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Abstract

This work is a contribution study of the heat-affected zone in the real welded joint of stainless
steel 304L. This zone was compared to the heat-affected zone obtained by using a thermal cycle
simulation of welding. This experimental technique is based on thermal cycle simulation of
welding by rapid heating and cooling treatments of the base metal in a specific simulation
equipment. The samples were analyzed by scanning electron microscopy equipped with energy
dispersive X-ray, and microhardness measurements. Microstructures and mechanical properties
of the simulated heat affected zone were also determined. Thermal cycle simulation technique
has revealed more details on the microstructure and the mechanical behavior of the heat-affected
zone.

Keywords: stainless steel, thermal cycle simulation, welding, microstructures, microhardness

1 Introduction

Austenitic stainless steels are the most common and familiar types of stainless steel. They are
most extremely formable and weldable [1]. Among the many 300 series austenitic stainless steel
grades, AISI 304L stainless steels are extensively used in industries due to their superior low
temperature toughness and high corrosion resistance [2]. Additionally, it is among the cheapest
grades of stainless steels, making it the favourite choice of industry. American Iron and Steel
Institute (AISI) type 304 is the formation of 300 series austenitic stainless steels is by far the
oldest, largest and most important group in the stainless steel range. The L grades represent low-
carbon variants with nominal carbon level of 0.03 % depending on the specification to which is
manufactured, which are used for general stainless steel fabrication, elevated temperature
applications and resistance to pitting corrosion [3].

It is known that the heat generated during welding induces an important temperature gradient in
and around the welded area. The region outside the welded joint that is thermally affected by the
welding treatment is known as the heat-affected zone (HAZ) [4]. Its property and microstructure
are affected by the thermal cycle. The mechanical properties of the welded metal and the HAZ
are closely related to their microstructures, which are dependent on the chemical composition of
the material and the thermal history (cycles) due to the welding processes [5, 6]. The welded
joints under exploitation conditions can be affected by the chemical heterogeneity or mechanical
properties of base material, heat affected zone and weld metal. It has been concluded that by
improving the microstructure of the HAZ, the properties of the welded joint can be improved
[7]. Excessive heat input could result in a wide HAZ with low impact strength [8]. As reported
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by Gu et al. [9], the degradation in strength and toughness of welded joint, is always happens in
HAZ.

For this reason, weld thermal cycle simulation can be used for optimizing the welding
technology since it enables some mechanical testing for properties that cannot be made on real
welded joints because of small width of HAZ. Weld thermal cycle simulation facilitates gaining
of results needed for optimization of high-alloy steel welding parameters, which can be further
used for real-conditioned welding [10]. This technique consisted of rapid heating and cooling
treatments of the base metal in specific simulation equipment. The HAZ can be simulated by
heating the base metal at different temperatures, which correspond to the temperature at HAZ of
the real welded joint. This technique has been used in our previous works [8, 11]. We studied the
heat-affected zone by thermal cycle simulation of welded INC 738 LC alloy [11] and low
carbon steel [6]. We found a similarity between the microstructure obtained by thermal cycle
simulation of welding and the microstructure of the HAZ of the real welded joint.

We notice that the previous work on welding of 304L stainless steel were focused on
microstructure and corrosion behavior of welded material [12-14] and there is not a specific
investigation on heat affected zone of welded 304L stainless steel. The objective of this present
investigation is to study the microstructures of the HAZ of 304L stainless steel by a thermal
cycle simulation.

2 Experimental materials and methods

The base metal (BM) is AISI 304L Austenitic stainless steel which is used for transport gas
pipeline applications, generally welded for pipeline construction. The chemical composition of
304L steel is presented in Table 1.

Table 1 Chemical composition of AISI 304L austenitic stainless steel (wt %)
Fe C Mn Si P S Ni Cr

Balance 0.026 1.07 0.40 0.038 0.001 8.11 18.50

To obtain real welded joint, V-shaped butt welds were prepared using two consecutive passes
with gas tungsten arc welding (GTAW) method and ER-308L filler was used as electrode. The
chemical composition of the electrode is presented in Table 2. In addition, argon gas was used
during welding to avoid a penetration into weld region of some undesirable elements (N2, O,
Ho).

