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PREFACE

The author gives thanks to Allah for bestowing His blessing and direction, allowing the
Metalurgi Journal Volume 38, Edition 2, 2023 to be successfully published.

The first article results from Safitry Ramandhany and colleagues research activities on
Synthesis of NiCrAlx Microparticles using Dry Milling and Wet Milling Processes. Lia
Aryani and colleagues presented the second article, The Effect of Bakelite Binders on
Magnetic Properties and Hardness Values of MQP-Type Bonded NdFeB Magnets. Miftakhur
Rohmah and colleagues showed The Effect of Hot Rolling and Solution Treatment on the
Microstructure and Mechanical Properties of Fe-Mn-Si-Cr-Ni Shape Memory Alloy in the
following article. For the fourth article, Yeni Muriani Zulaida and colleagues discussed The
Effect of Al,Oz and Strring Time on Density and Porosity of Aluminum ADC 12 Foam. The
fifth article by Toni Bambang Romijarso and his colleagues discussed The Influence of
Cooling Variations on Mechanical and Microstructural Properties in the Manufacture of
Dual Phase Steel by Annealing Intercritical Process.

The publication of this volume in Metalurgi Journal will benefit the advancement of
research in Indonesia.

EDITORIAL
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UDC (OXDCF) 621.74

Safitry Ramandhany®®, Djoko Triyono ¢, Eni Sugiarti®, Resetiana Dwi Desiati®, Risma Yulita Sundawa® (* Department of
Physics, University of Indonesia, ® Research Center for Advanced Materials, National Research and Innovation Agency)

Metalurgi, Vol. 38 No. 2, 2023
Synthesis of NiCrAlx Microparticles using Dry Milling and Wet Milling Processes

The characteristics of synthesized NiCrAlY and NiCrAlZr composite powders produced by the milling process were
investigated to understand the particle size, the shape of particles, and the properties of crystalline structure. The milling
process was carried out by combining dry milling with the wet milling method to prevent agglomeration, produce a
homogeneous alloy powder, and reduce the particle size. Ethanol was used during the wet milling process as a process
control agent. The PSA (particle size analysis) showed that the particle size was effectively reduced from £70 um to less
than 30 um. In addition, surface structure analysis characterized by SEM (scanning electron microscope) revealed that
particle shape changed from blocky particles after dry milling into flaky, flattened, and fragmented particles after wet
milling. An XRD (x-ray diffraction) was used to identify the phases of powders before and after the mechanical milling
process. Crystal structure analysis was calculated from the change of peak broadening in XRD peak spectra. The
Williamson-hall method has been performed to calculate the strain and crystallite size of synthesized NiCrAlY and
NiCrAlZr composite powder in the present study. The findings in this study show the characteristics of powders, which
are important information for producing coatings with good performance.

Keywords: Dry milling, wet milling, particle size, crystallite size, NiCrAlY, NiCrAlZr
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Lia Aryani®, Bintang Surya Bhakti®, Ahmad Riziq Mubarok?, Ardita Septiyani®, Henny Mulyani®, Nanang Sudrajat®,
Dedi** (*Metallurgical Engineering, Jenderal Achmad Yani University, "Research Center for Advanced Materials,
National Research and Innovation Agency)

Metalurgi, Vol. 38 No. 2, 2023
The Effect of Bakelite Binders on Magnetic Properties and Hardness Values of MOP-Type Bonded NdFeB Magnets

Permanent magnets are important in modern society as components in various devices used by many industries and
consumers, especially in generators and electric motors. Bonded magnet technology allows combining powdered
magnetic materials with polymers as a binder to produce magnetic components that can be applied to certain
applications, such as SynRM (synchronous reluctance) motors. Bonded magnets are easy to form without sacrificing
their magnetic properties, which are too large, and also reduce costs, making them more effective and efficient. This
paper reports the results of a study on the manufacture of bonded magnets NdFeB using bakelite binder on MQP-type
NdFeB magnets with a bakelite variation of 0.5 - 2 wt.%. The characterization included testing magnetic properties with
Permagraph, morphology with SEM (scanning electron microscope), and hardness values with micro Vickers hardness
tester. The results of this study obtained remanence values in the range 5.53 - 6.44 kG and hardness values in the range
341.8 - 507.9 HV for NdFeB bonded magnets. According to SEM observations, the bakelite polymer matrix has
successfully bound NdFeB grains, and no porosity is visible.

Keywords: Magnet, bonded, NdFeB, bakelite
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Miftakhur Rohmah?, Emmanoela Carissa Sendouw®, Rifgi Aulia Tanjung®, Dedi Pria Utama?, Efendi Mabruri? (*Research
Center for Metallurgy, National Research and Innovation Agency, ’Department of Materials and Metallurgical
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Metalurgi, Vol. 38 No. 2, 2023

Effect of Hot Rolling and Solution Treatment on the Microstructure and Mechanical Properties of Fe-Mn-Si-Cr-Ni Shape
Memory Alloy

Fe-14Mn-4Si-8Ni-11Cr SMA (shape memory alloy) was designed as a smart material because of its specific properties,
which can memorize the original shape, so it has the potential to dampen vibration in seismic structures. Memory effect
is triggered by SIM (stress-induced martensitic) transformation from y-austenite to e-martensite (hexagonal close-packed
/ HCP) structure, and it is recovered by heating after unloading. This study investigated the effect of hot rolling and
solution treatment on the microstructure and its relationship with hardness and SME (shape memory effect) properties.
The as cast of Fe-14Mn-4Si-8Ni-11Cr was hot rolled (900 and 1000 °C) and solution treated (1000 and 1100 °C). After
the thermomechanical process, all microstructures consist of y-FCC (face-centered cubic), the annealing twins, and a
fine band of e-martensite. The grain size of the y-phase is 29.43, 41.96, 42.44, and 45.57 um for samples B, C, D, and E,
respectively. The higher the temperature of hot rolling and solution treatment applied, the larger the grain size obtained,
indirectly reducing the hardness to 299.93 BHN and 286.52 BHN for samples D and E. The coarsened austenite grain, a
lower number of annealing twins, and the pre-existing line band of e-martensite are favorable to obtain the enormous
recovery strain, up to 8.26% for sample E.

Keywords: Fe-Mn-Si-Ni-Cr, SMA (shape memory alloy), SME (shape memory effect), strain recovery
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Yeni Muriani Zulaida, Muhammad Nurul Izzudin, Suryana (Department of Metallurgy, Sultan Ageng Tirtayasa
University)

Metalurgi, Vol. 38 No. 2, 2023

The Effect of Al203 and Stirring Time on Density and Porosity of Aluminum ADC 12 Foam

The instability of the foam forming during metallic foam manufacture commonly occurs, which will cause undesirable
pores. The stability of the foam structure is one of the important factors. A stabilizer can maintain the foam cell during
the melting process. In this study, the metal used is ADCI2 with a 12 wt.% of Si element content, and the foaming agent
is CaCOs. CaCO:s will produce gas to form bubbles in the melt during the solidification process and use a stabilizer to
strengthen cell walls so that foam does not easily fall off or collapse. The stabilizer uses Al2O3 with the variation of Al20s
are 1 to 3 wt.%. The stirring time is as variable as well. A stirring process is conducted to distribute foaming agents so
that the foam distribution is more homogeny throughout the aluminum foam. The variation of the stirring time is carried
out for 60, 120, and 180 seconds. The results show that as the time of stirring and the addition of stabilizer increases, the
porosity will rise, but the density decrease. Compressive strength results show it has no significant relation with
increasing the stabilizer and stirring time. The highest compressive strength is obtained in the sample with a stirring time
of 120 seconds with an Al203 content of 1wt.%.

Keywords: Metal foam, foaming agent, stirring, A2O3
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Metalurgi, Vol. 38 No. 2, 2023

The Influence of Cooling Variations on Mechanical and Microstructural Properties in the Manufacture of Dual Phase
Steel by Annealing Intercritical Process

The present research focused on determining the effect of cooling-medium-induced initial structure before the
intercritical annealing induced dual-phase structure in the low alloy steel. Low carbon steel, which consists of
containing 0.09 wt.% C was heated at 920 °C for 30 minutes to austenitization and then cooled in various media to
provide the different initial structures before the IA (intercritical annealing) process. After austenization, the cooling
process in the furnace and open-air provided a ferrite-pearlite phase, while the cooling process in water generated full
martensite as the initial structure. Afterwards, the sample was intercritical-annealed at 750 °C (temperature between Acl
and Ac3 lines or intercritical zone) for 10 minutes and then quenched in water. The water quenching after the
austenitizing process improved the mechanical strength of steel (919 MPa), compared to the as-received state (519 MPa)
due to martensite formation. As the cooling rate increased after the austenitizing process, the tensile strength increased
and the elongation decreased. The different structures before intercritical annealing affected the martensite volume
fraction and further correlated with improving mechanical properties. The ferrite and pearlite, as the initial structure
before the IA process, provide a smaller fraction of martensite (18.36 vol.% for furnace cooling and 27.85 vol.% for
open-air cooling). In contrast, the full martensite as the initial structure before 1A generates a higher fraction of
martensite (39.25 vol.%). The tensile strengths obtained were 512, 516, and 541 MPa with elongations of 29.8%, 30.1%
and 32.6% for cooling furnace, open air and water, respectively. The strain-hardening behavior during the intercritical
annealing is not affected by the initial process of the structure.

Keywords: Dual-phase steel, intercritical anealing, low-alloy carbon steel, fraction of martensite
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Abstract

The characteristics of synthesized NiCrAlY and NiCrAlZr composite powders produced by the milling process were
investigated to understand the particle size, the shape of particles, and the properties of crystalline structure. The
milling process was carried out by combining dry milling with the wet milling method to prevent agglomeration,
produce a homogeneous alloy powder, and reduce the particle size. Ethanol was used during the wet milling
process as a process control agent. The PSA (particle size analysis) showed that the particle size was effectively
reduced from +70 um to less than 30 um. In addition, surface structure analysis characterized by SEM (scanning
electron microscope) revealed that particle shape changed from blocky particles after dry milling into flaky,
flattened, and fragmented particles after wet milling. An XRD (x-ray diffraction) was used to identify the phases of
powders before and after the mechanical milling process. Crystal structure analysis was calculated from the change
of peak broadening in XRD peak spectra. The Williamson-hall method has been performed to calculate the strain
and crystallite size of synthesized NiCrAlY and NiCrAlZr composite powder in the present study. The findings in this
study show the characteristics of powders, which are important information for producing coatings with good
performance.

Keywords: Dry milling, wet milling, particle size, crystallite size, NiCrAlY, NiCrAlZr

species to penetrate and attack the coating and
substrate [6]-[10]. One of the factors which
influenced the porosity level is particle size.
Reducing the particle size could reduce the level

1. INTRODUCTION

NiCrAlIX (X: minor elements, i.e., Y, Zr, Hf,
Ti, Si) alloys are used in TBC (thermal barrier
coating) systems, which provide turbine blades

with protection against oxidation and corrosion at
high temperatures [1]-[3]. A critical factor
against high-temperature oxidation is the
performance of protective oxide on the turbine
components’ surface. The formation of thin,
adhered, continuous, and dense protective oxide
prevents the diffusion of oxidizing species [4]-
[6]. In order to increase the performance of
protective oxide, reactive elements such as
yttrium or zirconium are added to the coating
powder.

The oxidation resistance is significantly
affected by porosity due to the pores acting as the
diffusion paths and allowing the oxidation

DOI : 10.55981/metalurgi.2023.713

of porosity. Daroonparvar et al., investigated the
effect of particle size on bond coat layer [11].
Particle size reduction using the mechanical
milling and alloying method caused the
formation of a continuous and dense alumina
layer on the sample surface [12]-[14]. However,
the dry milling method produced the
agglomeration of powder. Thus, the particle size
increased to 120 um from 20 pum of the initial
powder. Agglomeration conditions make the
particles coarser and could be a barrier to the
deposition process by blocking the nozzle gun
and the high porosity level of coating.

© 2021 Metalurgi. This is an open access article under the CC BY-NC-SA license (https://creativecommons.org/licenses/by-nc-sa/4.0/)
Metalurgi is Sinta 2 Journal (https:/sinta.ristekbrin.go.id/journals/detail?id=3708) accredited by Ministry of Research & Technology, Republic Indonesia
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Furthermore, Biyik and Aydin et al., studied
mechanical milling parameters. The study used
stearic acid in a wet milling method as a process
control agent (PCA) [15]. The results obtained
particle sizes of less than 35 um, and the powder
shape was flaky. PCA adsorbs the powder
particles’ surface and avoids the agglomeration
of powder particles [16]. Ethanol was used as
PCA, which could reduce the intensity of cold
welding of the powder and cause flake-shaped
and irregular powder formation [17].

On the other hand, characteristic of a high-
energy ball mill involves deformation,
fragmentation, cold welding, and structural
changes such as a decrease in crystallite size and
an increase in lattice strain in deformed powder.
The formation of linear defects leads to a
reduction in crystallite size. The crystallite size is
crucial in the composite powder to evaluate its
properties. The crystallite size and lattice strain
are frequently calculated using integral breadth
methods for line profile analysis of XRD (x-ray
diffraction) peaks [18]-[19].

