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Abstract: The success of the thixoforming process largely depends on the created microstructure,
which must be globular in the liquid phase. The solid-liquid structural changes that occur on as-
annealed D2 tool steel when it is subjected to the so-called DPRM are described in this work (direct
partial remelting method). The paper discusses phase changes and how carbide dissolution affects
grain boundary liquation and grain spheroidization. Equiaxed grains with undissolved carbide
particles have been found in the microstructural analysis at 1250 °C; however, the carbides gradually
disappear as the temperature rises. Additionally, the equiaxed grains were transformed to a globular
structure, which improves the shape factor and grain size for the thixoforming process. For AISI
D2 thixoforming, which produced grains with a diameter of 50 um and a shape factor of 1.18,
temperatures of 1300 °C and a holding period of 5 min were the optimum parameters. The outcomes
also showed that the mechanical properties of the AISI D2 were greatly enhanced after using direct
partial remelting, where hardness was increased from 220 Hv to 350 Hv and tensile strength from
791 MPa to 961 MPa.

Keywords: thixoforming; semisolid metal processing; AISI D2 tool steel; direct partial remelting;
spherical morphologies

1. Introduction

AISI D2 tool steel is commonly utilized cold-work steel which it is rich in carbon and
chromium. It is characterized by numerous mechanical and tribological characteristics
such as high deep hardenability, excellent wear resistance, and compressive strength that
makes it suitable for a wide range of usages, such as blanking dies, punches, and mill rolls.
However, the forming of this type of steel by traditional forging and casting consumes high
energy and takes a lot of time [1]. Thus, demands for a new method that can minimize
energy consumption and the production cycle and replace the classical process is really
required. After the published study of Spencer et al. in 1972 [2], who defined the principle of
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thixotropic behavior, the semisolid processing technology received significant consideration
in the world due to the capability to improve and facilitate the production with high quality
and reasonable cost when it is compared with traditional casting or forging. For example,
the quality of the finished product is improved by semisolid processing compared to
casting due to the reduction in defects that are introduced during solidification. In addition,
intricate shapes can be obtained and produced to near-net-shape in a single operation with
good mechanical properties due to low forming loads, compared to the forging process [3].
Generally, thixoforming process depends on the melting range and working windows,
which must be cognizable and sufficiently large [4]. The successful process demands billet
or stock consisting of globular and fine solid particles dispersed within a liquid matrix in
order to achieve thixotropic behavior [5]. Up to this point, low-meltingpoint alloys such as
aluminium and magnesium alloys, receive major concern from researchers for processing
by the semisolid method (SSM) [6]. High-temperature materials, including steel, cast iron,
composites, and copper-based alloys, also receive considerable interest from researchers for
processing by the semisolid route [7-9]. However, the thixoforming of Fe-based alloys has
not been realized industrially due to the high working temperature, potential for surface
oxidation, and complicated microstructural evolution during semisolid forming, which
means that the requirements for the starting material are quite stringent [10]. Nevertheless,
investigators are becoming more attracted to and interested in this research area because
of steel thixoforming merits. Several steel grades such as HP9430 [11], X210CrW12 [12],
100Cr6 [13], SKD61 [14], 304 [15], M2 steels [16-20] have already been evaluated with
respect to their suitability for the thixoforming process.

Several processing routes that were utilized for the production of non-dendritic feed-
stocks as candidate materials for semisolid processing are reviewed comprehensively
in [21]. According to Omar et. al. 2008 [16], direct partial remelting (DPRM) is consid-
ered a lab-friendly process that requires little apparatus and equipment. This innovative
technology can be used to directly reheat an alloy as received between solidus and lig-
uidus (semisolid range) without the need for common raw material preparation methods,
such as the melt-activated and stress-induced routes, the partial melting method, and
others [16]. This suggests that there is the potential to increase the range of routes available
for the production of thixoformable microstructures. During semisolid cooling, M2 steel
underwent intragranular acicular ferrite (IAF) transformation at a very high temperature
(1180 960 °C) [21]. Using a confocal laser scanning microscope, the unusual IAF change
was seen in action. Tiny VC carbide particles formed, largely during semisolid cooling,
and acted as the favored site for the IAF nucleation due to the minimum lattice mismatch
with ferrite. The bimodal trend of the ferrite lath length indicates that long primary and
secondary ferrite laths coexisted. The solid border or interface was where the acicular laths
intersected and came to an end. The acicular ferrite covered the previously solid austenite
grain. The IAF could assist in increasing the strength of semisolid M2 steel by reducing the
effective grain size.