Table 2 Chemical composition of the electrode (Wt.%).
Fe C Mn Si P S Ni Cr

Balance 0.026 1.07 0.40 0.038 0.001 8.11 18.50

For thermal cycle simulation study, specimens 10 mm thick 10 x 57 mm? of AISI 304L
Austenitic stainless steel, were heat treated for the simulator tests TCS 1405 (Fig. 1). Simulation
studies of thermal cycles consisted of resistive heating of samples. Based on phase diagram of
Fe-Cr, thermal cycles were simulated at the following temperatures: 600°C, 700°C, 800°C,
900°C, 1100°C, and 1200°C (Fig. 2).
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Fig. 2 (a): Equilibrium diagram of Fe-Cr [5] and (b) heated samples by thermal cycle simulator

The specimens for metallographic examination were polished using different grades of emery
papers. Final polishing was done using the diamond compound (0.5 pm particle size) in the disc-
polishing machine. Samples were etched with V2A reagent to reveal the microstructure. The
etched samples were observed by Scanning Electron Microscopy (SEM) Bruker, which is
equipped with en energy dispersive X-ray (EDS) detector for chemical composition
microanalysis. Vickers’s microhardness testing machine was employed for measuring the
hardness of the specimens with 0.1 kg load.

3 Results and discussion

3.1 EDS analysis and microstructure of the base metal

The EDS spctrum of the AISI 304L austenitic stainless steel is presented in Fig. 3. The main
alloying elements ( Cr, Ni, Mn, Si ) were detected.
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Fig. 3 EDS spctrum of AISI 304L austenitic stainless steel

The microstructure of the AISI 304L austenitic stainless steel is homogeneous and it is mainly
composed of austenite phase (Fig. 4).

Fig. 4 Microstructure of the stainless steel 304L

3.2 Microstructure and hardness Vickers of the real welded joint

Generally, the metallurgy of the welded joint can be categorised into two major regions, the
fusion zone (FZ) and the heat-affected zone (HAZ). Fig. 5 presents the microstructure of the
welded joint of the stainless steel 304L with the average hardness value of each zone. In this
case, it is easy to distinguish the FZ to the rest of the zones (HAZ and BM). FZ is delimited by
yellow discontinuous line. However, it is not easy to make a difference between the HAZ and
BM. In addition, there is a slight difference between the hardness values between the three zones
( BM, HAZ and FZ ). For this reason, the investigation of HAZ by thermal cycle simulation
welding is necessary.
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Fig. 5 Microstructure of the welded joint of stainless steel 304L

3.3 Microstructures and hardness after thermal cycles

Fig. 6 shows the microstructures of stainless steel 304L obtained after different thermal cycles
(600, 700, 800, 900, 1100, and 1200 °C ) with the corresponding hardness value respectively
(297.85, 227.87, 225.35, 225.25, 163.500, and 162.50 Hv ). The main observed transformation
was the development of the grain growth reaction during the thermal cycle at 1200 °C. At this
temperature, the mobility of the grain boundaries is higher as indicated by an arrow, which
corresponds to the regeneration of new grains. It has been reported that austenitic steels may
undergo microstructural changes in the course of the welding process or when they are exposed
to elevated temperature for a shorter or longer period of time [15]. The thermal cycle at 800°C
and 900 °C leads to the carbide formation as indicated by square in figure 6. The main carbides
observed in 304L steel were MnsC,, Mn;Cs and Mny3Cs [16]. These hardened compound phases
contribute to the increase of the hardness in HAZ.

However, with the increase of temperature more than 900 °C, the hardness HV decreases. This
decrease is due to grain growth and dissolution of the carbides. It could be also attributed to a
lower stress level and to change in microstructure as it has been found by Kozuh et al. [17, 18].
These authors studied the mechanical properties and microstructure of austenitic stainless steel
after welding and post-weld heat treatment. In addition to this work, it has been found also that
the coarse grain formation in the HAZ occurring by recrystallization and grain growth in fully
austenitic metals increases susceptibility to liquation cracking, while ferrite forming composition
are not susceptible [18].