The simplest method used to calculate the
crystallite size is Scherer's formula. However, it
is applicable only when there is no strain on the
materials. Other analytical methods, such as WH
(Williamson hall) analysis, are generally used to
determine the strain and the crystallite size of
materials. It uses any peaks at lower diffraction
angles to get the same information. In addition,
the WH analysis is easy and suitable for strain
and crystallite size calculation of cubic crystals
[19]-[21].

Therefore, in this study, a combination of
dry and wet milling methods was carried out to
minimize the agglomeration of the powder and
obtain finer particle and crystallite size. By doing
these two methods, the time to reduce the size of
the crystals in the powder is also shorter. The
structural changes, such as crystallite size and
lattice strain, were also evaluated to understand
the effect of dry and wet milling combinations
and the addition of the reactive element effect.

2. MATERIALS AND METHODS
2.1 Synthesis of Coating Powder

The NiCrAlY and NiCrAlZr coating
powders used in the present investigation were
used commercially available pure Ni, Cr, Al, Y,
and Zr powder with chemical composition given
in Table 1.

The mechanical milling processes were
conducted in two steps: dry milling for 36 hours
and wet milling for 1 hour. The wet milling was
performed under ethanol to avoid the
agglomeration effect. The experiment was

conducted at room temperature. A planetary ball
miller (SFM-1 Desk-Top) was used to synthesize
fine powders with a weight ratio of ball-to-
powder of 10:1 and ball diameters of 10 mm. The
revolution speeds of dry and wet milling were
1500 rpm and 1200 rpm, respectively. Some
abbreviations were used in this study, such as
XM, DM, and WM, which were unmilled, dry
milled, and wet milled powder, respectively.

Table 1. Chemical composition of NiCrAlX powders

Coating Composition (wt.%)
powder Ni Cr Al Y Zr
NiCrAlY Bal 24 7 0.4 -
NiCrAlZr Bal 24 7 - 0.4

2.2 Characterization

A PSA (particle size analyzer) Cilas 1190
was used to characterize the powder particle size.
XRD Rigaku SmartLab (x-ray diffraction) using
Cu-Ko radiation that was operated at 40 kV and
30 mA for 26 range of 10° to 90° was used to
evaluate the phase analysis of unmilled and
milled powders. The FE-SEM (field emission-
scanning electron microscope) JEOL JEM 2010F
equipped with EDS (energy dispersive
spectroscopy) Oxford X-Max 50 mm? was used
to  characterize the microstructure and
composition of powders.

3. RESULT AND DISCUSSION
3.1 Powders Morphology

The composites of NiCrAlY and NiCrAlZr
powders have been prepared by mechanical
milling. Figure 1 shows the SEM (scanning
electron microscope) images associated with
EDS (energy dispersive spectroscopy) results of
unmilled and milled powders. The unmilled
powder in Figs. 1(a), and 1(d) consisted of nickel,
chromium, and aluminum particles. The nickel
particle was spherical; chromium and aluminum
were blocky shapes. After dry milling for 36
hours, the powder SEM images, as shown in
Figs. 1(b), and 1(e) showed particle powder
agglomerated with irregular morphology. The
agglomeration occurred because aluminum and
nickel showed high ductility and flattened,
resulting in cold welding [16]. According to EDS
analysis, the elemental composition of the
particles was uniform. It indicates that the
particles mixed, forming the composite particles.
Then, the wet milling method presented in Figs.
I(c), I(f) led to flake-shaped and irregular
powders forming. The flakiness of the particles
after the wet milling process for 1 hour indicates
that the fracturing and fragmenting stage has
occurred. In addition, the presence of ethanol as
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PCA could reduce the intensity of cold welding zirconium, were not observed on the EDS

[17]. When the fragmentation rate starts to analysis due to the small concentration of those
dominate over cold welding, powder refinement elements in the composite powders. This
occurs [20]. The grain refining was led by the mechanical milling process formed polycrystals
severe plastic deformation of particles and on the particles.

accumulated internal stress [19]. Based on the
EDS point analysis, a homogenized distribution
of elements was observed in the milled powders.
The rare earth elements, i.e., yttrium and

@ @© (0
Figure 1. SEM image and EDS analysis (at%) of (a) unmilled NiCrAlY, (b) dry milled NiCrAlY, (c) dry milled followed by wet
milling NiCrAlY, (d) unmilled NiCrAlZr, (e) dry milled NiCrAlZr, (f) dry milled followed by wet milling NiCrAlZr

3.2 Particle Size Distribution

Figure 2 exhibits the particle size distribution from the small to the bigger size. The
distribution of unmilled and milled powders. The mean size of both unmilled powders was
unmilled powder shows the broad particle size approximately 35 pm.
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Figure 2. Particle size distribution of unmilled powder (a) NiCrAlY (c) NiCrAlZr, dry milled for 36 h of (b) NiCrAlY (d)
NiCrAlZr, and average particle size of unmilled and milled powders
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The dry milling process exhibited a bigger
size of powders than unmilled powders. The
particle distribution became narrower at the big
particle size. The particle size of dry-milled
powders increased up to 20-40 um. NiCrAlZr
powder showed a bigger particle size than
NiCrAlY powder, approximately 53.18 pm and
76.80 um, respectively. The fragmentation
occurred after the wet milling process, resulting
in a significant decrement in particle size by
about 60%. It forms the flake shape particles of
NiCrAlY and NiCrAlZr powders with an
approximate size of 24.5 um and 18.5 pm,
respectively. SEM images presented in Fig. 1 are
in correlation with the results.

3.3 Phase Identification

The XRD (x-ray diffraction) patterns of the
unmilled, dry-milled, and wet-milled NiCrAlY
and NiCrAlZr powders are shown in Fig. 3.

(111
z = o Ni
s = ®Cr
£ o A Al
S 440435 440 445 450 455 46.0 | &
= 2theta (deg) —_ S =~ ~ -
= = 5 go  eevd
] . e | 'L Ne o
§ | Nicray wm i Sa vy}
c
NiCrAlY DM Jﬂ A
NICrAIY XM ; JJ 'L K |
T T T T T T T T
10 20 30 40 50 60 70 80 90
Ztheta (deg)
(a)
(111)
g = o Ni
g = eCr
- o A Al
—. 43.0 435 44.0 44.5 45.0 455 46.0 —
> 2theta (deg) i~ g —
LA . =} S Noo
2 = S = SR
2 |NcrazrwM g | €2 C°re
5 iCrAlZr = [
c
NiCrAlZr DM J A N
NIiCrAlZr XM x { j L
T T T T T T T T T
10 20 30 40 50 &0 70 80 90
2theta (deg)

(b)
Figure 3. XRD patterns of unmilled and milled (a) NiCrAlY,
(b) NiCrAlZr powders. The inset XRD pattern shows the
broadening peak of the 43-46° region

The unmilled powder shows the peaks of
major elements (Ni, Cr, and Al). As observed on
EDS analysis, the XRD (x-ray diffraction)
spectra did not detect reactive elements of
yttrium and zirconium. It was due to the low
composition of those reactive elements. The
figure shows that the intensity of the dry-milled
powder's  peaks  significantly  decreased.
Moreover, the Al peaks did not disappear on dry-
milled powders. It assures that a solid solution in
Ni was formed. which affects the lattice
parameter of those powders [20].

In addition, the decrement in peak intensity
observed on powders was due to the stress caused
by mechanical milling, which generates the
lattice strain. The peak intensity became high
after the wet milling process, which might be due
to the refinement of the crystal structure.
Moreover, the diffraction line of the milled
powder slightly increased the FWHM (full width
at half maximum), indicating a reduction of
crystallite size during mechanical milling. The
inset region shows the broadening peak and the
peak intensity change observed on the milled
powder. The peak broadening was evaluated to
calculate powders’ the crystallite size and lattice
strain.

3.4 X-ray Peak Broadening

To investigate the microstructural change in
NiCrAlY and NiCrAlZr composite powder, the
X-ray peak broadening of powders was
evaluated. The broadening peaks resulting from
the mechanical milling process are due to the
reduction in crystallite size and the increased
lattice strain caused by dislocation [22]. The
diffraction = peak  corresponding to the

instrumental corrected broadening Bkt was
estimated using the equation.

1/2

— 2 2
Bp = {(ﬁh“) measured (Bria) instrumentai} €8

Scherrer's formula and Williamson-Hall's method
were used to determine the crystallite size and
lattice strain. These methods used the broadening
of the significant element peaks, nickel peaks.

3.4.1 Williamson-Hall Analysis

The calculation of peak broadening using
Scherrer's formula to measure crystallite size
does not consider the strain present in the
materials. However, the mechanical milling
affected the XRD peak broadening due to the
crystallite size and lattice strain. The crystallite
size and the lattice strain contributions to peak
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broadening are independent [19]. Scherrer's
formula is presented in Eq. 2 [21].
kA
D=———1-— 2
Bp cos Opi )

where D is crystallite size, k is Scherrer constant
(0.9), A is the wavelength of CuKa radiation
(1.5406 A), By is the full width at half maximum
(FWHM) in radians, 6, is Bragg's angle of
diffraction lines.

3.4.1.1 Uniform Deformation Model

Strain-induced broadening arising from
defects like imperfections and distortions are
related by Eq. (3).

Bp
tan Bhkl (3)

The WH analysis is suitable for calculating
the crystallite size and lattice strain. Since the
crystallite size and lattice strain could
independently affect the peak broadening, the
strain-induced peak broadening f; is given by the
relation:

Bs; =4ctanf 4
Bria = Bp+ Bs (5)
kA
=———+4stanf 6
Brit = 5o or (6)
kA .
PBhyi cos@ = - +4esinb (7
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Figure 4. The Williamson-Hall analysis of unmilled and
milled NiCrAlY and NiCrAlZr powder using UDM
assumption

Eq. (7) represents the UDM (uniform
deformation model). The plot is drawn between
B cos B and 4sin 8. The crystallite size and lattice
strain are derived from the intercept (c = ki/t)
and the slope (m = ¢), respectively. The UDM
equation assumed that strain was uniform in all
crystallographical directions. In addition, this
calculation considers the isotropic nature of the
crystal, which the properties of materials do not
depend on the direction. The W-H analysis using

the UDM assumption is presented in Fig. 4.
Meanwhile, the calculation of crystallite size and
lattice strain using the UDM assumption is shown
in Table 2.

3.4.1.2 Uniform Stress Deformation Model

UDM considers uniform strain present in all
crystallographic  directions. The strain of
mechanical milling powders, on the other hand, is
not uniform in all directions. USDM (uniform
stress deformation model) generalized Hooke's
law refers to the lattice strain. The strain and
stress are in linear proportionality.

0 =Epgi € (3
where o is the stress, Epy; is the modulus of
elasticity, and ¢ is the strain.

The modulus of elasticity of the cubic FCC
(faced center cubic) crystal along the direction of
(hk1)is

Klm = S11 = 2(S11 — S12 —

0.58544)(h2k? + k212 + 12h?) /(h® +

k% +12)?

9)
where Si; , S12 , and Sy4q are the elastic
compliances of pure Ni with values of 7.34 x 107,
2.74 x 1073, and 8.02 x 107 GPa!, respectively.
The y-intercept of By, cos 8y, Versus 4sin 8y /Epa
graph, the uniform stress (o) and the lattice strain
(¢), which are derived from the slope of the
mentioned graph, can be used to determine the
crystallite size (D). The USDM model for
unmilled and milled powder calculation is
exhibited in Fig. 5. The value of crystallite size,
stress, and the lattice strain estimated by USDM
is presented in Table 2. A minor strain can be
validly estimated using this equation.

0.007 - USDM
0.006 1 \
0.005 4
m NiICrAlZr WM, y = 0.00801 - 0.20418x, R*2 = 0.97619
® NICrAlyY WM, y = 0.00897 -0.20211x, R2 = 0.96212
o 0.004 4 A NIiCrAlZr DM, y = 0.00836 - 0.14412x, RA2 = 0.87448
8 ¥ NiCrAlY DM, y = 0.00791 -0.12513x, R*2 = 0.90447
Q
[+=]
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0002 ;\‘Q
0.001 + & NiCrAIZr XM, y = 0.00399 - 0.11943x, RA2 = 0.9136
< NICrAIY XM, y = 0.00288 - 0.0768x, R"2 = 0.98096
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4sin 0/E_, (GPa")

Figure 5. The Williamson-Hall analysis of unmilled and

milled NiCrAlY and NiCrAlZr powder assuming USDM
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3.4.1.3 Uniform Deformation Energy-Density
Model

In USDM, it considers a linear proportionality
between stress and strain. However, it no longer
remains linear when the strain energy density (u)
is considered. In the UDEDM (uniform
deformation energy-density model), the cause of
anisotropic strain is assumed to be deformation
energy density (energy per unit). The energy
density for an elastic system following Hooke's
law can be determined from u = (£2Euy;)/2.
Then according to the energy and strain relation,
the equation can be modified as presented in Eq.
10.