The processability and deformability of the three semisolid high-entropy alloys
(CoCrCuyFeNi, CoCrCuyFeNi, and CoCrCusFeNi) were investigated by Chaussé de Fre-
itas et al. [18]. Because of its crucial role in the liquid fraction, the Cu content at 1175 °C
significantly impacted the semisolid’s deformation. The alloys that were semisolid showed
a feature of pseudoplastic rheology. It is found that only the CoCrCusFeNi alloy completely
filled the die during thixoforming. The Vickers hardness decreased as the Cu content
increased as a result of the different hardness values of the individual FCC phases. The
compression test findings showed that the thixoformed CoCrCuzFeNi had a yield stress
of 310 MPa and high plasticity. Semisolid processing is thus an alternative method of
producing parts made up of high-entropy alloys.

Chaussé de Freitas et al. [19] conducted a review study regarding the assessment
criteria for the processability of semisolid processed alloys. They found that there are
three adopted criteria to evaluate the semisolid processability. The temperature was the
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most commonly adopted parameter while time had large adaptability, and finally, enthalpy
seems more reasonable.

Jirkova et al. [22] studied the semisolid parameter of X210Cr12 tool steel. The tool steel
was quenched in oil or water from the semisolid zone (1200 °C to 1280 °C) and formed in a
press. The process achieved the successful removing of primary Cr-carbides. The produced
microstructure consisted of around 1 um martensite + austenite matrix with fine Cr;C3 and
Fe3C carbides.

Meengam and Sillapasa [23] examined the response of AA 6063 alloy in semisolid
conditions to the friction stir welding process. Factorial design assisted with ANOVA was
adopted to discuss the impact of rotational and welding speeds beside tool geometry on
the tensile strength. The optimum parameters, namely, 1300-2100 rotational speed, less
than 75 mm/min welding speed, and cylindrical pin, have produced 120.7 MPa as tensile
strength. SEM and EDS results revealed new recrystallized grains in thermo-mechanically
affected zones: coarse grains in the advanced side, and equiaxed grains in the retracing side.

Nakowong and Sillapasa [24] investigated the friction stir weldability of semisolid
processed AA 5083 aluminum alloy. The achieved tensile strength, hardness and microstruc-
ture were analyzed according to ANOVA. The process parameters were optimized by using
the Taguchi method. The rotational and travel speeds of 1000 rpm, 10 mm/min, with a
cylindrical tool having a threaded profile, maintained a tensile strength of 235.22 Mpa.
Meanwhile, the microhardness of 80.64 Hv was achieved at optimum settings of both
speeds (1200 rpm ad 10 mm/min) with the threaded cylindrical pin. The rotational speed
greatly influences the tensile strength, while no high-parameter influence was recorded for
hardness. SEM and EDS tests revealed elongated grains with some voids located at the tip
of the pin.

Due to some difficulties associated with the semisolid processing of X210Cr12 to steel,
Paixao Ritter and Tempel Stumpf [25] applied FEM to simulate the semisolid processing to
eliminate the possible errors that may accompany the real processing. The steel samples
were simulated under hot compression conditions. A real experiment was taken for com-
parison with numerical findings. The proposed FEM model was suited for the evaluation
of the semisolid processing of tool steel.

The mechanisms of deformation during direct partial remelting of AA 7075 were
studied by Wang et al. [26]. The findings revealed simultaneous inter- and intragranular
deformation during the semisolid extrusion process. The shrinkage of intergranular liquid
was compensated by the deformed solid primary alpha phase. The sub-grain boundaries
were induced by the change of globular grain morphology as a result of intragranular
deformation at the end of semisolid processing.

The current study is an extension to the published work [20] and involves deep analy-
ses for the identified evolved microstructures, liquid fraction, and mechanical properties.
Also, the evolution of as-annealed ledeburitic AISI D2 tool steel to the non-dendritic mi-
crostructure during partial remelting was studied. In particular, the phase transformations
and the effect of carbide dissolution on grain boundary liquation and grain spheroidization
prior to thixoforming were investigated.