Based on the above results we can deduce that the HAZ is not a homogeneous structure but it
can be divided in successive subzones. The microstructure and the hardness change from the
base metal to the fusion zone, i.e., the microstructure of the nearest subzone to the FZ has the
lowest hardness and the highest grains size; however the nearest subzone to the BM has the
highest hardness and the lowest grains size. Jelani et al. [19] concluded that the sensitivity of the
mechanical properties of 304L stainless steel to temperature, i.e., the material becomes softer
and more ductile with the increase of the temperature up to 900 °C. For this reason, the nearest
subzone to the FZ has the lowest hardness. These hardness values are more precise than the
hardness values measured on the real welded joint.
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Fig. 6 Microstructures of 304L after simulation welding process and their plotted temperature-
time during the welding thermal cycle (a-f)

4 Conclusion

In summary, the simulated HAZ of the welded stainless steel 304L has been investigated by the
thermal cycle simulation technique and compared to the HAZ obtained from the real welded
joint. The microstructural observation of the HAZ in real welded joint did not reveal more
details. However, the investigation of the simulated HAZ by the thermal cycle simulation
technique has given more information. The HAZ is not a homogeneous structure but it is formed
with different subzones. The thermal cycle at 800 and 900 °C leads to the carbide formation. By
increasing the temperature by simulation technique, the HAZ becomes softer which corresponds
to the nearest subzone to the FZ. This softening phenomenon is due to the grain growth and the
dissolution of carbides.
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Abstract

Springback is a common phenomenon in sheet metal forming, in which the material undergoes
an elastic recovery as applied loads are removed. Springback causes the forming shape to
deviate from the intended design geometry. This phenomenon, which can be influenced by
several factors, effects on both bending angle and bending curvature. The aim of this study is to
determine the influence of different tool radius and the gap between punch and die on
springback in bending of DP980 Advanced High-Strength Steels (AHSS) sheet. Experimental
studies are combined with FEM method in commercial ABAQUS software to determine the
bending angle after springback. To predict springback in bending process, the material
properties are defined by Ludwik - Hollomon law, combined with the Hill’48 criterion.
Experimental results are in good agreement with numerical simulations in case of bending in the
rolling direction.

Keywords: Springback, advanced high strength steel (AHSS), DP980

1 Introduction

AHSS is gradually replacing conventional steel grades in the automotive industry because of
their advanced properties such as improved formability, crash worthiness, low-mass, affordable
cost and many environmental advantages [1, 2]. However, a wide application of AHSS in many
potential auto body and structural parts is still limited due to challenges in formability [3]. In
AHSS sheet forming, the most sensitive feature is the elastic recovery during unloading, i.e.,
springback, which has been widely researched since the 1990s. Many studies have analyzed and
investigated the effect of parameters on the springback effect on various grades of AHSS [4-10].
The amount of springback is influenced by various process parameters, such as gap between
punch and die, material thickness [4], forming force, tool radius [5-6], ratio between die radius
and thickness [7], blank holder force [8], and material properties including sheet anisotropy,
Young's modulus, strength coefficient, and strain hardening exponent [9]. Nowadays, the
prediction of such forming defects using numerical simulation becomes a critical step and
popular in modern industry, which allow reduction of traditional costly trial-and-error
experiments. However, an accurate prediction of springback from numerical simulation is still
challenging since the springback are affected by many factors including the boundary conditions
[11-16]. Previous studies have primarily focused on springback effects in AHSS grades with
tensile strength less than 800MPa [17, 18]. For AHSS grades with a tensile strength of more than
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800 MPa, however, a few research has been conducted regarding composition, characteristics,
and especially formability, although such material has been used to manufacture details such as
body and frame in the automobile industry. In the present study, the focus is put on springback
effect in bending process of DP980 steel, which possesses tensile strength more than 1000MPa.
By applying simulations to practical problems, ABAQUS software predicts the amount of
springback of DP980 sheet steel in bending when changing the process parameters: tool radius,
R = 5mm and the gap between punch and die, ¢ = 1.1t = 1.2t, where t is thickness of the sheet.
Steel sample exhibits work-hardening described by Ludwik — Hollomon law combined with
Hill’48 anisotropic yield criteria. For general stress states, the Hill’48 criterion is the most
widely used criterion since it is relatively simple, and its parameters can be determined easily
using standard tensile tests in laboratory conditions. After obtaining simulation results, a
measurement of the springback angle is performed using the graphics method. Experimental
process is carried out to compare with simulation results in case of R =5 mm, ¢ = 1.2t, and
bending in the rolling direction to find out their compatible.