Brii cos 6 = (%) + (4 sin 6 (z—u)w) (10)

Epki

0.007 4 UDEDM
0.006
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Figure 6. The Williamson-Hall analysis of unmilled and
milled NiCrAlY and NiCrAlZr powder assuming UDEDM

The UDEDM graph was constructed of

1/2
Brii cos 8 versus 4 sin 8 (Ez_u) . The intercept

hikl
used to determine the crystallite size (D) was

calculated from the intercept, the slope of the line
used to determine the anisotropic energy density
and the lattice strain. The crystallite size and
energy density are exhibited in Table 2.

According to the previous studies, in which
crystallite size was determined using the
Williamson-Hall method and then compared with
the TEM (transmission electron microscope)
image, the UDEDM anisotropy model could be a
suggested realistic model, especially for milled
powders.

Williamson-Hall's model of unmilled and
milled NiCrAlY and NiCrAlZr showed a
negative slope, indicating a negative strain,
which might be due to the lattice shrinkage [23].
The crystallite size of milled powders calculated
using UDM, USDM, and UDEDM shows the
decrement. The crystallite size decrement of dry
milled powder is up to 64%, from approximately
50 nm to 18 nm. Meanwhile, the difference in
crystallite size of dry-milled and wet-milled
powder was about 1 nm, and wet milled powder
showed a smaller crystallite size. The formation
of linear defects induces the reduction of
crystallite size [19].

In contrast, increasing the milling time causes
an increase in lattice strain. The crystal
imperfection, such as point defect and
dislocation, affects the lattice strain. It was due to
the high-energy collision between the ball mill
and vial in the mechanical milling process [24].
The stress and deformation energy also increases
with the increase of milling time.

Table 2. Crystallite size and lattice strain of NiCrAlY and NiCrAlZr powders

Williamson-Hall method

Sample UDM

USDM UDEDM

condition
D, nm € (x10-3) D, nm

¢ (101
GPa)

£ (x107%) D, nm u, kJ/m3 £(x107%)

NiCrAlY XM
NiCrAlZr XM
NiCrAlY DM
NiCrAlZr DM
NiCrAlY WM
NiCrAlZr WM

50.46+0.99 0.54+0.04 50.28+2.18 0.768+0.048 0.53+0.03 50.28+2.24 0.021+£0.007 0.54+0.01
36.85£0.50 0.82+0.15 37.13£8.64 1.190+0.163 0.83+0.11 36.48+0.56 0.049+0.001 0.83%0.13
18.47£0.45 0.87+£0.16 18.31+0.58 1.251+0.180 0.87+0.13 18.57+0.51 0.049+£0.002 0.83%0.15
17.53+0.34 0.97+£0.17 17.32+0.43 1.441+0.241 1.00+0.07 17.48+0.38 0.071+0.003  0.99+0.19
16.31£0.39  1.39+0.19 16.14+0.58 2.021+0.179 1.40+0.12 17.88+0.47 0.141£0.002 1.40+0.16
16.20+0.47 1.41+0.16 16.07+£0.73 2.042+0.142 1.42+0.10 16.13+0.57 0.145+0.001 1.41+0.03
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4. CONCLUSION

NiCrAlY and NiCrAlZr powders have been
synthesized using a mechanical milling process
resulting in a homogenous powder and were
characterized by XRD (x-ry diffraction), PSA
(particle size analysis), and SEM (scanning
electron microscope). The mechanical milling
process was divided into two stages: dry and wet.
The dry milling process produced the
agglomerated NiCrAlX powders. The particle
size value of the is approximately 70 pm due to
the high ductility of the element. The wet milling
process using ethanol as a process control agent
could reduce the particle size significantly up to
+30 pm.

After dry milling for 36 hours, followed by
wet milling for 1 hour, the phase change of the
powder did mnot occur. However, the
disappearance of the Al peak was observed in
dry-milled powder, assuming due to the solid
solution formation. The dominant element of Ni
shows the FCC (face centered cubic) structure.
The evaluation of the dominant element
broadening peak was done by W-H analysis.
XRD patterns of milled powder exhibited the line
broadening due to the reduction in crystallite size
and increased lattice strain. The wvalues of
crystallite size and lattice strain of milled
NiCrAlY and NiCrAlZr were approximately 16
nm and 1.4x10-3, respectively. The influence of
reactive element addition on the powder’s
crystallite size and lattice strain is not observed.
In conclusion, the mechanical milling process
produces good powder coating characteristics,
leading to good coating performance.
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Abstract

Permanent magnets are important in modern society as components in various devices used by many industries and
consumers, especially in generators and electric motors. Bonded magnet technology allows combining powdered
magnetic materials with polymers as a binder to produce magnetic components that can be applied to certain
applications, such as SynRM (synchronous reluctance) motors. Bonded magnets are easy to form without sacrificing
their magnetic properties, which are too large, and also reduce costs, making them more effective and efficient. This
paper reports the results of a study on the manufacture of bonded magnets NdFeB using bakelite binder on MQP-
type NdFeB magnets with a bakelite variation of 0.5 - 2 wt.%. The characterization included testing magnetic
properties with Permagraph, morphology with SEM (scanning electron microscope), and hardness values with
micro Vickers hardness tester. The results of this study obtained remanence values in the range 5.53 - 6.44 kG and
hardness values in the range 341.8 - 507.9 HV for NdFeB bonded magnets. According to SEM observations, the
bakelite polymer matrix has successfully bound NdFeB grains, and no porosity is visible.

Keywords: Magnet, bonded, NdFeB, bakelite

1. INTRODUCTION

The need for minerals is increasing and
diversifying with the rapid development of
civilization and technology. The latest trend in
the development of environmentally friendly
energy and industry is using minerals as a raw
material for energy sources (electric batteries),
energy conversion (solar, cell, wind turbines,
etc.), the defense industry, electric vehicles,
other electronics industries (industry 4.0) which
require several types of minerals such as rare
earth metals, lithium, cobalt, nickel, manganese,
tin, graphite, quartzite, and others [1].

Rare earth metals are one of the strategic
minerals. They are included in the critical
minerals which consist of a collection of

elements such as scandium (Sc), lanthanum (La),

cerium (Ce), prasecodymium (Pr), neodymium
(Nd), promethium (Pm), samarium (Sm),
europium (Eu), gadolinium (Gd), terbium (Tb),
DOI : 10.55981/metalurgi.2023.718

dysprosium (Dy), holmium (Ho), erbium (Er),
thulium (Tm), ytterbium (Yb), lutetium (Lu) and
yttrium (Y). These elements play a vital role in
developing of technology-based advanced
industries [1].

The use of these rare earth metals triggers the
development of new materials. New materials
using REEs provide significant technological
developments in materials science. The result of
this material is widely used in industry to
improve the quality of products, such as
magnets[1].

Rare earth metal permanent magnets have
much higher magnetic properties than the
previous types of permanent magnets, where the
(BH)max of this type of magnet reaches 30-35
MGOe or 240 — 280 kJ.m-3. As a permanent
magnet with a high energy density as indicated
by the (BH)max value, this type of permanent
magnet becomes a permanent magnet capable of

© 2021 Metalurgi. This is an open access article under the CC BY-NC-SA license (https://creativecommons.org/licenses/by-nc-sa/4.0/)
Metalurgi is Sinta 2 Journal (https:/sinta.ristekbrin.go.id/journals/detail?id=3708) accredited by Ministry of Research & Technology, Republic Indonesia
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meeting the demands of today's technological
products. These namely products prioritize space
miniaturization [2].

Magnets have become an essential part of
everyday life, and many applications can be
applied to devices such as electric motors,
loudspeakers, microwaves, telecommunications,
and others [3]. Many other magnet applications
are found in a miniature component in a mobile
phone that relies on tiny NdFeB magnets for
vibrational operation. These magnets are also
often used in computer hard disk drives, where
they contribute to the device by ensuring
read/write positions [4]. From Figure 1, it can be
seen that NdFeB magnets are widely applied to
motors and generators with a percentage of 34%

[5].

.’\.ppli:llli.‘l.‘!i_\ Wave Couides All Others
Y Yoo 3% 12% Muotors &
WARE _Generat
Relays Sensors, | /_ Cilageel | |

9 s [ %
Switches ! !
4%
Drives, Clutehes,

Braking
6% /

' -

Transducers / | o
6% ~~_HDD,CD, DVD
Energy 14%
Pronduction
and Storage Transportation

704 1%

Figure 1. Proportion of Application of NdFeB Magnets [5]

The SynRM motor, or the Synchronous
reluctance motor, is a 3-phase electric motor
without permanent magnets and with a
magnetically anisotropic rotor structure [6]. This
type of motor is very popular as an electric or
hybrid vehicle because of its easy and strong
construction [7]. In the process, NdFeB magnets
can be manufactured through powder metallurgy
techniques known as bonded magnets [8]. The
bonded magnet method mixes magnetic powder
with polymer as a binder to produce a magnetic
component [9]. The advantage of this bonded
magnet is that it is easy to form without
sacrificing its magnetic properties, which are too
large, and reduces costs, making it more
effective and efficient [10]-[11].

This study aims to improve the magnetic
properties and hardness values of bonded
NdFeB magnets using a bakelite binder.
Through this research, it was possible to
determine the effect of the bakelite binder on the
magnetic properties and hardness values of the
MQP-type bonded NdFeB magnets.

2. MATERIALS AND METHODS

This research begins with preparing the tools
and materials needed in the research process.
The materials used are MQP-type NdFeB
magnetic powder and bakelite polymer. In the
early stages, the mass percentage estimates of
the bakelite polymer to manufacture bonded
NdFeB magnets was carried out. The bakelite
and NdFeB powders were weighed according to
previous calculations, with a total mass of 3 g
per sample on the weighing paper using a
spatula. After weighing, the sample is put into a
plastic clip and then labeled so that the sample is
not mixed up. In addition, mixing is carried out
through a manual grinding process so that
samples with coarse (large) grain sizes become
finer (small). The weighed bakelite and NdFeB
powder were mixed until homogeneous for 30
minutes using a mortar and pestle.
Homogeneous samples were put into a die with
a size of 12 mm and compacted using a
hydraulic press. The sample was pressed with a
compressive force of 10 MPa for 1 minute. The
sample that comes out will be in the form of a
pellet. The heating process (baking) was
continued in the oven at a temperature of 250 °C
for 30 minutes so that a bonded NdFeB magnet
was formed.

Its physical properties (density), magnetic
properties, microstructure (scanning electron
microscope (SEM) - energy dispersive
spectroscopy (EDS)), and hardness (micro
Vickers) were then characterized. Density
testing was carried out by weighing NdFeB
magnets using digital scales and then measuring
their dimensions using a caliper gauge so that
the data obtained could be calculated using the
density formula in Eq. (1).

p= (1)

In this study, Magnet-physics Dr.
Steingroever GMBH Permagraf C is a tool used
to determine the magnetic properties of bonded
NdFeB magnets. A sample of known density is
placed in the coil so that the magnet can be read
by a computer. An SEM-EDS examination was
conducted to determine the NdFeB composite
magnet’s morphology and elemental
composition. In this test, the sample was
irradiated with an electron beam at a voltage of
3 kV with image magnification of 500x and
2000x. This micro Vickers test was conducted to
determine the hardness of the NdFeB composite
magnet. Vicker hardness tester is a tool used to
measure hardness values. The load given in this
study was 25 gf with a dwell time of 10 seconds.
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3. RESULT AND DISCUSSION
This measurement data for bonded NdFeB
magnets can be seen in Table 1.

Table 1. Dimension measurement result data

Sample .
(%Bakelite) Weight (g) d(mm) t(mm)
0.5 2.862 12 5.18
1 2.968 12 5.44
1.5 3.042 12 5.59
2 2.968 12 5.50

In this study, bonded NdFeB magnets were in
the form of pellets. Figure 2 shows that the
density value per sample decreased from 4.89-
4.77 g/em® with increasing bakelite content.

4.90
4.88
4.86

4.84 4

I\
482 .

Density (gr/cm®)
A

4.80

4.78
4.77

476 T T T T T T T T
04 06 08 10 12 14 16 18 20 22

Bakelite (%)

Figure 2. Graph of the relation between density and
bakelite

The decrease in density indicates a reduction
in sample density due to the influence of the
bakelite polymer mixture on the bonded NdFeB
magnet. The density of bakelite, which is 1.3
g/cm?, is less than the density of the NdFeB
magnet, which is 7.61% [12]. The highest
density value is owned by a sample with 0.5%
bakelite, and the smallest density value is owned
by a sample with 2% bakelite. The difference
between the density values obtained by the
research and the theory is quite large, which can
affect the magnetic properties of the bonded
NdFeB magnets.

