In fact, the small amount of
martensite observed in the center, shown in Figure 8, is due to software limitation. This is because in
the CCT diagrams generated automatically by the algorithm based on grain size, chemical composition
and the TTT diagram, the Ms, M50 and Mf temperature lines have been artificially extended to very low
cooling rates. As shown above, the volume fraction of bainite in the center (i.e., coarse grain size region)
is more important than the one in the fine-grained surface region. This result could be explained in
terms of the role of grain boundaries on bainitic growth. As reported by Hu et al. [37], once nucleation
is almost completed, grain boundaries act as obstacles to the growth of bainite sheaves. Therefore,
bainite growth will be further hindered in presence of small grains than large ones. Moreover, the slow
cooling rate in the regions far from the surface will provide more favorable conditions for the formation
of bainite and retained austenite, as also reported by Matsuzaki et al. [34].

3.3. Effect of Variable Grain Size and Carbon Concentration

Figure 9 shows the simulation screen shots for martensite, bainite and retained austenite and
their respective volume fraction maps for condition (D) (which represents the actual industrial case).
The results indicate a martensitic microstructure in the outer surface, a combination of martensite
and bainite in the mid thickness, and a microstructure composed of bainite and retained austenite
at the center. A comparison of Figures 5, 7 and 9 shows that for condition (A), the outer surface
has a high martensitic volume fraction while the inner zone of the block has a high bainitic volume
fraction. However, different transformation behavior is observed for condition (B) where martensitic
and bainitic transformations are more important in the corners. Moreover, it can be seen that there is a
small change in the volume fraction of bainite in the center. In contrast, for condition (C), it can be
seen that the microstructure obtained in the outer surface is fully martensitic while in the inner zone,
it consists of martensite, bainite and retained austenite. This finding is different to the ones obtained
for the inner zones in simulations corresponding to conditions (A) and (B).
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Figure 9. Distribution of phased transformed in section A-A (1/8 model) after the quenching process for
simulation condition D (variable grain size and %C). (a) Contour of martensite and bainite distributions;
(b) Contour of retained austenite distribution.

Detailed results and a comparison with the results for condition (A), as reference, are presented in
Figure 10. It can be seen that in the first 40 mm from the surface of the block, phase distribution consists
of martensite (88%), bainite (12%), and retained austenite (0%). From 40 mm to 120 mm, the fraction
of martensite passes from 88% to 28% and that of bainite from 12% to 69%. From 120 mm to 160 mm
depth, the microstructure is increase to 84% bainite and 13% of martensite and 3% of retained austenite.
From 160 mm to 360 mm depth, the microstructure is nearly composed of bainite (97%). It must be
noted that a slower martensitic transformation rate was observed for condition (D) as compared to
conditions (B) or (C). From 360 mm to the center of the forged block (508 mm), the microstructure
decrease from 90% to 80% bainite and 20% retained austenite (Figure 10).
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Figures 11–13 show how the proportions of martensite (Figure 11), Bainite (Figure 12), and retained
austenite (Figure 13) vary versus quenching processing time and the depth of the ingot for condition D
which is the closest situation encountered in industry. Analysis of Figure 11 reveals that martensite is
present at about 320 mm depth after 24,140 s. The analysis of the bainite phase evolution (Figure 12)
indicates that a fully bainitic microstructure is reached at higher depths (around 380 mm after 25,000 s).
The evolution of retained austenite as a function of time, depth and volume fraction is illustrated in
Figure 13. It can be seen that, within the limits considered in the present investigation, the grain size
has a stronger influence than carbon concentration on the amount of retained austenite present in
the large-size forged block at the end of the quench process. The higher levels of retained austenite
predicted for condition D in regions close to the core of the forged block can be related to the grain size
variation as discussed above.
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3.4. Experimental Validation

In order to validate the simulation results, dilatometry tests, replicating the cooling patterns
corresponding to surface (3 ◦C/s) and center (0.015 ◦C/s) regions of the forged ingot, were carried
out using the Gleeble 3800® thermo-mechanical simulator. The diameter change ∆D of each sample
was recorded as a function of temperature during continuous cooling cycles. From the measurements,
the dilatation curve ( ∆D