2 Experimental procedure

Material

DP980 is dual-phase steel, which consists of a ferritic matrix containing a hard martensitic
second phase in the form of islands. Chemical composition in percentage of DP980 steel is
shown in Table 1 [19].

Table 1 Chemical composition of DP980 steel
Alloying element (%) C |Mn| Cr Al P Mo Ni Si Fe
DP980 0.107|2.59|0.975|0.0314 | 0.0148 | 0.0099 | 0.0111 | 0.0911| 96

Mechanical properties of DP980 steel sheet are provided as [19]: Young's modulus E = 210
GPa; Yield stress oo = 677 MPa; Ultimate tensile strength = 1026MPa, Strength coefficient K =
1542 MPa; Strain hardening exponent n = 0.1409.

FEM simulation of springback effect models

In this study, the commercial software ABAQUS is used to simulate the bending process and
predict the amount of springback in DP980 steel.

Fig. 1 shows the geometry models for the bending process of a DP980 sheet in case of R =5 mm
and ¢ = 1.2t. These geometry models consist of punch, die, and blank.

Punch

1.2

Fig.1 Geometry model for forming simulation
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To simulate the experiments, only one half of the specimen is modeled. The die and punch are
modeled using the R3D4 rigid surface-elements, while the CPS4R elements are used for the
blank. Throughout this study, the sizes of the blank are 90 mm (length) x 20 mm (width) x 1.2
mm (thickness).

The die is fixed in all directions. The punch is allowed to move only in the vertical direction.
The deformation of the blank is restricted in transverse direction. The friction coefficient (x)
between the punch and the die is assumed of 0.1. The tool radius is R =5 mm. The gap between
punch and die is ¢ = 10%.t. Photo map method is used to measure the springback level of DP980
AHSS sheet during bending process.

DP980 steel exhibits work-hardening described by Ludwik — Hollomon law combined with
Hill’48 anisotropic yield criteria. These models are widely used because it is relatively simple,
and its parameters can be determined easily using standard tensile tests in laboratory conditions.
The Ludwik — Hollomon equation is expressed as:

o= 0y +Ke" 1)

where K is strength coefficient, n is strain hardening exponent, and ¢ is true strain.

Since sheet material is commonly produced by cold rolling, the mechanical properties of
material are thus different in the rolling direction (RD~xx), transverse direction (TD~yy), and
normal direction (ND~zz). Therefore, anisotropic material properties are taken into account in
the present study to investigate springback effect. The model of Hill'48 yield criteria is applied
to describe the anisotropy properties of DP980 material. The Hill’48 equation is given by:

@ =F(o,, — ) +6(o,, — 0,.)* + H(o,, — ) +2La], +2Ma +

(2)

Where ¢ denotes the yield function, & is the equivalent stress, and Yo a reference yield stress of
the material. F, G, H, L, M and N are Hill’s anisotropic parameters, which can be expressed by
Lankford’s coefficients with the condition G + H = 1 and plane stress condition

Ozz = Oyz = Ty- =0. They are defined as

F = ?:"9 N = ':1+::"45E“:"|:-+"45:'
Top rpt 1) Zrgg 1+

, L and M are equal to N. (3.)

Where: T, Ta5: T3p - Lankford’s coefficients which represents anisotropy values measured in
the 0°, 45° and 90° to the rolling direction, respectively, ro = 0,8354, rss = 1,0347, roo = 0,9441
[19] so F =0,482111, G = 0,544836, N = 1,656289, H = 0,455164.

On the other hand, according to [20], they are also defined as

F = —+_+_

2832 "311 "RII

G ——+ +_

"Rn "311 IR3; 4)

H= —+_+_

IRy IRp; IR
I.=_—,.M—_—...; =_!..
IH33 IRz IRz

The anisotropic yield stress ratios Ri1, Rz, Rss, Ri2, R13 and Rz3 are obtained by above equation
and given in Table 2.
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Table 2 shows the anisotropic yield stress ratios
The anisotropic yield stress ratios Ru Rzz Rss Ri2 Ris Rzs
Values 1 1,067 0,974 | 0,952 1 1

Experimental conditions

DP980 sheet steels are cut under CNC K7745M machine with different directions compared to
RD: 0°, 45°, and 90°, respectively. These specimens are then bent by MTS809 multifunctional
machine (tensile testing machine) in case of R=5 mm and ¢ = 1.2t.