After calculating the density, permagraph
testing was carried out to determine the
magnetic properties of the bonded NdFeB
magnets. The results obtained from this
permagraph are in the form of a hysteresis curve
in Fig. 3, which can provide information on the
value of remanence (Br), coercivity (Hc), and
maximum product energy (BH)max. Magnetic
properties data can be seen in Table 2. From
Figure 3, the hysteresis curve of the bonded
NdFeB magnets, it can be seen that the material

is a hard magnet; this is indicated by the loop
shape of the hysteresis curve, which widens
considerably. The hysteresis curve shows that
the wider the hysteresis curve, the higher the
Coercivity is the strength of the magnetic field
required to reduce the magnetization or
magnetic induction to 0 from the saturation
magnetization state [13]. From Figure 5, the
coercivity value tends to increase with
increasing bakelite. From the results of this
study for a bakelite content of 1.5-2%, the
coercivity value is not much different from the
reference magnet of 6.032-6.06 Oe. The
specification for MQP type NdFeB magnetic
powder has a coercivity value of 6.5-7.5 kOe
[14]. bakelite composition. The most expansive
curve is found in samples with 2% bakelite.
Samples with 0.5% bakelite have a smaller
curve shape than other bakelite variations.

Table 2. Magnetic properties data

Sample (BH)max
Br(kG) Hc(kOe)
(% Bakelite) (MGoe)
0.5 6.44 4.983 3.84
1 6.20 5.976 6.54
1.5 5.57 6.050 5.57
2 5.53 6.032 5.84

Based on the curve results, magnetic properties
such as remanence Br, coercivity Hic, and
energy product (BH)max for each sample are
presented in Table 2.

-1000 -500 0 500 1000
H(A/m)

Figure 3. Hysteresis curve of the bonded NdFeB magnets
with a bakelite variation of 0.5, 1, 1.5 and 2

The results show that the remanence value
decreases, and the coercivity and BHmax values
increase with each addition of bakelite
composition. The  bakelite = composition
significantly affects the Br, Hc, and (BH)max
values.
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Remanence is the residual magnetic field (B)

during magnetization when the H magnetic field
is removed [13]. The remanence value decreases
as more bakelite is added. This is because
bakelite is a non-magnetic material, so the
remanence decreases as the amount of bakelite
increase. From Figure 4, samples with 0.5%
bakelite have the highest remanence, and
samples with 2% bakelite have the lowest
remanence.
Samples with 0.5% bakelite have stronger
magnetic properties than samples with greater
bakelite variation. The decrease in magnetic
properties is due to the increase in bakelite, a
polymer.
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6.2 |

6.0
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Figure 4. Graph of the remanence relation with bakelite

The greater the coercivity value of a magnet,
the stronger the magnetic properties.
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Figure 5. Graph of the coercivity of bakelite

Figure 6 shows that the (BH)max values
increase with increasing bakelite content. It's
simply that from 0.5% to 1% bakelite samples,
there was a significant increase with a difference
in value of 2.7 MGOe.

Several factors that can affect the magnetic
properties of bonded magnets are grain size,
compaction pressure, and temperature [15].
According to research by A. Ritawanti et al., the
larger the grain size, the stronger the magnetic
properties.

7.0

6.5 6.54
6.0
/- 584

5.5 558
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Figure 6. Graph of the relation between BH max and bakelite

The formation of porosity due to grain size
can affect the density value; if it does not
approach the theoretical density value, then the
magnetic properties will not be appropriate [16].
If the temperature applied exceeds the curie
temperature, the magnetic properties will be
weakened [17]. In physics and materials science,
the Curie temperature is the temperature at
which a particular material loses its permanent
magnetic properties [21]. In this study, the
NdFeB bonded magnet is a ferromagnetic
material that will lose its magnetic properties
when it is above the curie temperature, and
NdFeB bonded magnets are ferromagnetic
materials that feature good loop hysteresis
curves because when an external magnetic area
is applied to a ferromagnet, the atomic dipoles
align themselves with it. Even when the field is
removed, part of the alignment will be retained:
the material has become magnetized [17]. SEM-
EDS (scanning electron microscope-energy
dispersive spectroscopy) testing was carried out
to determine the surface morphology and
composition of the elements in bonded NdFeB
magnets. In the SEM test, magnification was
carried out two times, namely 500x
magnification and 2000x magnification. The
NdFeB powder in the SEM results is marked in
gray, while the bakelite is marked in white.
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SEM results from Fig. 7(a) 0.5% bakelite
sample with 500x magnification, it can be seen
in the figure that the NdFeB powder has non-
uniform grain sizes; this could be due to the
process of mixing the NdFeB powder and
bakelite manually with a mortar and pestle
where the pressure is applied at the time of
grinding is different and also no sieving is done.
The grain size of these samples ranged from 45-
100 wm as measured directly by SEM. In the
results of this image, it is clear that there are
gaps between the grains; this can be caused by

)

non-uniform grain sizes and the lack of
compacting pressure used so that the sample still
has a lot of porosity [18]. In addition, the
increase in bakelite affects the presence of
porosity [18]. Bakelite is located between the
grain gaps, and the distribution of bakelite is not
evenly distributed. SEM results with 2000x
magnification did not show any bakelite
distribution; this could be due to the small
percentage of bakelite. After magnification, the
presence of bakelite is not visible, as in Fig. 7(b).

Figure 7. (a) Morphology of NdFeB + bakelite 0.5%, (b) magnification area of (a)

The results of a 1% bakelite with 500x
magnification demonstrate that the grain size is
not homogeneous, as illustrated in Fig. 8(a).

.~ — Bakelic@h

/ |
W

r
)

(@)
Figure 8. (a) Morphology of NdFeB + 1% bakelite, (b) magnification area of (a)

l[;,':1';||lr;

Bakelite distribution is not limited to grain gaps,
and bakelite begins to appear above the surface.
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In Figure 9, the presence of bakelite is not
visible; a lens magnification is needed to confirm
the presence of bakelite. The presence of bakelite

had bonded some of the grains together, and there
was a difference in grain size after magnification.

SUEHOD 30V 17 Jmm 500 5

Bakelite

(b)

Figure 9. (a) Morphology of NdFeB + bakelite 1.5%, (b) magnification area of (a)

Figure 10 shows the SEM results for the 2%
bakelite sample. The image clearly shows the

presence of bakelite compared to the other sample

] "'"I‘F"i
"s-i: Bakelite £ ,

(@)

results. In Figure 10, it is very clear that evenly
distributed bakelite can provide very good
bondlng propertles [19].

(b)

Figure 10. (a) Morphology of NdFeB + bakelite 2%, (b) magnification area of (a)

During the heating process, the bakelite melts.
This melted bakelite coats the surface and adhered
one grain to another. The presence of bakelite is
not only between grains but above the grain
surface. This can happen because there is an
indication that the bakelite is burning. So it can be
concluded that the more bakelite, the smaller the
porosity is formed because the bakelite fills the
gaps between the grains, which then envelops the
surface of the bonded NdFeB magnets.

Table 3 shows the result of EDS testing of 4
samples. EDS detected 9 elements. The atomic
percentages of the elements Nd, Pr, and Fe tend to
decrease with increasing bakelite. The EDS
results showed the presence of oxygen (O) in the
sample, indicating that the bonded NdFeB
magnets were well oxidized [20]. From the above
data, as bakelite increases, the number of carbon

elements from the four samples increases from
5.53%, 7.31%, 17.22% to 44.86%. This is because
bakelite is a polymer, which a cross-linked carbon
chain pattern, so there is a contribution that can
alter these magnetic metals.

Table 3. Elemental composition of EDS results
Composition (wt.%)/% Bakelite

Element

0.5 1 1.5 2
Nd 0.33 0.72 0.01 2.05
Pr 16.50 15.47 9.43 -
Fe 61.12 61.09 5531 22.68
B 5.09 4.60 7.20 5.96
C 5.53 7.31 17.22 44.86
Co 5.96 5.16 - -
0] 3.92 4 10.84 20.21
F 5.53 1.66 - -
Ca - - - 4.14
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The micro Vickers results can be seen in Table
4. From Table 4, each sample was tested at three
points. So that the hardness value obtained is the
result of the average, the hardness value of the
bonded NdFeB magnets can be seen in Table 4.

Table 4. Micro Vickers test result

Sample Hardness Value (HV)
(%
Bakelite) 11| I Average
0.5 329.1 368.6 327.7 341.8
1 473.1 456.8 443.9 457.93
1.5 512.1 514.8 487.7 504.86
2 477.4 515.4 530.9 507.9

In this study, the sample with 2% bakelite had
the highest hardness value. This is because
bakelite, in its molecular structure, has excellent
strength, so it can form cross-linked solid
networks to increase strength during the heating
process [19]. As evidenced by Figure 10(g), the
results of SEM data on this sample show that the
bakelite polymer is evenly distributed, which can
provide excellent bonding and better mechanical
properties to bind NdFeB magnets [19]. Therefore,
the bakelite polymer provides good hardness
properties to these bonded NdFeB magnets.

Figure 11 shows that with increasing bakelite,
the hardness value of the bonded NdFeB magnets
will be higher.

520

506.86 507.9
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Figure 11. The effect of bakelit level on the hardness value of
NdFeB

4. CONCLUSION

Conclusions from the results of the study on
the effect of bakelite on the magnetic properties
and hardness values of MQP-type bonded NdFeB
magnets:

Bonded NdFeB magnets can be made by
mixing NdFeB magnetic powder with bakelite
polymer, compacting it, and then heating it. In this
study, the 1% bakelite sample was optimal
regarding magnetic properties, while the 2%
bakelite sample was optimal regarding hardness
properties. This is because the addition of bakelite

is very influential. The sample with 0.5% bakelite
has a high remanence value of 6.44 kG, so it can
be said that this sample has a higher magnetic
strength compared to the other samples. Because a
significant percentage of bakelite succeeded in
binding the NdFeB granules, the hardness value of
507.9 HV was higher in the NdFeB with 2%
bakelite than in the others.
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Abstract

Fe-14Mn-4Si-8Ni-11Cr SMA (shape memory alloy) was designed as a smart material because of its
specific properties, which can memorize the original shape, so it has the potential to dampen vibration in
seismic structures. Memory effect is triggered by SIM (stress-induced martensitic) transformation from y-
austenite to e-martensite (hexagonal close-packed / HCP) structure, and it is recovered by heating after
unloading. This study investigated the effect of hot rolling and solution treatment on the microstructure
and its relationship with hardness and SME (shape memory effect) properties. The as cast of Fe-14Mn-
48i-8Ni-11Cr was hot rolled (900 and 1000 °C) and solution treated (1000 and 1100 °C). After the
thermomechanical process, all microstructures consist of y-FCC (face-centered cubic), the annealing
twins, and a fine band of e-martensite. The grain size of the y-phase is 29.43, 41.96, 42.44, and 45.57 um
for samples B, C, D, and E, respectively. The higher the temperature of hot rolling and solution treatment
applied, the larger the grain size obtained, indirectly reducing the hardness to 299.93 BHN and 286.52
BHN for samples D and E. The coarsened austenite grain, a lower number of annealing twins, and the
pre-existing line band of e-martensite are favorable to obtain the enormous recovery strain, up to 8.26%
for sample E.

Keywords: Fe-Mn-Si-Ni-Cr, SMA (shape memory alloy), SME (shape memory effect), strain recovery

1. INTRODUCTION

Shape memory alloy is an intelligent
material that can revert to its original form after
deformation, which became critical for
biomedical, construction, automotive, and
acrospace applications. In terms of earthquake
resistance construction, SMA (shape memory
alloy) can dampen vibrations, reduce the
destruction effect, and provide a seismic response
by self-centering capabilities despite extensive
deformation [1]-[2]. As a result of these desirable
properties, SMA might be employed to improve
the existing structures, such as beam-column
connections, specific braces, pre-stressing bars,

DOI : 10.55981/metalurgi.2023.708

dissipation dampers, and base isolation systems.
In two decades, some researchers have been
interested in the development of Fe-based SMAs
due to their high mechanical properties (good
workability and machinability), higher thermal
hysteresis, lower production preparation costs,
and relatively SME (shape memory effect) when
compared to NiTi-based and Cu-based [1],[3].
When Fe-Mn-Si SMA alloy is heated or loaded,
the heat or stress-induced martensitic
transformation from vy-austenite (face-centered
cubic/FCC) to e-martensite (hexagonal close-
packed/HCP) structure and its reversion during
cooling or unloaded [3]. The ability to transform
reverse (FCC <&HCP) by generating the strain-
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induced epsilon martensite (e-SIM) is the most
appropriate indicator of SME levels.