2. Experimental Procedure

AISI D2 is a ledeburitic steel with a high chromium content devoted to tools used
in forming. It is characterized as being difficult to form and machine with conventional
technologies. The initial as-received material was provided as-annealed through heating
up to 850 °C followed by air cooling to 650 °C at a 10 °C/h rate. The chemical constitution
of the obtained material was ascertained using the X-ray fluorescence (XRF) method, as
shown in Table 1. The phase diagram of AISI D2 tool steel is shown in Figure 1.
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Table 1. The XRF florescence compositional analysis of D2 cold-work tool steel.

Element Experimental ( z‘:qn;ggls)
C 1.55 14-1.6
Si 0.258 0.6 (max)

Mn 0.239 0.6 (max)
P 0.025
S 0.01
Cr 11.2 11-13
Ni 0.197 0.3 (max)
Mo 0.79 0.7-1.2
A% 0.85 1.1 (max)
A 0.2
Cu 0.08
Fe Balance Balance

Temperature ['C]

We

Figure 1. Phase diagram of AISI D2 tool steel [12].

A useful software package called Java-based material properties (JMatPro) was adopted
to perform some important thermodynamic analyses. It involves various theoretical models
for materials and their property database, enabling quantitative computing of the necessary
material properties that can be performed over a larger software structure [21]. For D2 tool
steel, the liquid fraction profile (LFP) and solidus and liquidus temperatures are calculated
using the JMatPro software. The software calculations are performed through thermody-
namic modeling of an equilibrium solidification that enables estimating and predicting
different materials’ critical physical and thermophysical points. The liquidus and solidus
temperatures and liquid fraction were calculated by utilizing analysis of differential scan-
ning calorimetry (DSC) in the semisolid zone. The material was tested by a Netzsch-STA
449 F3 simultaneous thermogravimeter utilizing small specimens (less than 20 mg) of the
as-received material (TGA-DSC). For the purpose of preventing oxidation, the specimens
were heated at a rate of 10 °C/min in a nitrogen environment. The estimation of liquid
fraction was determined by analyzing the partial integral area underneath the endother-
mic diagram. The releasing or consuming of energy on the heating curve is indicative of
phase transformation. The amount of discrepancy is related to the quantity of phase. Each
peak’s temperatures were identified, and the variations corresponding to particular peaks
were confirmed.

As depicted, a high-temperature vertical carbolite furnace protected with argon gas
was used to conduct the DPRM experiment. The diameter and length of the samples that
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Temp. (°C)
1418

Process Temp.

1233

were cut from the original material are 16 mm and 100 mm, respectively. Once the moment
that furnace reached the pre-selected temperature (1250, 1275, and 1300 °C), the sample
was dropped into the furnace by using chromehromel wire for 5 min before being cooled
slowly at room temperature as shown in Figure 2. Figure 3 shows the thermal cycle of
DPRM process.

—lc—
|:_ | ﬁ Thermocouple

| / Furnace tube
[ [~ Sample

Heating element
O g

Argonln —

0000
!\
Q\O

Furnace casing
25 mm —ﬂ /
N

Steel cup
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Argon Out -

A

Holding time

» Time (minutes)
Figure 3. Temperature profile of sample inside vertical tube furnace.

A Hitachi S3400N scanning electron microscope (SEM) with energy dispersive spec-
troscopy (EDS) and an Olympus BX-51 optical microscope were used for microstructural
characterization. An X-ray phase analysis was carried out to determine the evolved phases
and different forms of carbides. The size and shape of the grains were quantitatively
determined using Image] software. P2/4A, where P represents the particle’s perimeter and
A its area, was used to define the shape factor. Thus, a circle has a shape factor of 1, and
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its grains are totally spherical, whereas a more complicated shape might be created with
a shape factor higher than 1. Given that A is the area of each particle and N is the total
number of particles in each image, the average size of the primary particles was calculated
as [Y2 (A;/m)1/2]/N. Based on the recommendations of Hirt et al. [27], the suitable grain
size and shape factor of the semisolid part must not exceed 100 um and 2, respectively.
All specimens have been etched using Villela reagent (picric acid (1 g), hydrochloric acid
(5 mL) and ethyl alcohol (95 mL)) for microstructure examination. The Vickers hardness
(HV) and tensile tests determined the mechanical characterization. A load of 2 kg was
applied in the hardness test for 15 s. The Zwick universal testing machine was used to carry
out the tensile test at room temperature to determine the ultimate tensile strength (UTS)
and construct the stress—strain diagram. Then, each sample was cut into smaller pieces
to be ready for metallographic examination. The pieces were examined using a TM-1000
microscope which operates at 15 kV with (100-5000x ) magnification range. The process
flow for this experimental procedure is shown in Figure 4.