D0
) and the first derivative d

dT

(
∆D
D0

)
were plotted as shown in Figure 14.
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Figure 14. Thermal expansion versus temperature for different cooling rates. Samples were cooled
from 900 ◦C to room temperature at the rates of 0.015 and 3 ◦C/s: (a) Strain (∆d/d0); (b) First derivative
of the thermal expansion.
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For the 0.015 ◦C/s cooling rate, a transformation is observed at 510 ◦C. This corresponds to the
start of the bainitic transformation in agreement with the results reported by Chentouf et al. [10]
on similar steel. For the 3 ◦C/s cooling rate, the transformation start temperature was at 360 ◦C,
corresponding to martensitic transformation. The volume fraction of each phase was calculated using
the lever rule from the dilatometry data. The comparison between the simulated volume fraction and
the measured data is illustrated in Figures 15 and 16.J. Manuf. Mater. Process. 2018, 2, x FOR PEER REVIEW  14 of 18 
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The relative error between the experimental data and simulation results was calculated by the
following relation:

Error =
δSim − δexp

δexp
× 100 (11)

where δexp and δSim are the measured and predicted volume fraction of the transformed phases.
As shown in Figures 15 and 16, the volume fractions of bainite and martensite obtained by

simulation are in good agreement with the measured data with an error of about 5%. Furthermore,
microscopic examination of the microstructure of the samples, as shown in Figure 17, confirmed the
FEM simulation as well as the dilatometry results. Specifically, bainite formed only at 0.015 ◦C/s and



J. Manuf. Mater. Process. 2018, 2, 34 15 of 19

martensite at 3 ◦C/s. The experimental data for bainite and martensite transformation at these two
cooling rates also agreed well with the hardness levels (468 HV for 0.015 ◦C/s and 736 HV for 3 ◦C/s).
The microscopic examination did not also reveal any presence of polygonal ferrite in the examined
samples, further supporting the analysis made for the FEM simulations.
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Figure 17. SEM images of the obtained microstructure after cooling: (a) Martensite at 3 ◦C/s; (b) Bainite
at 0.015 ◦C/s.

The XRD patterns for the 0.015 and 3 ◦C/s cooling rates are displayed in Figure 18. The significant
presence of bainite or martensite in addition to minor amounts of retained austenite is demonstrated
in the diffraction pattern. The X-ray patterns also indicate that the austenite phase decreases with
increasing the cooling rate, regardless of variations in the carbon content or grain size. Table 4
compares the volume fraction of austenite determined experimentally using X-ray diffraction and
predicted by the FEM simulation. The volume fraction of the phases was calculated using the ASTM
standard E975-13 [38]. As indicated, in Table 4, for the 0.015 ◦C/s cooling rate, there is 18% of FCC
structure (i.e., retained austenite) and the rest being nearly bainite. For the cooling rate of 3 ◦C/s,
experimental measurements indicated a very small (almost negligible) amount of retained austenite
with the microstructure being nearly fully martensitic. In Table 4, the estimated experimental value is
lower than the predicted one; however, at such low percentages of volume fraction these differences
are not significant.
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Table 4. Comparison between the volume fractions of retained austenite (γR).

Cooling Rate (◦C/s) γR—Simulation (%) γR—Experimental (%)

0.015 20 18
3 0.006 0.0035

4. Conclusions

In this paper, the effects of variable grain size and carbon concentration on transformation kinetics
and volume fraction of phases through the thickness of a large-size block was employed using the
multiple materials method of FORGE NxT 1.1® FEM software.

The following conclusions can be drawn from the present study:

1. The fastest variation in martensite volume fraction was observed for uniform grain size and
carbon concentration while an increase in the carbon concentration in austenite led to a decrease
in the bainite start temperature Bs.

2. The significant dependence of the microstructure and volume fraction of phases on grain size
was demonstrated.

3. Within the limits considered in the numerical solutions, the grain size had a stronger influence
than carbon concentration on the amount of retained austenite being existed in the large-size
forged block at the end of the quench process.

4. The variation of the carbon content and the austenitic grain size influence the values of the volume
fraction of retained austenite, bainite and martensite which were obtained after quenching.

5. The simulation results were confirmed by experimental validation demonstrating the applicability
of the multiple materials method to the analysis of the quenching process of large-size
forged blocks.
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Appendix A.

Thermo-physical property datasets are generally developed by thermodynamic simulation
software. Since heat treatment simulations require accurate material properties data for the steel
being analyzed, the isotropic properties of each phase of the investigated steel were determined using
JMatPro® software. The value of 0.3 was selected for the Poisson’s ratio. The density (a), thermal
conductivity (b), specific heat (c) and latent heat (d) as a function of temperature are illustrated for
austenite, bainite and martensite phases.
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Figure A1. (a) Density of austenite, bainite and martensite phases; (b) Thermal conductivity of austenite,
bainite and martensite phases; (c) Specific heat of austenite, bainite and martensite phases; (d) Latent
heat of bainite and martensite phases.
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