The shape memory ability depends on the
morphology and orientation of the parent phase
(austenite) for its transformation site [4].
Unfortunately, the SME and recovery strain
effect of polycrystalline Fe-Mn-Si was lower (2-
4%) than that of single crystal (~9%) due to
variations of orientation in polycrystalline caused
the concurrent dislocation glide during its
irreversible transformation [5]. This condition of
low recovery strain can not be implemented for
engineering purposes. Manufacturing a single
crystal structure is very difficult for massive
production on the industrial scale. Several efforts
were developed to improve the shape memory
effect in polycrystalline of Fe-Mn-Si based, such
as employing  special heat treatment
(thermomechanical treatment, training, and
ausforming) [3], modification of chemical
composition by adding the element that can form
finer precipitation (Nb, C, V, etc.) [6] and
stabilize the austenite phase (Mn and Ni) [7].
Fawkhry [4] concluded that the grain size of
polycrystalline SMA has two conflicting effects
during the phase transformation process. Small
grains produced more e-martensite nucleation
sites and more twin structures, which would
hinder Shockley movement and lead to the
deterioration of the SME. The more significant of
twins showed the poor shape memory effect
because the twins directly relate to low grain
boundary energies that can’t be restored by
heating [8]. In contrast, Choi et al., [9] reported
that the increase in grain size enhanced the
volume fraction of thermally induced martensite
due to the improving degree of recrystallization.
The relations of variables and the effect of these
studies need to be further investigated to improve
performance for engineering purposes. Another
study reported that thermomechanical treatment
at ~600°C, particularly with rolling addition
before the solution treatment, reduced the
accumulated dislocation, improved the shape
memory properties, developed a [111] texture in
the austenite phase due to the increasing austenite
stability in small grain [10]. Dynamic
recrystallization activated during the rolling
process at 1000 °C followed by annealing at
700 °C provides a more regularly shaped grain
with low stacking fault than those by warm
rolling (600 °C), further leading the improvement
of SME in the Fe-17Mn-6Si-9Cr-5Ni-0.09C and
Fe-22Mn-4Si-8Cr-5Ni [8].

Other than that, the high Mn levels in Fe-Mn-
Si-based SMA usually range from 15 to 30%,
which is a significant concern when this alloy is

to be massively produced. On the contrary, the
lower Mn decreases the g-martensite stability and
increases the martensite start transformation
temperature. This problem was compensated for
by adding the 4-5 wt.% Ni and 5-9 wt.% Cr, and
large excess Si content [8]. So, applying
thermomechanical treatment with appropriate
chemical composition became critical in
improving the shape memory effect.

In this work, the effect of pre-rolling before
solution treatment with the varied temperature of
each process was subjected to correlate its impact
on the microstructure and mechanical properties
of Fe-14Mn-4Si-8Ni-11Cr alloy.

2. MATERIALS AND METHODS

The Fe-Mn-Si-Ni-Cr alloy with the exact
chemical composition, as shown in Table 1, was
melted in an induction melting furnace. The Nigq

and Cre, were calculated by the Hammer
equation (Eq. 1-2) [11].

Creq= Cr +1.5Si + 1.37Mo + 2Nb + 3Ti (1)
Nie=Ni +0.31Mn + 22C + 142N+ Cu (2)

The cast ingot was cut to 100 x 25 x 6 mm
using a wire cut machine and then homogenized
at 1050 °C for 3 hours. Two samples were rolled
to around 3 mm of thickness (65% reduction) in
three passes at 900 °C and two others at 1000 °C
to determine the effect of hot rolling temperature.

Table 1. Chemical composition (wt.%) of Fe-Mn-Si-Cr-Ni
alloy

Fe Mn Si Cr Ni C

Balance 14.22 3.76 10.54 8.23 0.09

Then, each varied sample was performed on the
solution treatment process at 1000 and 1100 °C
for 30 minutes in an argon environment, followed
by water quenching. The sample code is
summarized in Table 2.

Table 2. Description of sample code

Sample Description
Code

A As-cast

B Hot rolling 900 °C and solution treatment at
1000 °C

C Hot rolling 900 °C and solution treatment at
1100 °C

D Hot rolling 1000 °C and solution treatment at
1000 °C

E Hot rolling 1000 °C and solution treatment at
1100 °C

The shape memory behavior on the sample
processed by thermomechanical was evaluated by
the degree of tensile shape recovery (Eq. 3). Each
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steel was prepared as a tensile sample with a
gauge length of 25 mm and diameter of 6 mm,
according to ASTM ES8 standard. The pre-strain
(10%) with 0.5 mm/min speed loaded was
provided to give stress at room temperature,
followed by unloading with the same speed using
Tinius Olsen Hydraulic Universal Testing
Machine. Finally, all specimens were heated at
600 °C for 15 minutes in Nabertherm Muffle
Furnace with an argon environment to complete
the reverse transformations for the recovery
process. This method was introduced by
Matsumura et al., [12].

-

SME =——= x 100% 3)

The 10, 11, and 12 are the gauge lengths on the
specimen before the tensile loading, after the
unloading, and after the complete reverse
transformation, respectively.

A metallographic test was carried out to
confirm the microstructure using an optical
microscope Olympus Type BX53M. Each sample
was cut to Ix1 mm by a precision cutting
machine, mounted in epoxy resin, mechanically
ground using SiC paper (80-1200 grit), polished
with alumina slurry (5 and 1 pm), and etched to
Kalling etchant (made from 5 g CuCl, + 100 mL
HCl + 100 ml ethanol). The Heyn Lineal
Intercept procedure (ASTM E112) calculated the
grain size. The microstructure was also
confirmed by XRD (x-ray diffraction) Bruker
with Co-Ka source (1.789 A). Then, the Rietveld
method was used to analyze its lattice parameter
phase using GSAS-II. The hardness test was
performed to investigate the change in hardness
value using the AFRI Hardness tester machine
with Brinell methods (diameter indenter of 5
mm).

3. RESULT AND DISCUSSION
3.1 Microstructure analysis

Microstructure morphology before pre-strain,
including the grain size of austenite and the
annealing twins, feature, is crucial in determining
the shape memory effect. Figure 1 shows the
microstructure of Fe-14Mn-4Si-8Ni-11Cr as-cast
and after thermomechanical treatment. In the
ordinary optical microscope, the microstructure is

a typical dendritic structure of the austenite phase.

For the Fe-Mn-Si-Ni-Cr steels used in this study,
Creq=16.18 wt.% and Nieq=14.62 wt.%, giving
the ratio of Cr equivalent and Ni equivalent equal
to 1.11, indicating the equilibrium solidification
of Fe-Mn-Si-Ni-Cr follows the A modes (L 2>

L+y = 7) due to Mn that known as an austenite
former during solidification [11].

After the thermomechanical process, the
dendritic structure transformed into the fully
austenitic structure with thermal twin (Figure 1b-
e) and the finer slip line bands in particular
grains, which were assumed to identify e&-
martensite after grinding. Slightly plastic
deformation in compressive stress was induced
by mechanical grinding or polishing with
multiplicity orientation. A consequence due to
low stacking faults energy of FeMnSi SMA and
the external stress during grinding, the SIM
(stress-induced  martensite)  transformation
occurred, leading the y-FCC grains to transform
into e-martensite [13]. Its microstructure agrees
with the report from other Fe-Mn-Si-Cr-Ni
findings [10],[14]-[15]. Additionally, Fig. 1b
shows the incomplete delineation grain boundary,
possibly due to the misorientation variation [8].
Sample B exhibits a smaller grain size (29.43
pm) than Sample C (41.96 pm), suggesting that
the higher solution treatment temperature
provides more strain energy for completed
recrystallization, migration of austenite grain
boundaries, and growth during solution treatment
[4][14]. With the higher temperature rolling, the
grain size was increased to 42.44 pm and 45.57
pm for samples D and E, respectively. These
values are higher than the sample that results in
hot rolling of 900 °C, indicating the higher
temperature in the rolling process increased
thermal energy, which encouraged the atoms to
move and form a new crystal structure [14].

Furthermore, the annealing twin with mostly
straight boundary lines crossing the austenite
grains is visible in sample B-E due to the lower
stacking fault energy of Fe-14Mn-4Si-8Ni-11Cr
during recrystallization. The annealing twin
structure, as planar defects resulting in the
stacking fault overlapped, was probably proposed
as a growth accident, grain boundary
dissociation, or the stacking fault package
originates near the start of the migrating
recrystallization and subsequently merged [15]-
[16]. The average twin length is 90.97, 128.527,
135.23, and 160.88 um for samples B, C, D, and
E, respectively. The twin spacing of the higher
temperature sample (samples C and E) is larger
than that of lower temperature (samples B and
D). By increasing the temperature of hot rolling
and  solution treatment during plastic
deformation, the number of twin and stacking
faults reduces, representing the densities of
annealing twin boundaries and grain boundaries
decreases. Still, its length increases [15],[17].
The smaller grain size provides more site for the
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formation of twins since it is driven by the stored full austenite phase; however, XRD results

energy consumption in the grain boundary [16]. indicate the presence of dominated y-FCC and
The XRD also confirms these microstructures, relatively weak intensity of e-HCP (metastable
as shown in Fig. 2. According to the Schaeffler phase) as impurities peak.

diagram, Fe-14Mn-4Si-8Ni-11Cr only contains a

17 20 pm f

Figure 1. Microstucture of Fe-14Mn-4Si-8Ni-11Cr (a) sample A (as-cast), with hot rolling 900 °C, (b) sample B (solution
treatment 1000 °C), (c) sample C ( solution treatment 1100 °C), and hot rolling 1000 °C (d) sample D (solution treatment
1000 °C), and (e) sample E (solution treatment 1100 °C). Etched by Kalling’s

The y -FCC parent phase is depicted in the shifted temperature transformation (thermal-
planes of (111), (200), (220), (311), and (222), induced), according to the Clausisu-Clapeyron
which is identical to prior research [14]. The [10]. There is no significant relationship between
formation of &-HCP in a small fraction (2.66- rolled or solution temperature and e-HCP fraction

6.3%) was assisted by mechanical ground and the
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(Table 3). The higher e-HCP fraction (6.3%) was
obtained by sample D.
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Figure 2. XRD pattern of (a) Fe-14Mn-4Si-8Ni-11Cr and (b)
inserted at 49°-54° of 20

Figure 2(b) shows that the reflection peak in
20 of 51.08° and 52.37° indicated the twin
appearance, referring to two symmetric structures
in the same layer stuck together in the primary
structure (111 y-phase) [18]. The twin structure
reduced the elastic deformation resistance [19]. It
is consistent with the microstructure result (Fig.
1). In addition, the lattice parameter of each
phase is summarized in Table 3. Lattice a in -
cell (space group Fm - 3m) is shifted and tend to
broaden as the temperature increase, except in
sample C. If the lattice parameter is broader, the
crystal structure may be less dense, making the
material less resistant to mechanical stress [20],
and martensitic transformation can quickly occur
[19].

3.2 Hardness Analysis

The effect of hot rolling and solution
treatment process on Fe-14Mn-4Si-8Ni-11Cr is
shown in Fig. 3. The Fe-Mn-Si-Ni-Cr as-cast had

the lowest hardness value (175.72 BHN), while
sample B had the maximum value (315.48 BHN).
The random direction of the dendritic structure
most likely caused the low hardness of the as-cast
austenitic structure.

Table 3. Lattice paramaters of diffraction pattern in Fe-
14Mn-4Si-8Ni-11Cr

Sample
Parameter B C D E
v-FCC (cubic)
Space group: Fm — 3m
Lattice a 3.59323  3.58506  3.59513  3.59561
(nm)

Phase 96.24%  93.52% 93.7% 97.34%
fraction

E-HCP (hexagonal)
Space group: P- 3ml

Lattice a 4.04652 4.052 4.052 4.0469
(nm)
Lattice ¢ 5.09976 5.085 5.085 5.13585
(nm)
Phase 3.76% 5.648% 6.3% 2.66%
fraction
Rwp (%) 3.01 4.4 4.28 4.25
Chi square 1.73 1.970 1.829 1.806

304.32 299.93  ,gg52
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The thermomechanical addition generally
improved the hardness value compared to the as-
cast sample. Hardness increases are inversely
related to the grain size. According to the Hall-
Petch equation, the harder the material, the
smaller the grain size.
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315.48
=
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Figure 3. Hardness result of Fe-14Mn-4Si-8Ni-11Cr after
hot rolling and solution treatment

The higher temperature in the rolling and
solution treatment process provided more
activation energy for completing recrystallization
and consuming the deformed austenite and its
twins, decreasing grain boundary and indirectly
lowering hardness [16]. The existence of twins
also contributed to the insignificant decrement of
hardness in sample C (304.32 BHN) and sample
E (286.52 BHN), which increased the work
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hardening rate and disturbed dislocation mobility
by creating barriers to dislocation glide [21].

3.3 Shape Memory Effect Analysis

The 10% pre-strain and recovery annealing
temperature at 600 °C were used to determine the
SME (in terms of the tensile recovery ratio)
based on the microstructure data described above.
The SME in Fe-Mn-Si-Ni-Cr shape memory
alloys (Fe-SMAs) is derived on the stress-
induced g-martensite transformation
(y(FCC)>¢(HCP)) at room temperature and the
reserve transformation (¢ — vy) by heating at
higher temperature [1]. The effect of
thermomechanical conditions on the SME is
shown in Fig. 4.