3 Results and discussion

Simulation results

Simulations that use the material model and the boundary conditions described in the previous
section are performed by the means of ABAQUS software.

Fig. 2a shows the results of the bending process simulation in case of R =5 mm, ¢ = 1.2t.

a) Before springback b)
1.1

After springback =
S5 AT AT
E ./.-—.\.__./.
= |- ‘
o
- —o—K1
£ 0.95 Ka [
2 09 L L L L L
[_1

e L12e 114e 16t 118 1.2t
Gap ¢ (mm)

Fig. 2 a) The results of the bending process simulation in case of R =5 mm, ¢ = 1.2t; b) The
springback ratio in various gap in case of R =5 mm

To determine the springback amount, the angle after springback is firstly measured, then the
springback ratio at the upper and bottom corners are calculated as K; = % and K; = ’%
respectively. Where o, oy are upper corners before (expected =90°) and after bending; B, 1 are
bottom corners before (expected =90°) and after bending. The springback ratio in case of R =5
mm is calculated at the upper corner K; and the bottom corner angle K,. These calculation
results are shown in Fig. 2b.

In case of R = 5 mm, both the upper and bottom corners are larger than 90 degrees. Thus, the
smaller springback ratio is, the smaller the springback amount becomes. At the upper corner, the
springback amount is the least in the case of ¢ = 1.1t and the highest in case of ¢ = 1.14t. And at
the bottom corner, the springback amount achieves the lowest and highest values at ¢ = 1.14t and
¢ = 1.12t, respectively.

Based on the simulation results a few remarks may be given as follows: At the surveyed gap,
different springback amounts are found at the upper and bottom corners.

To provide underlying mechanisms of occured springback effect, pairs of elements 1-2 and 3-4
are analyzed for stress-strain properties. These pairs of elements within the high stress region at
the bending angle are symmetric across the neutral axis in the direction of the sheet thickness.
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Pair of elements 1-2 are shown in Fig. 3a.

S, Mises a)

(Avg: 75%)
+1.036e+03
+9.505¢+02
+6.648e402
+7.7910402
+6.9340+02
+6.077¢+02
+5.2206+02
+4.363e402
+3.506e+02
+2.649e+02
+1.792¢+02
+9.350e401
4+7.801e400

.o01 0.0001 0.0002 0.0003 0.0004 0.0005 0.0p06
element 2

i —a— Element 1
B H004 —e—Elemeiit 2

element 1 bl Strain

Fig. 3 a) Pair of elements 1-2; b) The principal stress-strain properties of elements 1 and 2

The principal stress-strain properties of elements 1 and 2 are shown in Fig. 3b.

The strain of element 2 is much smaller than that of element 1 along the bending process.
Element 2 has a negative principal stress and strain while element 1 is positive. It proves that
element 1 at the inner region of the bend is compressed while element 2 at the outer region is
stretched and there is a difference in intensity of stress between these two elements.

The amount of principal stress and the principal stress and strain curve of elements 3 and 4 are
shown in Fig. 4a and Fig. 4b.

s, 511 i a)

+6.95%+02 il
+5.174e+02 i
+3.389+02 {4
+1,604e+02 W
-3.751e+02
-5.536e+02
-7.321e+02
-9.106e+02
-1.089e+03

—&— Element 4

Element 3 Strain

Fig. 4 a) The amount of principal stress in the blank; b) The principal stress and strain curve
of elements 3 and 4

Similarly, element 4 is compressed while element 3 is stretched and there is a slight difference in
intensity of stress between the two elements 3 and 4.

As the material is bent, the inner region of the bend is compressed while the outer region is
stretched, so the molecular density is greater on the inside of the bend than on the outer surface.
The compressive forces are less than the tensile forces on the outside of the bend. In addition,
there is a difference in intensity of stress between two tensile and compression regions within
the material. As a result, the material tends to return to its flat position.