AISI D2-Ingot

'

Chemical Analysis

JMatPro DsC

The DPRM experiment

v v v

Microstructural XRD Machining

|
I : ; :

Optical SEM-EDX Tensile Test Hardness Test

Figure 4. Process flow of the experimental procedure.

3. Results and Discussion
3.1. Liquid Fraction Profile and Transformations of Phases
3.1.1. Thermodynamic Modelling Using JMatPro

Figure 5 depicts the AISI D2 equilibrium phase diagram that was calculated using the
JMatPro thermodynamic modelling package. It displays the phase changes of austenite,
ferrite, and liquid between 0 °C and 600 °C, as well as carbides (MC, M7Cs, and M»3C). It
should be noted that JMatPro modelling is performed when the metal is in the equilibrium
state to ensure that the actual condition of the structure can be determined and observed.
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Fraction liquid (wt)
Al
[}

Temperature (°C)

@ Liquid * M,;Cq
B Austenite Ferrite
© M;Cs M(C,N)

Figure 5. AISI D2 tool steel equilibrium phase diagram generated by JMatPro simulation.

It predicts the solidus temperature of approximately 1220 °C and liquidus at 1400 °C,
respectively. The austenite phase begins to emerge at 790 °C and is predicted to dissolve
completely at 1400 °C, as indicated by the liquidus temperature. The critical part of the
process occurs at a temperature of 790 °C. At this temperature, M;C3 carbides exist (at
13-14% volume). This is also the case for MC carbides (at 0-2% volume). It is only when
reheating, starting from room temperature, and before reaching the critical temperature,
that these carbides dissolve completely at a temperature of 740 °C. Above the critical
temperature, the amount of M;Cj3 carbides decreases gradually, then completely dissolves
at 1251 °C, or in other words, these carbides are located within the zone of semisolid. As
for the My3C¢ carbides, these dissolve completely at 889 °C while the stability zone is
being established between 170-889 °C. The chemical composition determined by JMatPro
modelling was compared with the results of the dispersed energy spectroscopy test (as
discussed in phase identification part). It should be noted that only the M;C3 carbides can
be compared because the presence of My3Cg carbides is relatively small; in effect, it can be
said that M»3Cg carbides do not exist at room temperature in the simulation model. J]MatPro
modelling results are useful indicators for alloy systems under equilibrium conditions.
However, there was precipitation of many estimated carbides, as the real case study is far
from the equilibrium condition [28].

3.1.2. Differential Scanning Calorimetry

The TGA-DSC apparatus was employed to analyze the phase transformation of the
AISI D2 steel. As stated in the preceding section, phase changes are identified on the DSC
curve based on a deviation that refers to energy fluctuation (consume or release) and the
level of deviation determines the quantity of phases. Every peak with a corresponding
temperature is defined and the varieties that are proportional to some peaks were verified.
The temperatures of each peak were defined, and the changes proportionate to certain
peaks were verified. The DSC heating curve, obtained using a 10 °C/min heating rate for
the as-received steel, is shown in Figure 6.
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Figure 6. Differential scanning calorimetry liquid fraction and heating flow curves of D2 tool steel.

The start of the endothermic peak is considered the melting point, and this temperature
is where melting begins to occur. The melting end is determined by the starting point on
the other side of the peak as the heat curve deviates from the tangent line. At 1233 °C,
the endothermic effect began, and at 1418 °C, it terminated. Using a “common tangent”
method, the baseline for estimating the liquid fraction was created. Thus, the overall
temperature difference between solidus and liquidus is 185 °C. This indicates that this type
of steel has a large semisolid interval at relatively low-temperature sensitivity. For this
reason, the percentage of liquid in this grade of steel is less sensitive and less affected by
temperature change. The profile of the liquid fraction at low-temperature sensitivity is near
to a straight horizontal line. Consequently, the temperature range is specified as 1250 °C
and 1340 °C regarding the low sensitivity region.