11
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Figure 4. Tensile strain recovery ratio of Fe-14Mn-4Si-8Ni-
11Cr

Based on Fig. 4, the tensile recovery ratio of
Fe-14Mn-4Si-8Ni-11Cr after annealing at 600°C
is 2.69%, 5.47%, 8.09%, and 8.26% for samples
B, C, D, and E, respectively. Compared to other
Fe-Mn-Si-Ni-Cr alloys, Fe-14Mn-4Si-8Ni-11Cr
shows a relatively good shape memory effect
(Table 4). Sample E has the largest recovery
strain, around 8.26%, while sample B has the
poorest SME (2.69%). The number of SMEs is
correlated to the amount of stacking faults, grain
size, and the twin’s morphology [9]. The larger
grain size provided more the atomic arrangement
of stacking fault in the FCC austenite during pre-
straining can act as a nucleus site for the -
martensite preferentially nucleated and growth,
affecting the improvement of shape memory
[9],[14],[22]. The higher temperature in solution
treatment significantly promotes the martensite
start temperature close to the ambient
temperature, generating a high amount of
martensite. Choi et al., concluded that the volume
fraction of thermally induced e-martensite after
solution treatment increased with the increasing

temperature, caused by the reduction of
dislocation density along with the increasing
grain size, the decreasing critical stress for stress-
induced martensite transformation (osmn) and the
completing recrystallization degree [9].

Table 4. Comparison of SME result of Fe-Mn-Si-Ni-Cr
shape memory alloy

Materials SME Remark Ref.
e-14Mn-4Si- 2.69 % As hot rolled (900 - This
8Ni-11Cr - 1000 °C) + solution study
826%  treated (1000 -
1100 °C for 30
minutes)
Fe-21.63Mn- 45%— Cold rolling + [I5]
5.68i-9.32Cr-  55% annealing (1100 -
5.38Ni 1150 °C for 5-120
minutes)
Fe-18.54Mn- 2.7% — As-cast, as-annealed [22]
5.708Si- 7.7 % (300 — 1100 °C for

8.91Cr-4.45Ni 30 minutes)

Furthermore, the highest SME in sample E was
caused by the lower number of annealing twins,
which can’t revert through heating in the
recovery process [15]. On the other hand, the pre-
existing -martensite (Figs.1(b)-1(e)) inhibits the
martensite transformation generated by pre-strain
because its band intersection acts as a significant
barrier to partial dislocation movement.

4. CONCLUSION

The shape memory effect characteristics of
Fe-14Mn-4Si-8Ni-11Cr were improved through
thermomechanical  processing for  seismic
applications. The austenite became larger as the
hot rolling and solution treatment temperature
increased, suggesting that recrystallization had
been completed and grain growth had occurred
for the rolled grain. Because of the lower
stacking fault energy and other lead provided the
stored energy consumption in the grain boundary,
the number of annealing twins increased, the twin
spacing became narrower, and the average twin
length decreased from 160.88 um to 90.97 um at
lower rolling and solution treatment temperatures.
Furthermore, thermomechanical addition
improved the hardness value (286.52-315.48
BHN) compared to the as-cast sample (175.72
BHN). Increasing the hot rolling and solution
treatment temperature was found to reduce
hardness slightly but noticeably increased the
tensile recovery ratio of Fe-14Mn-4Si-8Ni-11Cr.
It seemed inversely related to the austenitic grain
size, revealing that twin formation as tangles
barrier caused the increase in work hardening and
disturbed dislocation mobility to gliding.
Controlling the grain size of the austenitic phase
(29.43-45.57um) and the pre-existence of e-
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martensite throughout the thermomechanical
process resulted in recovery strains varying from
2.69% to 8.26%. The highest-performing SME
with an 8.26% tensile recovery ratio was found to
be Fe-14Mn-4Si-8Ni-11Cr with the hot rolling
and solution treatment at 1100 °C temperature.
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Abstract

The instability of the foam forming during metallic foam manufacture commonly occurs, which will cause
undesirable pores. The stability of the foam structure is one of the important factors. A stabilizer can
maintain the foam cell during the melting process. In this study, the metal used is ADCI12 with a 12 wt.%
of Si element content, and the foaming agent is CaCOs. CaCO;3 will produce gas to form bubbles in the
melt during the solidification process and use a stabilizer to strengthen cell walls so that foam does not
easily fall off or collapse. The stabilizer uses Al,Oz with the variation of Al:Oz are I to 3 wt.%. The
stirring time is as variable as well. A stirring process is conducted to distribute foaming agents so that the
foam distribution is more homogeny throughout the aluminum foam. The variation of the stirring time is
carried out for 60, 120, and 180 seconds. The results show that as the time of stirring and the addition of
stabilizer increases, the porosity will rise, but the density decrease. Compressive strength results show it
has no significant relation with increasing the stabilizer and stirring time. The highest compressive
strength is obtained in the sample with a stirring time of 120 seconds with an Al,Os content of 1 wt.%.

Keywords: ADC 12 metal foam, foaming agent, stirring, A1>O;

1. INTRODUCTION Different methods have been developed to

The popularity of aluminum foam nowadays produce foams, which can be divided into two
has increased. It can be investigated easily by categories: direct foaming by introducing gas
the number of scientific articles that discuss it bubbles into a conditioned melt [4] and foaming
[1]. Metal foams are known for their unique w1th.the he.lp of blowing agents [5]. Metal foam
combinations of physical and mechanical maklpg using the molten .me‘Fal can be called
properties, such as lightweight, higher specific the direct m;thod bc?cguse? liquid metal can form
strength &  stiffness, improved elevated foam by directly injecting gas or gas from
temperature strength, and excellent energy blowing agents [6]. Gas that appears in molten
absorption capacity at very low plateau stress. metal. W{ll form gas bubbles and be dispersed n
The implementation of aluminum foam in the the liquid. Generally, £as bgbbles formed m
automotive  and  aerospace  fields s molten metal tend to immediately rise to the
unquestionable. Aluminum foam can be used as surface due to the high buoyancy forces in the
crash energy or vibration-absorbing material [2]. high-density ) melt. However, .thls gpward
Because of its lightweight material, aluminum movement will be hampered by increasing the
foam can reduce the weight of vehicles. Mass- viscosity of the liquid metal. This condition can

reduction vehicles achieve significant weight be condupted by adding fine ceramic powders
loss, reduce greenhouse gas emissions, and save or alloying elements to form stable melt

intake fuel [3]. All of these are the advantages particles [7].
of using metal foam. Using foaming agent CaCO; can produce

foam under optimum conditions, resulting in a
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density of 0.9 g/cm? with a rounded pore shape.
[8]. Too high a stirring speed, up to 2000 rpm,
causes the porosity to increase, but the pore size
decreases. The use of CaCOj is considered very
efficient and effective and thus can replace the
role of conventional TiH, foaming agents [9].
The effect of porosity percentage is very
significant on the compressive strength of the
aluminum foam. The value of the porosity is
higher; the foam strength will be low [10].

In a previous study, aluminum in the liquid
will react to form aluminum oxide (Al,Os) and
then continue with calcium carbide to become
calcium-alumina [11]. It will increase the
viscosity of the melt so that the bubbles that
form do not quickly come out to the surface. In
this study, the formed aluminum oxide slag was
cleaned, so how effective the addition of ALLO;
in forming porosity in the foam metal.

So, this study aims to understand the effect
of additional alumina and stirring time on the
density and porosity of foam aluminum, pore
shape and size, and the strength of the
aluminum foam as a foaming agent using
calcium carbonate (CaCO3).

2. MATERIALS AND METHODS

This experiment uses base metal aluminum
ADCI12 and foaming agent calcium carbonate,
as much as 300-gram dan 2 wt.%. The liquid
metal stabilizer compound wuses alumina
(Al>0O3) with a composition variation of 1, 2 and
3 wt%. All materials melt in an electric furnace.
Each specimen was coded based on the stirring
time and stabilizer composition, as described in
Table 1. S denotes the sample, the first two or
three numbers indicate the stirring time, and the
last digit indicates the alumina composition. For
example, if the specification is S1203, the
stirring is carried out for 120 minutes with a 3
wt.% alumina composition.

First, the aluminum ingot was cut into
smaller sizes and then put into an electric
furnace until around 800 °C. After the metal has
melted, the slag on the surface of the liquid is
cleaned and then mixed with alumina and
stirred with stirring variations of 60, 120, and
180 seconds with a constant rotational speed of
1200 rpm. The stirring process at a set time
aims to obtain an evenly distributed alumina in
the melt, then the foaming agent CaCOs; is
added, stirred for 60 seconds, and held for 3
minutes.

At a temperature of 800 °C, CaCO; has
decomposed into CaO and CO,. CO, gas will
be trapped in melted molten aluminum and
form bubbles in large quantities and will

eventually be referred to as foam. The alumina
slag that comes from the reaction of melted
aluminum with the surrounding air is removed
from the melt surface. It aims to observe the
effect of the added alumina more clearly. It is
different from what was done by previous
researchers who used alumina that came from
the reaction between the melt and air [11]. Then,
the same process was carried out for other
research variations of the alumina composition.
Density and porosity can be calculated using
Archimedes' principle [12]. Density (psampic) and
porosity tests were carried out to determine the
percent pore level formed. In the density test,
the sample is weighed to determine the dry
sample weight (Mj). Then, the sample is
immersed in a container filled with water for 1
hour and weighed to determine the wet sample
weight (Mp). Then, do the calculations using
equation (1) after knowing the value of the
hanging mass (W), the sample mass in water
(W), and the specific gravity of water (pwater) :

Psample = m X Pair ooveeeeeens (D

Porosity percentage can calculate using this
equation follow,
Porosity =1 — (w X 100%)....(2)

Pfoam

Compressive strength is observed to obtain
the ability of metal foam to accept loads.
Compressive testing of aluminum foam uses a
universal testing machine Shimadzu AG-X Plus.
The 10 KN of load and 2.5 mm/minute of
loading speed. The dimension of the
compressive test sample is 20x20x30 mm
according to the standard. Mechanical
properties of commercial aluminum metal foam
according to reference in the 0.04-14 MPa [13].
Compressive strength was measured by going
through a compressive test with a test speed of
2.5 mm/min at a temperature of 21.2 °C with a
humidity of 52.9% RH.

—

10 mm

Figure 1. Aluminum without adition foaming agent

66 | Metalurgi, V. 38.2.2023, P-ISSN 0126-3188, E-ISSN 2443-3926/ 65-72



The next step is to observe the pore
morphology of foam aluminum. This
observation includes the pore size and pore area
fraction. This step is supported by the Imagel
application to obtain the values. The pore size is
determined by measuring the pores’ length and
width and then averaged.

3. RESULT AND DISCUSSION

After adding the foaming agent and
stabilizer, the dimension of the casting is higher
than before, which shows that the pore is
formed in the melt during solidification. It is
possible to see the differences between the
sample before and after foaming after cutting it
in the transversal direction. The sample has no
apparent porous structure without adding the
foaming agent and stabilizer (Fig. 1).

The effect of the foaming process is that the
casting colour is darker than the casting without
the process. After the tranverse cut, the surface
have porous (Fig. 2). The composition of Al,O3
influences the morphology, density, porosity
and, compressive strength of the aluminum
foam.

65 mm

143 mm

Figure 2. (a) Specimen as cast before cutting, (b)
aluminum with adition foaming agent

3.1 Morphology

Figure 3 shows that all samples form pores.
The change in the morphology of this precursor
material into foam was due to the addition of
partition materials that have their respective
purposes, namely CaCO; as a foaming agent
and Al>O; as a foam stabilizer.

From the data shown in Table 1, it can be
observed that there are differences in the size
and fraction of the pore area in the sample cut
layers. The S1201 specimen has the highest
average pore size and the lowest pore area

fraction. The sample with a longer stirring time
of 180 seconds will produce a smaller pore size
than others, with a larger pore area fraction.
These differences will affect the percentages of
porosity, density values, compressive strength,
and energy present in each sample.

1 wt.% 2 wt.% 3 wt.%

Figure 3. Pore at each stirring time (second) (a) 60, (b)
120, (c) 180

The pore shape can be seen in Fig. 4. The
alumina composition affects the pore wall
thickness. The specimens with the same stirring
time, namely 120 seconds for 2 wt% by weight
(S1202) alumina, had thinner walls and more
irregular foam shapes than samples with 1 wt.%
of alumina composition.

Table 1. Pores size and fraction in every specimen

No Specimens Pore Size Pore Fraction
average (mm) Area (%)
1 S601* 1.85 54.52
2 5602 1.72 50.62
3 S603 1.39 50.96
4 S1201 2.46 38.66
5 S1202 1.68 56.06
6 S1203 22 54.20
7 S1801 0.94 71.64
8 S1802 0.95 75.84
9 S1803 1.02 76.29

Note : *S is specimen, 60 is stirring time, 1 is stabilizer
content
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3.2 Density and Porosity

Figure 5 shows the effect of alumina content on
the density and porosity of aluminum foam. The
blue curve shows 60 seconds of stirring, red for 120
seconds, and green for 180 seconds of stirring.

B Py s .
The cell wall is thinner, =4

£°+%  darker and looks brittle “

(a) (b)

‘k w A i
The cell wall is thicker E
and shiny

Figure 4. The differences in the pore wall thickness at stirring
time 120 seconds with different compositions of alumina
(wt.%) (a) 1, and (b) 2

The highest porosity was obtained in 2 wt.% of the
alumina composition with a stirring time 120
seconds while adding 3 wt.% of alumina at stirring
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Figure 5. The effect of alumina composition on (a) the
density, and (b) the porosity value

time 120 seconds which results in lower
porosity than the addition of 2 wt.% of alumina.
This exhibits that the additives added to the
aluminum melt have yet to shown that
increasing the levels of additives that increase
porosity and reduce density.