Experimental results

Experimental results shown in Fig. 5a with different directions compared to RD: 0°, 45°, and
90°, respectively. To calculate the springback amount, the bending angles are measured. The
obtained results are shown in Fig. 5b.
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Fig.5 a) Experimental results of specimens along 0°, 45°, 90° after forming in case of R =5
mm and ¢ = 1.2t; b) The sprinhback ratio of specimens along 0°, 45°, 90°

LA 8

Simulation result Experimental result
Fig. 6 Simulation and experiment results comparison after bending that following the 0°
directions

On the whole, the springback ratios in both the upper and bottom corners are greater than 1.
Therefore, the higher the springback ratio is, the greater the springback amount becomes. The
springback amount gradually decrease in three different directions 0°, 45°, 90° along with the
rolling direction. Fig.6 shows a comparison between simulation and experimental results after
bending that following the 0° directions.
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Fig. 7 Simulation and experiment angle deviation

Fig. 7 shows simulation and experiment angle deviation at the upper and bottom corners are less
than 2.1%. This small value proves that the application of the hardening models is appropriate.

4 Conclusions

The simulation results shown that the springback amount of the DP980 steel varies in the upper
and bottom corners according to the gaps. Where R =5 mm, the largest springback percentage is
1.83 % in the upper corner and 7.14 % in the bottom corner.
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Experimental results indicated that the springback amount gradually decreases in three different
directions 0°, 45°, 90° along with the rolling direction. In the 0° direction, A comparison of
simulation and experimental results showed that the springback amount of DP980 sheet steel at
the bending angle after forming process is small. Therefore, the application of the hardening
models for simulation is appropriate.

The results obtained from this study are the basis for calculating and selecting the solution when
forming for DP980 AHSS.
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Abstract

In this paper, the influence of rare earth (RE) on the microstructure and mechanical properties of
austenitic high manganese steel (HMnS) Mn15Cr2V were investigated. The results showed that
the microstructure, hardness and impact strength of RE modification sample is finer and better
than non-modified sample. Under the effect of impact load, the hardness and the depth of the
work-hardening layer of the modified steel was higher than that of the non-modified steel,
thereby, the value of microhardness in the surface of the modified sample was 420 HV while it
was only 395 HV in the non-modified sample. The value of the impact strength of the modified
sample was up to 132J/cm? compared to the non-modified sample is only 115J/cm?. Moreover,
after impact load, the austenite nanoparticles had been found out on the surface of this steel, this
is the cause of the increasing of mechanical properties in this steel.

Keywords: austenite nanoparticles, rare earth, grain size, subzero temperature

1 Introduction

The high manganese steel has particularly resistant to abrasion when working under impact
conditions, under the influence of stress. Under the effect of continuous working (such as
sandblasting), the steel is abrasive relatively quickly, as other steel. After casting and heat
treatment, the microstructure of its has austenite, which contains carbon and manganese. This
steel has a high manganese content (over 10% Mn) [1-5]. Manganese is an element of vy
expansion, so the steel is austenitic (stable austenite at room temperature). This steel has full the
austenitic phase so the steel has high toughness, low hardness, but when working under high
pressure and impact, the austenite particle (type Al lattice) becomes strong plastic deformation.
As a result, the steel/the hardness property of the steel becomes strong, while the core retains the
original microstructure maintain the toughness. This phenomenon of high manganese steel is
called "deformation" [6-15].

Rare earth (RE) are rare elements in the earth, including 17 elements: Scandium, Yttrium,
Lanthanum... These elements are difficult to fabricate. Researchers have shown that putting rare
earth on steel will have a small effect on the structure and increase the impact strength of the
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material. In addition, RE elements can also be used as deoxygenators and desulfurizers as they
are readily oxidized to RE oxides of RE. During crystallization, the compound of RE
decomposes in front of the austenite crystal. After passing through an instantanous cooling
process, they produce polycrystalline crystals instead of single crystals and under such
conditions, several austenitic ions bind together and prevent crystallization of the crystals. Thus,
they promote the same crystal growth and smooth the structure [16, 17].