Before focusing specifically on the influences of heat treatment, it is crucial to remember
that the curves produced with low heating rates match those obtained with JMatPro at
equilibrium conditions. The DSC heating curve reveals four main endothermic peaks which
were produced due to transformation reactions associated with the dissolution of phases
(Figure 7). The first visible change in the DSC heating curve is observable at 765 °C and is
called the “Curie point”. This peak corresponds to a transformation from the ferromagnetic
to the paramagnetic state. The second peak indicates the ferrite/martensite transformation
to austenite. There are two peaks in the melting interval, the first of which is associated
with carbide dissolution and the second with complete austenite melting.

0.20

0.15 r

0.10

0.05

0.00 Curie point

Heat flow/(mW/mg)

Austenite melting

-0.05

Phase transformation Carbide dissolution

-0.10

650 750 850 950 1050 1150 1250 1350 1450
Temperature (°C)

Figure 7. The DSC curve of D2 tool steel.
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The equilibrium calculations of JMatPro were found to be acceptable estimations of
the solidus temperatures for D2 tool steel when compared to those obtained experimentally
from DSC. However, the quantity of liquid formed was underestimated by DSC compared
to the equilibrium (e.g., at 1340 °C); the liquid fraction is around 43% and 25% by equilib-
rium and DSC, respectively). A possible explanation could be that, during heating under a
non-equilibrium condition to above its solidus temperature, the solid composition does
not have enough time to reach equilibrium; instead, the solid composition remains below
1420 °C and hence the amount of liquid formed is less than that which would be expected
at equilibrium [16].

3.2. Structural Investigations

Possibly the most critical step in the thixoforming process is the reheating of the billet
prior to the forming stage. At this point in the process, the billet not only has to obtain the
desirable nominal liquid fraction but also its microstructure should consist of a solid phase
already transformed into ideally spheroidal solid particles or grains. The microstructural
responses of the as-received D2 tool steel to experimental isothermal reheating into the
semisolid state (1250 °C, 1275 °C and 1300 °C) and then held for 5 min at these temperatures
are shown in Figure 8.

The microstructure of as-received D2 includes a ferritic matrix allocated parallel to the
working direction with largely surplus carbides and uniformly distributed and spheroidal
small carbides as displayed in Figure 8a. The microstructure examination confirmed the
as-annealed conditions of this type of steel [16] and certainly affirmed that heat treatment
was completed according to supplier recommendations.

At 1250 °C the equiaxed grains of austenite in the background became clearer within
fewer entrapped liquid phases without a uniform orientation, and had recorded 70 pm
grain size and 1.56 shape factor, as shown in Figure 8b. The microstructure has two
types of carbides, namely, primary M;Cs undissolved carbides and new re-precipitated
eutectic carbides which formed along grain boundaries during solidification. Also, at
this temperature and according to the DSC profile in Figure 6, the liquid phase must be
revealed at a volume fraction of 15%. However, microstructural observation revealed that a
high amount of non-dissolved carbides was still present at this temperature. This is most
probably because this temperature is not sufficient to dissolve the carbides in the steel.
Hence, the carbide particles still existed in bands formed parallel to the working direction
(longitudinal direction is in the vertical direction), as they also existed in the alloy in its
as-supplied condition.

At a higher temperature, i.e., 1275 °C (23% liquid fraction), the existence of a liquid
phase as well as diffusion mechanisms promote the wettability of the primary phase, which
results in the transformation of grain morphology from equiaxed to relatively globular
grain size of 61 um and 1.3 shape factor, as shown in Figure 8c. Further heating dissolved
all the remaining M7Cj3 carbides and increased the liquid fraction of eutectic carbides (the
dark part of the Figure 8). Moreover, the austenite grains, which exhibited a relatively
globular shape, were filled up and bounded by eutectic carbides that precipitated in the
lamellar structure and also on grain boundaries.

A further temperature increase to 1300 °C (25% liquid fraction) led to the grain mor-
phology exhibiting a fine spherical austenite primary phase after reheating. In this case, the
carbide dissolution assists the globular transformation of grains, as depicted in Figure 8d.
The carbide dissolution is advantageous due to the enlargement of the semisolid zone and
lowering of temperature sensitivity [16]. Therefore, as isothermal heating temperature
increases, the liquid phase begins to distribute along the grain boundaries and disperse
more equally to produce globular grain. Spherical-shaped grains are considered as essential
requirement for successful thixoforming [29-31]. The microstructures revealed that the
thick liquid phase has separated the grains from each other. With enough wetting around
the grain boundary, the grains start to flow past each other by shear during forming due to
the thixotropic behavior of the slurry. With a grain size of 50 um and a shape factor of 1.18,
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spherical grains were well-arranged in a eutectic mixture, according to microstructural
analysis. The microstructure development progressed with the particle size decreasing
from 70 to 50 pm. Consequently, the globularity level increased by decreasing the shape
factor from 1.56 to 1.18. Meanwhile, there was grain size reduction from 70 to 50 um that
facilitated the grain roundness as displayed in Figure 9. At the same time, the change in
grain globularity with isothermal heating temperature took place synchronously with the
grain size change.