Different things are shown in the effect of
increasing the stirring time. In Figure 6, the
blue, red, and green lines indicate the alumina
composition of 1, 2, and 3 wt.% consecutively.
The curves show that increasing the stirring
time can increase the porosity and decrease the
density. It is due to the effect of the stirring
process that can help distribute the foaming
agents and additives more evenly in the
aluminum liquid.

1.06 1

1.04 4

102 ] == ALO; 1 W%
T = ALO;2wi%
}; 1 A AlLOs 3 wt%
2098 -
ol
096

0.94 -

0.92 -

09 . .
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Stirring time (second)

(a.
67
66
S 65
2
g 64 - — A12031M%
-
& —a— ALO;2 wi%
63 =te= ADO3 3 wi%
62
61 : :
60 120 180

Stirring Time (second)
(b)

Figure 6. The effect of stirring time on (a) the density and
(b) the porosity value

In the 3 wt.% alumina composition, from the
results of successive stirring for 60, 120, and
180 seconds, the density values obtained were
1.039, 0.954, and 0.928 gr/cm® consecutively,
while for porosity were 61.68%, 64.82%, and
66.15%. According to the graphic trend, the
same direction can be seen in other alumina
compositions.
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3.3 Compresive Strength of Aluminum Foam

The effect of adding AlLOs on the
compressive strength produced from all
aluminum foam specimens can be seen in the
figure presented in Fig. 7. The change of the
compressive strength values for each sample as
the effect of the Al,O3 content increases.

—4— Stirring time 60 s
=~ Stiring time 120 s

=i Stirring time 180 s

Compressive strength (MPa)
[==R R -* B VSR S e e =)

1 2 3
ALOs (wt. %)

Figure 7. The effect of addition AlO3 on compressive
strength of aluminum foam

The compressive strength values obtained
from all samples increased with each
difference in stirring time. During the 60-
second mixing time marked with the orange
line, there was an increase and decrease in the
compressive strength from 1.17 MPa to 0.90
Mpa, and then it increased again to 1.07 MPa.
A significant difference in compressive
strength values was obtained for a specimen
with a stirring time of 120 seconds marked
with a red line. The difference in the
compressive strength value in sample 4 was
7.82 MPa, and it decreased very significantly
to 0.76 MPa then experienced a significant
increase again to 7.58 Mpa.

Figures 8 and 9 show the difference in the
pressure test curve lines. Those lines tend to be
smooth and go up and down. This indicates that
there are differences in the mechanical
properties of the samples themselves and that
they can be classified into ductile or brittle
samples. In the pressure test results, the
specimen with a stirring time of 120 seconds
had the highest pressure test value compared to
other conditions, around 70.73 joules.
Meanwhile, the non-smooth curve, as shown in
the S1202 sample, includes samples with brittle
properties, and you can also see that the energy
value is the lowest compared to the other
samples, namely 9.58 joules. The shape of the
curve that goes up and down is because when
pressing is done, the pore walls are immediately
destroyed, and consequently, the pressure value

at a certain point on the curve decreases. This is
also described in previous research [14].

o Densification/

Plategu
2 | \
|

._ e Line Elastic Region

Stress (MPa)

0
0 6 12 18 24 30 38 42 48 54 60 68 T2 T8

Strain (%)
Figure 8. Compressive test result at 120 seconds of stirring
time with addition Al2O3 1 wt% (S1201)

Representative stress-strain curve from sample
S1202 during compression testing (Fig. 8). The
first zone is the linear elastic at strain values up
to 3% or 4%. In this first zone, the pore shape
has not changed permanently. The second zone
is the plateau zone, which continues with strain
values up to around 6-70%. Plateau is a state of
little or no change following a period of activity
or progress, but in this case, the stress continues
to move up even though it is slower than the
first zone. As the pressure increases in this
zone, the pores begin to collapse and continue
to collapse until the pores are flatter and have
the properties of solid materials.

Densification |
o \_;.-
g |
% 3| -
Z 24 Plateau
b i
¥ 2
=
45
os| / . -
| €— Linear Elasticity
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0 6 12 18 24 30 38 42 48 54 60 66 72 78

Strain (%)
Figure 9. Compressive test result at 120 second of stirring
time with addition AlO3 2 wt.% (S1202)

The third zone is the densification zone,
with a strain value of around 70% and above. In
this zone, the pore wall and the opposite wall
close together until they touch each other, and
the pore completely collapses, indicated by a
significantly increased stress value.

The Effect of Al203 and Stirring Time on Density.../ Yeni Muriani Zulaida | 69



4. CONCLUSION

In this research, adding alumina aims to
increase the viscosity of the aluminum melt so
that the bubbles that form do not easily come
out of the melted surface. Stirring ensures that
the alumina and calcium carbonate are
distributed evenly throughout the liquid. The
conclusions of this study are as follows: The
addition of alumina to aluminum melt has not
shown a significant effect on density and
porosity in the formation of foam. This is
obtained value being still lower than the metal
foam criteria.

Stirring time shows a significant effect on
foam formation. This can be seen by decreasing
the density value and increasing the porosity
value. This could be due to the foaming agent
CaCO; and additive Aly0;, which are more
evenly distributed in the aluminum alloy.

The distribution of pores formed in the
samples improved with increasing stirring time,
even though the larger the pores became, the
longer the stirring. The higher the compressive
strength value of aluminum foam, the longer
the stirring time with the addition of AL,Os.
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Abstract

The present research focused on determining the effect of cooling-medium-induced initial structure
before the intercritical annealing induced dual-phase structure in the low alloy steel. Low carbon steel,
which consists of containing 0.09 wt.% C was heated at 920 °C for 30 minutes to austenitization and
then cooled in various media to provide the different initial structures before the IA (intercritical
annealing) process. After austenization, the cooling process in the furnace and open-air provided a
ferrite-pearlite phase, while the cooling process in water generated full martensite as the initial structure.
Afterwards, the sample was intercritical-annealed at 750 °C (temperature between Acl and Ac3 lines or
intercritical zone) for 10 minutes and then quenched in water. The water quenching after the austenitizing
process improved the mechanical strength of steel (919 MPa), compared to the as-received state (519
MPa) due to martensite formation. As the cooling rate increased after the austenitizing process, the
tensile strength increased and the elongation decreased. The different structures before intercritical
annealing affected the martensite volume fraction and further correlated with improving mechanical
properties. The ferrite and pearlite, as the initial structure before the IA process, provide a smaller
fraction of martensite (18.36 vol.% for furnace cooling and 27.85 vol.% for open-air cooling). In
contrast, the full martensite as the initial structure before 1A generates a higher fraction of martensite
(39.25 vol.%). The tensile strengths obtained were 512, 516, and 541 MPa with elongations of 29.8%,
30.1% and 32.6% for cooling furnace, open air and water, respectively. The strain-hardening behavior
during the intercritical annealing is not affected by the initial process of the structure.

Keywords: Dual-phase steel, intercritical anealing, low-alloy carbon steel, fraction of martensite

1. INTRODUCTION

Dual-phase steel provides a superior mix of
strength and ductility, more excellent weldability,
an outstanding balance of strength and
formability, and relatively easy processing
methods due to its microstructure consisting of a
matrix of ferrite and martensite/bainite phases. It
has been widely utilized in the automobile
industry, mainly passenger cars, since its

DOI : 10.55981/metalurgi.2023.727

development in 1970 [1]-[3]. When applied to
vehicles, dual-phase steel was believed to reduce
vehicles’ weight and reduce exhaust emissions
[4].

There are three primary methods for
manufacturing DP (dual phase) steel: (1) direct
intercritical heat treatment followed by water
quenching (intercritical heat treatment-IHT), (2)
austenitization and cooling into an intercritical

© 2021 Metalurgi. This is an open access article under the CC BY-NC-SA license (https://creativecommons.org/licenses/by-nc-sa/4.0/)
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temperature zone followed by water quenching
(continuous IHT), and (3) intercritical annealed
of the quenched martensitic structure followed by
water quench (IQ route) [4]. However, because of
the varied initial microstructure formation, the
morphological characteristics (including
martensitic distribution, volume fraction, and
grain size) of DP steel might be highly diverse.

Several previous researchers have studied the
effect of initial microstructure on the mechanical
properties of DP steel. The martensite and ferrite
morphology can respond to the work hardening
capacity, which improves mechanical properties
[1]. Kalhor et al., [5] confirmed that the different
initial microstructures significantly affect lath
martensite distribution, mechanical properties
(resulting in ~800 MPa), and fracture features of
the 0.18C-0.14Si-1.29Mn steel. Jamei et al., [6]
concluded that the rapid cooling before
intercritical annealing on the 0.035C-0.268Mn-
0.035Si steel provided a lower ratio between
ultimate tensile strength and yield strength
(UTS/YS) than the slow cooling.

Adamczyk's research (0.09C- 1.50Mn-0.014P-
0.009S) found that the initial structure affects the
martensite morphology in the dual-phase
structure obtained [7]. But, the refined martensite
island ~4.5 pm, which resulted from water
quenched IHT process, enhanced the tensile
strength and work hardening capacity. Contrarily,
the refining grain with globular morphology was
observed to improve the tensile strength without
sacrificing ductility [1]. Besides that, the
austenite distribution has significantly affected
the morphology of the recrystallized ferrite grain
and martensite evolution [8]. However, limited
literature is reported to investigate the correlation
of structure morphology on DP steel's mechanical
and  strain-hardening  behavior.  Besides
controlling the heat treatment process, the carbon
level on the austenitic phase also affected the
martensite transformation behavior due to the
changes in martensite start (Ms )temperature [9].

However, the intercritical annealing process of
low-alloy steels has not been thoroughly studied.
Adjusting the temperature and cooling rate after
austenitization can control the initial structure’s
characteristics before intercritical annealling.
Based on the previous research, the different
cooling rate was provided by variations in
cooling media. So, the focused present study
evaluates the effect of the cooling-medium-
induced initial structure after the austenitization
on the microstructure transformation and its
correlation with mechanical properties of low
alloy steel when subjected to intercritical
annealing.

2. MATERIALS AND METHODS

A low-alloy carbon steel sheet as-received
with dimensions of 220 x 20 x 3 mm (length x
width x thickness) was used in this study, which

has the chemical composition presented in
Table 1.

Table 1. Chemical composition of as-received low-alloy
carbon steel (wWt.%)

C Si Cr Mn Ni
0.0948 0.3651 0.5548 0.5839 0.0744
P S Cu Mo \4

0.0064 0.0033  0.2445  0.0009  0.0004

The schematic of the dual-phase heat
treatment process in the present study is
displayed in Figure 1. Six samples were
austenitized at 920 °C for 30 minutes to provide a
full austenite structure. To generate a different
initial  microstructure  before  intercritical
annealing, each sample was cooled at a different
cooling rate using furnace cooling (annealed
state), open-air cooling (normalizing), and water
quenching. Afterward, the sample was re-heated
to an intercritical annealing temperature (~750
°C) for 10 minutes to transform the dual-phase
structure. This temperature was estimated in two
zone (o+y phase) by calculating the A and Acs,
according to Haugardi Equation [9]-[10]:

Ac1(°C)=739-22C-7Mn+2Si+14Cr+13Mo-13Ni @)
Ac3(°C)=902-225C-11Mn-19Si-5Cr+13Mo-20Ni+55V (2)

Based on Eq. 1-2 and chemical composition,
the estimated Ac; and A were 740 °C and
863 °C, respectively. Besides that, this steel's Ms
(martensite start) can be calculated using the KE
Thelning Equation, following Eq. 3 [10]. The
result of the calculation of Ms is 486 °C.

Ms(°C) = 561-474C-33Mn-17Ni-17Cr-21Mo (3)
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Figure 1. Schematic diagram of heat treatment process
performed in this work
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The  metallographic  observation  was
conducted to analyze the microstructure
evolution during intercritical annealing. All
samples were wet-ground by SiC paper with a
roughness of 80 to 2000 grit. Then, sample was
polished using a slurry of alumina powder (5, 3, 1,
and 0.5 pm) to obtain the mirror-like surface.
After that, the sample was etched into a 2% nitric
acid solution (2% Nital). The metallographic test
used an optical microscope (Olympus BX53M)
and scanning electron microscope (JEOL JSM
6390A) for higher magnification. The grain size
was calculated by Intercept method, according to
ASTM E-112 [11]. GSN was grain size number
and Np was number of grain intercept.

GSN = 6.6439 log,,N, — 3.2877 (4)

Tensile and micro-vickers hardness test were
used to confirm the effect of intercritical
annealing on the mechanical properties. A tensile
test was conducted at room temperature using the
Tinnius Olsen 30 SL/Super L60 machine with a
25 mm/min cross-head speed. The specimens
were prepared using wire cutting to obtain the
dimension of sample sizes as shown in Fig. 2,
according to ASTM E8/E8M-13a. While, the
hardness test was carried out using the Mitutoyo
HM 200 test equipment with a load of 1N and a
loading time of 12 seconds. The hardness value
was averaged from six position result.