The steel is alloyed by alloy elements as: Cr; V... M7Cs crystals size is larger than crystalline
raddie than crystalline radii, reducing the length. However, the development of M-Cs is
preferentially along the [0001] direction, so it is difficult to change the morphology. For this
reason, the need for smoothing M-Cs bundles has been heavily researched. Rare earth elements
are active surface elements, concentrated on a solid-liquid interface, which speeds up the cooling
and inhibits the growth rate of austenite. When the first crystals of austenite appeared, they were
bridged between carbide and austenite boundaries. The austenitic stalk branches connect
together at the time the carbides become discrete and the shape of the carbide also changes from
plate to plate or into rods [16, 18-20].

In this work, we present the results of the study on the effect of rare earth on the microstructure
and mechanical properties of austenitic high manganese steel under impact load. The results
proved that the HMnS steel with RE modification archive higher strengthen in comparison with
other type of steel and the work-hardening mechanism was also changed as the old mechanism.

2 Experimental produre
In this research, the samples were melted in the induction furnace, the detail of chemical
composition was shown in Table 1.

Table 1 Chemical composition of the samples

Sample Fe C Si Mn P S Cr \Y RE
No.1 80.30 | 1.36 0.81 14.70 0.08 0.02 1.82 1.02 -
No.2 80.30 | 1.36 0.81 14.70 0.08 0.02 1.82 1.02 RE

The samples then processing of heat treatment as following: heating up to 650°C, keep at this
temperature for 02 hours, air cooling down to room temperature, then were heated up to 1100°C
and holding at that temperature for 02 hours, finally were water quenching.

The experiment samples were carried out under the impact load. Samples were applied more
than 3000 times by load of 100N/cm? from the high of 60cm for observation of microstructure
and hardness of specimens after applied impact load. The value of needed force is bigger than
439.5 MPa. The hardness was determined by Hardness tester ARK600. The microstructures
were observed by Axiovert 25A, SEM QUANTA 250, XRD and TEM.

3 Results and discussion

3.1. Microstructure

Fig. 1 and Fig. 2 shows the microstructure of the non-modified steels (Fig. 1a) and modified by
rare earths (Fig. 1b). Samples have a V content of 1%, unmodified with an equivalent grade 5
equivalent grained ASTM. It can be seen that rare earth oxides with high melting temperatures
cause heterogeneous crystallization of M;Cs carbide phase and austenite phase.
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a) Sample 1 b) Sample 2
Fig. 1 Microstructure of non-modified sample (a) and modified sample (b) after casting

a) Sample 1 b) Sample 2
Fig. 2 Microstructure of non-modified sample (a) and modified sample (b) afterheat treatment

On Fig. 2, It can be seen that both of the modified and non-modified samples, the carbide
particles of both the modified and non-modified samples have completely dissolved the carbide
particles have completely dissolved into the austenite matrix and the austenitic particle size
reaches grade 6 in accordance with ASTM. However, the modified sample is more uniform than
the non-modified sample.

Sample 1 b) Sample 2
Fig. 3 BSE of non-modified sample (a) and modified sample (b) after heat treatment

The Fig. 3a shows the inverse scattering image of the non-modified sample after heat treatment.
Fig. 3b is the modified sample’s image after heat treatment. As in the microstructure,
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backscattering electron images also showed that in the samples there was no concentration of
carbide at the grain boundary (Fig. 3b), but in the austenitic granules there were appearance of a
number of fine particles. The treatment of carbide dispersion within the austenitic matrix will
contribute to the increasing of resistance to wear and impact toughness of the HMnS steel.

500.0nm

Fig. 4 Microstructure of TEM

From the observation of the optical image, in the microstructure of steel after heat treatment,
almost all homogeneous austenite formed, only the use of TEM can show that there are carbide
particles inside the austenitic particles. The size of these particles are very small. Fig. 4 is the
TEM image of the samples after heat treatment. From observations of the modified and non-
modified samples by the TEM images, the small particles with approximate 60 nm in diameter
length were observed with the non-modified and about 40 nm for the denominator (Fig. 4).
These particles are playing the role of work hardening and abrasion resistance for the details.
With the modified sample, the smaller finer particles appeared which increase the mechanical
value compare than the non-modified sample.