Sy

Austenite+ liquid

ARV GA S
,Q\{;ljr}\ s

o ( [ Sy - 4 L= . " /

e B¢ AN TR .})} X e

v Q% v { e "at > J Precipitated eutectic carbide )
‘\1 ;

a}

20 pm

Figure 8. Optical micrographs of AISI D2 sample at (a) room temperature as received, (b) 1250 °C,
(c) 1275 °C and (d) 1300 °C with holding time of 5 min.
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Figure 9. Differences in shape factor and the primary grain at 1250, 1275 and 1300 °C with 5 min
holding time.

Therewith, most of the original carbides were dissolved with the increase in heating
temperature, while new eutectic carbides were re-precipitated along grain boundaries dur-
ing subsequent cooling by diffusing of carbide-forming elements into the grain boundaries.
Hence, the penetration of liquid towards grain boundaries is facilitated and promoted with
a high eutectic volume fraction [32]. The above discussion shows that the carbides influ-
ence the size and shape of the spheroidal structures in the microstructural development
sequence for various temperatures above the solidus up to 1300 °C. For the purposes of
this research, 5 min was chosen as holding time to enable the heated samples to approach
the equilibrium status.

Posteriorly, melting and solidification in negative curvature zones are due to subse-
quent diffusion operations, resulting in the formation of solid particles of near-spherical
shape inside the liquid matrix. In addition, reheating into the semisolid region during
DPRM gives sufficient energy for the grain boundaries of the recrystallized structure to
grow, while the presence of carbides prevents excessive grain size [33]. However, the pres-
ence of carbides prevents excessive grain size, as shown by the experimental results above,
where grain sizes of 50 um were produced. The achieved results so far prove that AISI D2
cold-work tool steel is a suitable candidate material for semisolid processing by DPRM
from as-received condition and there is no necessity to prepare feedstock by traditional
routes such as SIMA and RAP as summed up in Figure 10. This refers to a wide range of
effective routes that can produce thixoformable microstructures.

As-received Feedstock preparation: Re-heat Thixoforming

Lag

ingot RAP, SIMA, ETC

Direct partial re-melting (re-heat)

Figure 10. Various processing routes to acquire thixoformed structure.
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3.3. Phase Identification

The received AISI D2 tool steel was supplied as-annealed and its microstructure
consists of dispersed large and small carbides within the ferritic matrix as SEM revealed
in Figure 11. Table 2 shows the compositional analysis of the carbides and ferrite matrix
as determined by EDX. The M;C3; carbides can be noted, which are consisted mostly of C,
Cr, and V, and that there are also carbides of type My3Cg that are rich in C, Cr and W. The
MC carbides are dissolved at 740 °C, therefore, the as-received microstructure of AISI D2
tool steel was free from MC carbides due to soft annealing at 850 °C. Compared to M;Cs
carbides, the amount of My3C¢ carbides was insignificant after cooling to room temperature.
The origin of the banded structures in the as-received D2 was verified by qualitative SEM-
EDX elemental mapping, as shown in Figure 12. The representative concentration profiles
of the elements considered in the analysis were Cr, V, C, and Fe; thus, it can be deduced
that there is an increased carbide content, which conforms to the EDX results shown in
Table 2.

Figure 11. SEM microstructure of supplied AISI D2 tool steel.

Table 2. Compositional analysis of ferritic matrix and carbides as determined by EDX analysis.