Figure 2. Dimension of tensile test carbon steel specimen

In the tensile test, the relationship between

stress and strain is formulated as:
E=o0/¢ &)

Where E is the modulus of elasticity, ¢ is
stress (MPa), and ¢ is strain (%). The strain
hardening coefficient exponent (n) is a quantity
that indicates the magnitude of the increase in
strength and hardness due to plastic deformation.

The value of n flat metal specimens such as
sheets or strips can be calculated from the force
and extension data from the tensile test results of
ASTM E8 / E8M -13a, using the general equation
of flow stress o with strain rate sensitivity
(ASTM E 646), followed as Eq. 6.

o=K.e" (6)

K is a material constant or strength coefficient
[12]-[14]. Equation 5 has been corrected through
a semi-logarithmic relationship [12]-[15].

3. RESULT AND DISCUSSION
3.1 Heat Treatment

Before experimenting, TTT (time-
temperature-transformation) and CCT
(continuous cooling transformation) diagrams
were simulated using JmatPro software to predict
the microstructure evolution of the austenite
phase after the austenitization process at 920 °C,
depicted in Figure 3.
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Figure 3. TTT diagram of tested steel

The intercritical zone was estimated at 731.9-
858.2 °C, and the martensite was initially formed
at 455 °C. Based on Figure 3, the time required
for martensite formation is less than 1 minute,
suggesting the cooling rate is very fast.
Unfortunately, the ferrite also formed when the
cooling time reached up to 0.2 s and was
completed at 10-1000 s, concluding that slow
cooling was required. In comparison, the pearlite
transformation (green line) starts forming slower
(10-1000s). According to the theory, the primary
pearlite nucleation sites occurred at grain
boundaries, causing the grain size of the austenite
to increase as the austenitization temperature
increases [15]. This cooling time from
austenitization temperature to room temperature
corresponds to the final phase formation after
employing different cooling media.

3.2 Microstructure Analysis
Based on Figure 4(a), the as-received
microstructure of tested steel consists of a ferrite
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phasel2 (light area) and pearlite (black area) with
a 9.199-GSN (grain size number) equivalent to
13.23 um [10].

S Pearlite

(©)

received sample. It is concluded that the grain
size depends on the cooling rate. The full
martensite was formed when water quench was

(d)

Figure 4. Microstructure of low carbon steel (a) as-received and after austenitizing at 920 °C with (b) furnace cooling, (c) air

cooling, and (d) water quench

The microstructure evolution during the
austenitization process at 920 °C for 30 minutes
and subsequently cooled in different media is
shown in Figures 4(b)-4(d). The cooling media
used is furnace cooling, open-air cooling, and
water cooling, which is used to generate different
structures before intercritical anneal.

By heating at 920 °C for 30 minutes, the
ferrite and pearlite transformed into an austenite
phase. A significant phase transformation did not
take place by furnace cooling (Fig. 4(b)), and
only grain coarsening occurs to 6.2147 GSN
(37.25 pm). The volume fraction of ferrite and
pearlite is 82.81% and 17.19%, respectively. The
open-air cooling does not trigger the phase
transformation; therefore, the final phase remains

ferrite (71.95%) and pearlite (29.05%) (Fig. 4(c)).

After the air cooling process, the grain size
(27.74 pm) is smaller than those processed by
furnace cooling but still larger than the as-

applied after austenitization (Fig. 4(d)). This
result is in good agreement with the TTT diagram
(Fig. 3), which was obtained by JMatPro
software.

After getting the different initial structure, the
intercritical annealed process was carried out at a
temperature of 750 °C for 10 minutes, followed
by quenching water. Figure 6 depicts the DP
microstructures after intercritical annealed at
750 °C, which transformed from the
corresponding microstructure in Fig. 5. The dual-
phase structure was obtained in all samples. In
the furnace cooling + intercritical annealed
sample, the smaller grain of the martensite phase
can be seen with 18.36 vol.% in the grain
boundary of ferrite (Fig. 5(a)). By heating in
intercritical zone, the austenite was nucleated at
the ferrite-pearlite interface and grew later until
the pearlite transformation was completed.
Because austenite nucleation is competitive in
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recrystallized ferrite grains, it favors generating
austenite  networks,  which  subsequently
transform into martensite networks during the
quenching process [15]. Conversely, air cooling
produces more martensite (27.85%) with nearly
uniform distribution and coarsen martensite than
furnace cooling. The average grain size is 38.82
pum and 31.02 pm for furnaces and open-air
cooling, respectively. This difference is attributed
to the initial structure before intercritical
annealing (Figs. 4(b)-4(c)), which has a more
uniform amount of pearlite that transforms into
austenite when it passes through the Ac; line [5]-

[6].

©
Figure 5. Microstructure after intercritical annealed with
prior structure processed by (a) furnace cooling, (b) air
cooling, and (c) water cooling

The intercritical annealing of the initial
martensite  structure  produced by water
quenching after austenitization generated a finer
martensite than the other process (Fig. 5(c)). The
amount of final martensite is higher (39.25%),
and the average grain size is smaller (21.975 pm)
of material water cooling + IA. When a prior-
quenched structure is subjected to intercritical
annealing, the martensite as a metastable phase
has a driving energy to revert to its stable form
and nucleate the austenite and fresh ferrite along
the prior martensite boundary [1]. Furthermore,
rapid cooling will transform the newly austenite
into fresh martensite. It can be concluded that the
phenomena are similar to the martemper process,
which occurs in the suppression of carbide
deposition and leads to the ferrite and martensite
as the final structure [12].
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Figure 6. SEM image of quenched structure (a) before and
(b) after intercritical annealed

Ferrite

The SEM (scanning electron microscope)
image regarding the martensite structure before
and after [A resulting from water quenching is
shown in Figure 6. The full martensite after water
quenching is visible with higher density (Fig.
6(a)) than after the intercritical annealing (Fig.
6(b)).

These results agree with the optical image,
which shows another phase as ferrite after
intercritical annealing. The fresh martensite is
significantly smaller and shorter, less than 10pm.
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More details of all the values of GSN, grain
diameter, and phase fraction present in tested
steel before and after the intercritical annealing
process are presented in Table 3.

Table 3. Value of GSN, grain diameter, and phase fraction
of tested steel before and after intercritical annealing

Grain Phase Fraction (%)
Code GSN 5
(nm) Ferrite Pearlite Martensite
As-received  9.20 13.23 75.70 24.30 -—-
Fumace ¢ 375 82.81 17.19
cooling
Openair 53 5794 70.95 29.05
cooling
Water — 1227 100
cooling
Furnace
cooling A 6.09 38.82 81.64 18.36
Open air
cooling HA 6.74 31.02 72.15 27.85
Water
cooling HIA 7.74 21.97 60.75 39.25

3.3 Tensile Analysis

All specimens were subjected to a tensile test
to confirm the stress-strain behavior under the
applied tensile force, as shown in Figs. 7-8.
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Figure 7. Tensile test results in tested steel (A = as-
received; B = open-air cooling; C = Furnace cooling; D =.
water cooling; E =. open air cooling+IA; F = furnace
cooling + IA; G.= water cooling +IA)

Based on Figures 7-8, the as-received sample,
consisting of a ferrite-pearlite structure, has 519
MPa of tensile strength and 39.2% elongation.
The tensile properties after austenization vary
depending on the cooling media. The tensile and
yield strength increased as the cooling rate
increased, considering grain size refinement

followed the Hall-Petch relationship [16]. The
UTS/YS (ultimate tensile strength yield strength)
ratio decreased with the rising cooling rate up to
1.08. Rapid cooling in water medium obtained
the highest tensile strength, ~919 MPa.
Conversely, increasing tensile strength (Fig. 8(a))
is followed by decreasing elongation to 16.6%
(Fig. 8(b)) as a consequence of complete
martensite formation. Rapid cooling rates didn’t
give time for carbon diffusion into BCC (body-
centered cubic) crystal, so the BCT (body-
centered tetragonal) with high atomic packing
density was formed during transformation. In
addition, cooling in the furnace occurs more
slowly than in the open air. This causes the grains
in the furnace cooling to be larger, which causes
them to become more ductile. As mentioned in
the previous research, DP (dual phase) steels’
stress-strain  depicts low yield strength,
continuous yielding, and high strain hardening
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Figure 8. (a) Ultimate tensile and yield strength (b)
elongation on low carbon steel before and after heat
treatment + [A processing

Additionally, the dual-phase structure shows
elongation maintenance around 29.8-32.6%,
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although it has a brittle martensite structure (Fig
8(b)). As the cooling rate before the intercritical
process increases, the tensile strength elongation
improves up to 541 MPa, corresponding to the
increased volume fraction of martensite (~39.25
vol.%, see Fig. 5(c)). Due to the shear and
volume changes between austenite and martensite,
it is expected that some unpinned dislocation in
the surrounding of prior ferrite occurred and
prevented yielding phenomenon, lead to a higher
tensile strength [17]. Besides that, the different
volume fractions and sizes of martensite in DP
structures are also related to the strength and
elongation of DP. More martensite volume
fraction with uniform distribution as ferrite
network provides higher UTS x ¢ properties.
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Figure 9. Tensile test results (a) n value and (b) K value in
carbon steel before and after HT and IA processes

The strain hardening corresponding to the
tensile curve is shown in Figure 9, represented by

the work hardening exponent (n) and K values
(Eq. 5).

The high strain hardening value indicates the
possibility of deforming before instability and
stretch before necking starts [1],[18]. For the
ferritic-pearlite steel, the as-received steel has an
the n value of 0.478 and the K value of 191.22.
After austenitized at 920 °C, n value becomes
lower, and K value becomes higher, resulting in
the increasing cooling rate.

At the fully brittle martensite phase, the n
value was lower (0.322) than the others,
indicating the most insufficient work hardening
due to the small area for plastic deformation. The
strain hardening exponent slightly decreased
around 0.437-0.439 after intercritical annealing,
suggesting the dual-phase structure (ferrite +
martensite) provides a similar behavior with
other (ferritet+pearlite phase as a result of the
furnace and open-air cooling). The work
hardening rate of ferritetmartensite structure
consists of three stages: (1) the initial gradient of
ferrite glide was caused by moving dislocation,
(2) the normal ferrite work hardening and
constrained by martensite, and (3) co-
deformation of both hardened ferrite and
martensite [6],[15]. Zhao et al., [19] reported that
the higher strain hardening occurred at initial
plastic deformation due to the initial high density
of free dislocation and the multiplication of
dislocation in further strain. Nevertheless, the
restraining ferrite deformation by martensite
caused the decreasing strain hardening value. The
work hardening rate of DP steels can be related to
the function of volume fraction and particle size
of martensite [17].

The prior water-quenched structure provide a
higher strain hardening value of ~0.439,
indicating the higher strain hardening ability of
martensite tempered. This can be attributed to the
uniform distribution of network martensite
surrounding ferrite grain and fine grain of
martensite (Figs. 5(c) and 6(b)), similar to Deng
et al., result [16].

3.4 Hardness Test

The complete results of the hardness test with
the Vickers method are shown in Figure 10. The
results of the as-received material hardness test
were 180 HV, whereas, after processing in the
furnace and air, there was a decrease, namely 158
and 168 HV. This was due to the increase in
grain size, making it softer. The quenching result
in water shows an increase with a high hardness
value, namely 347 HV. This indicates that the
material becomes hard due to the dominance of
the martensite phase.
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The intercritical annealing increased in the
material’s hardness compared to the as-received
state, namely 183 and 186, and 199 Hv for the
specimens cooled in the furnace, air, and water,
respectively.

Because the initial structure persists in ferrite
and pearlite before intercritical annealing, the
hardness due to the furnace and open-air cooling
is lower than that of water cooling. The full
martensite as the initial structure provided a high
martensite volume fraction of ~ 39.25% after
intercritical annealing. When heated again in the
intercritical annealing zone, some of the
martensite phase returns to the ferrite, although
there is still martensite left and new martensite is
formed. The martensite transformation induced
by intercritical annealing caused a decrease in
hardness (from 347 HV to 199 HV).
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Figure 10. Vickers hardness test results of tested steel

4. CONCLUSION

In this work, the different cooling rates from
austenitization lead to the other initial structures
of low-alloy carbon steel before intercritical
annealing. The other initial structures, in turn,
resulted in dual-phase steel with different
microstructure and mechanical  properties
following the intercritical annealing. The slower
cooling (with furnace and open-air cooling)
provides the pearlite + ferrite as the initial
structure, whereas the rapid cooling generates the
martensite structure. As the cooling rate
increased, the tensile strength increased to ~919
MPa, and the elongation decreased to ~16.6%.
During intercritical annealing, the pearlite was
transformed into austenite after passing the ACI
temperature and led the austenite network near

recrystallized ferrite with 38.817 um of grain size.

As the ferrite-martensite phase, the water-
quenched structure provides the uniformly finer
martensite of less than 10 um, correlating the
higher tensile strength (541 MPa), more
elongation (32.6%), and higher hardness (199
VHN). Nevertheless, the differences in initial
structure have an insignificant effect on strain-
hardening behavior.
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