C Si Mn P S A Mo W Ni Cr Fe Phase
Pt1l 6.03 0.1 0.34 0.08 0.03 5.07 1.46 0.29 0.07 45.95 40.58 M;C;3
Pt2 6.70 0.16 0.49 0.02 0.24 5.52 1.57 0.10 0.09 44.51 40.62 M;C;3
Pt3 1.61 0.27 0.35 0.02 0.02 0.3 0.29 0.45 0.29 9.2 87.20 o4

The phase diagrams (Figure 5) show the following during the heating phase before the
forming process of high chromium steels, with regard to the enhancement of the structure
at high temperatures over and just beneath the solidus line: (1) At 1300 °C, the liquid
fraction is at the necessary level of around 25%, and the predominant solid phase is FCC
austenite; (2) when the temperature is lowered below 1300 °C, the remaining liquid initially
transforms into eutectic, (L—v + MyC3). It is widely known that the presence of alloying
elements in the material, particularly carbon and chromium, determines the stability of
austenite against martensitic transition at lower temperatures [29].



J. Manuf. Mater. Process. 2023, 7,11

13 0f 18

N
+
£t Ae.‘-‘b\'l'lt-

Pagh
Figure 12. Elemental mapping of SEM-EDX for as-received D2 tool steel (a) SEM micrograph, (b) Fe,
(c) Cr, (d) C, (e) V and (f) all four elements.

The start temperature of martensite is described as a function of C, Cr, Mo, Ni, and
Mn in the austenite as given by Bhadeshia et al., 2006 [33]. These calculations revealed
that the martensite begins to transform at —269 °C. The range of semisolid processing
suggests that the austenite phase will be more stable at room temperature. Metastable
austenite transformation contributes to the enhancement of the thixoforming properties of
the material.

M; Temp. (°C) = 539-423C-30.4Mn-17.7Ni-12.1Cr-7.5Mo 1)

SEM analysis coupled EDX and EDS analyses and scanning electron microscopy
were used to examine the phases that took place during the DPRM process. Figure 13
illustrates the EDX analysis results for points 1 and 2 of the SEM image. Point 1 is evidence
of the presence the metastable austenite phase as indicated by EDX analysis. While re-
formed eutectic carbides filled up the remained interspaces, grain boundaries and lamellar
structure. Therefore, point 2 of the eutectic area was rich with C, Cr, and V [34]. SEM-EDX
elemental mapping methods were employed to provide a more thorough understanding of
the microstructure. Based on element distribution, it can be inferred that Fe is localized
specifically in the globular grains. A high presence of carbides is indicated by an increased
content of V, C, and Cr, which are distributed uniformly on the boundaries of the globular
grains (eutectic zone), as shown in Figure 14. This figure shows how the morphologies and
compositions of the post-treatment samples differ significantly from those of the samples
as received (Figure 11).
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Figure 13. Top: SEM microstructure of partially remelted AISI D2 specimen at 1300 °C and bot-
tom: analysis of EDX for points 1 and 2 where (a) area contains (b) which is an illustration of the

dark rectangle.

Figure 14. Findings of elemental mapping (SEM-EDX) of D2 tool steel:(a) SEM micrograph, (b) Fe,
(c) Cr, (d) C, (e) V and (f) all four elements.

In order to determine the phase change and the varieties of carbide produced follow-
ing direct partial remelting, X-ray diffraction (XRD) investigation was also carried out.
Figure 15 shows the as-received tool steel’s X-ray diffraction patterns both before and after
heat treatment. As-received tool steel’s diffraction patterns were examined, and peaks
corresponding to the ferrite phase and iron-chromium carbide were discovered (M;Cs3).
Following the application of the DPRM, the tool steel’s XRD pattern shows three major
phases involved within the matrix: ferrite, austenite, and M;Cs. The primary link between
the presence of austenite and an increase in C and Cr weight percentage in the solid solution
is the stability of y [29]. Higher concentrations of these elements considerably impact the
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temperature of martensite, making the conversion of austenite to martensite particularly
challenging. Additionally, the austenitic phase is substantially more stable at ambient
temperature when relatively quick cooling from the solidus-liquidus range is used [34].

3
M-C
® MG A —— After DPRM
§ Fea As received
A Fey
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2 Theta (deg.)

Figure 15. XRD pattern of as-received AISI D2 tool steel before and after DPRM at 1300°C.

3.4. Mechanical Properties

After DPRM at 1300 °C, the hardness of AISI D2 was measured and was reported
to be around 350 Hv, which is harder than the received tool steel with a hardness of
220 Hv. This suggests a phase transformation has taken place from ferrite and carbides
to metastable austenite [32,34]. The post-DPRM microstructure of the D2 is particularly
attractive because their mechanical and physical properties are more closely pertaining to
the dissolved alloying components and precipitated carbides in ledeburite steel.

Figure 16 presents the results of the ultimate tensile strength of the as-received material
after DPRM at 1300 °C samples. It is interesting to note that the AISI D2 tool steel, after
exposure to the DPRM condition, exhibits a significant improvement (961MPa) over the
as-received condition (791 MPa). This higher tensile strength obtained in the heat-treated
condition is ascribed to the transformation of ferrite and carbides to metastable austenite,
as well as the dissolution part of the eutectic chromium carbides in the matrix that changed
the microstructure. However, it can be clearly seen that the fractures were characterised by
brittleness with only 9% fracture strain if compared to the as-received condition (21%). The
coarse fracture surface, which surprisingly displays some enormous solid lumps typical of
the unbroken structure already discussed, is associated with brittleness.

Figure 17 displays the SEM fracture surface of the tensile fractured specimens of (a)
the as-received material and (b) after DPRM at 1300 °C. It is clear that the mechanical
properties of the globular microstructure of the specimens are somewhat better than those
of the as-received material. As can be seen in Figure 17a, there are two types of small,
spheroidized carbides and big carbides in a ferrite matrix. Due to the high carbon and high
chromium content of D2, coarse chromium carbides are present throughout the matrix.
Moreover, the fracture morphology in the fractrograph of Figure 17a shows that the carbide
particle is separated into two pieces without experiencing plastic deformation. However,
there is a plastically deformed region surrounding the carbide particle, evidenced by the
appearance of many microvoids. Nevertheless, the fracture surface shows a mixed fracture
mode of a ductile fracture along the matrix and a transgranular quasi-cleavage fracture in
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the MyCj3 carbides. The tensile fractured surfaces after DPRM have a different morphology
than the as-received samples, as can be seen in Figure 17b. The fractures exhibit typical
brittle characteristics, which illustrate the intergranular (typically dimpled) fracture mode.
The micrographs reveal that the grain boundaries serve as the path of intergranular fracture
and the liquidus—solidus interface, as shown in Figure 17b right [14]. The brittleness is
related to the coarse fracture surface, which exhibits some surprisingly large solid lumps
that are typical of the unbroken structure already mentioned.

1100
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300 |-

200 - 8 £
L &S Q After DPRM (1300°C, Smins)
100 8§ Q As received D2 tool steel
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Tensile strain (mm/mm)

Figure 16. Stress—strain for as-received AISI D2 tool steel before and after DPRM at 1300 °C.

arbides

Figure 17. SEM fractography of: (a) as-received D2 with zoom-in zone (b,c) and (d) globular
microstructure with zoom-in zone (e f) of D2 after DPRM at 1300 °C.

4. Conclusions

The feasibility of the DPRM method for the fabrication of AISI D2 stock with a
homogeneous globular structure was validated. The microstructural and mechanical
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properties of D2 tool steel in the as-received annealed as well as semisolid conditions were
also investigated. The following conclusions are summarized:

(1) Reheating into the semisolid region in the DPRM process supplied sufficient interfacial
energy for the grain boundaries of the recrystallized structure to grow, while the
presence of carbides prevented excessive grain size. The penetration of liquid towards
grain boundaries is facilitated and promoted with a high eutectic volume fraction
during the liquation process.

(2) Increasing the isothermal heating temperature makes the liquid phase distribute,
surround the grain boundaries, and disperse more equally to produce globular grain.
Globular-shaped grains are considered as an essential requirement for successful
thixoforming. Therewith, most of original carbides were dissolved with increasing
heating temperature while new eutectic carbides were re-precipitated along grain
boundaries during subsequent cooling by diffusing carbide-forming elements into the
grain boundaries

(3) The solid-state transformations above the eutectoid temperature at 1300 °C consisted
mainly of the solid v phase, while cooling down from 1300 °C temperature results
initially in the transformation of the remaining liquid into eutectic (L—y + M7C3). It
is well known that maintaining stable austenite against transformation to martensitic
at low temperatures relies on the alloying element concentration in the material,
especially on the carbon and chromium.

(4) Metastable austenite transformation contributes to the enhancement of AISI D2 me-
chanical properties. Where they increased after the application of a direct partial
remelting (hardness of 220 Hv to 350 Hyv, tensile strength of 791 MPa to 961 MPa).
The fracture surfaces after DPRM exhibited a different morphology compared to the
as-received samples; the former showed an intergranular (typically dimple) fracture
mode along the liquidus—solidus contact and grain boundaries.
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