Sample 1 Sample 2 Sample 2 x1000
Fig. 5 Microstructure of non-modified sample 1 (a) and modified sample 2 (b;c)

The microstructure in Fig. 5 shows that no martensitic structure can observed (Figs. 5a and 5b).
At the magnification of 1000 times, the twinning deformation can be seen in the microstructure
of modified sample (Fig. 5c).

On the Fig. 6, the hardness of sample 2 is the higher than samplel (hardness reaches 420HV).
The results of TEM analysis of the samples after impacted load did not show the martensitic
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structure for both samples, but only the nano scale level. However, by TEM, unlike the non-
modified sample 1 (Fig. 6a), the modified sample 2 (Fig. 6b) appear strange appearance
microstructure with many white dots. According to the author [16], austenite nanoparticles were
created by plastic deformation (white dots in Fig. 6b). Thus, the deformation creates the
austenite nanoparticles. The formation of austenite nanoparticles on the surface will increase the
durability by creating multiple boundaries that prevent slippage and create differently oriented
twinning. In addition, the fine grain increase the impact strength of this steel.

a)Sample 1 b) Sampe 2
Fig. 6 Microstructure of non-modified sample 1 (a) and modified sample 2 (b)

Fig. 7 shows the inner surface of the sample 2 after the deformation process the sliding (Fig. 7a)
are located at a distance of about 150 pm below the impact surface the impact surface where
high hardness region is found (the maximum is 420HV). The deeper into the sample from the
impact surface can be observed that the number of deviations decreases.

a) Sliding b) Sliding ¢) Dislocation

Fig. 7 Dislocation and sliding on the sample surface

3.2. Mechanical properties

The results of hardness samples (Table 2) showed that the modified samples exhibited higher
hardness values than non-modified samples (240HB vs 223HB). This may explain the effect of
the RE elements which increases the hardness value of the sample after heat treatment.

Table 2 Result of hardness

Sample Hardness
Sample 1 223HB
Sample 2 240HB
DOI 10.12776/ams.v25i3.1309 p-ISSN 1335-1532
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Table 3 Result of impact toughness

Samples Impact toughness (J/cm?)
Sample 1 115
Sample 2 132

The results of the impact toughness showed that when the modified sample was performed with
the heat treatment process as above, the impact toughness was higher than non-modified sample
(132 J/iem? vs 115 J/lcm?). The value of impact toughness is increased by the particle size of the
modified sample decrease. It can be indicated that RE elements were playing the important role
not only in the solidification process, but also during in the heat treatment, which contributes to
the reduction of austenitic grain size, thus improving the impact toughness of the samples.

Table 4  Abrasion of sample

Sample 1 (1%V) Sample 2 (1%V+RE)
Sample Begin End | Mass loss weight | Begin End Mass loss
weight
Weight (g) 4.7150 | 4.3590 0.3560 45320 | 4.3960 0.1360

The results in Table 4 show the same abrasion test parametter as described in the experimental
section: the sample, when added by rare earths, decreased the amount of wear compare than the
untreated sample. Microstructures as well as mechanical properties analysis results of the
samples are explained by the fact that RE elements were created the dislocation in the lattice and
then promote to increase the mechanical properties of the samples.

Micro-hardness

In Fig. 8, the result is the micro-hardness which measured from the sample surface to the core.
From the result of the hardness, it can be seen that at the same treatment temperature, the
modified (S2) has a higher hardness value than the non-modified (S1) sample. At the room
temperatures, the surface hardness of S2 reaches 420HV while the S1 is 395HV. This micro-
hardness results show the role of the modification agent in the work-hardening of HMnS steel.
Modifiers, which play the role in the austenite grain size reduction process, can also affected on
the formation of strengthen phase in this steel.

iy Micro hardness of sample

450
400
350
300
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200
150
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150 200 250 300 400 500 600 Loi um

Sample 1 Sample 2

Fig. 8 Microhardness of sample
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Fig. 8 shows that for the region locating at the distance of 120 pum below the surface, the
hardness value has a greater slope than the inside two samples. It can be commented that apart
from durable elements such as particle size, carbide particles may also have the role of austenite
nanoparticles produced by austenite particles. The modified sample S2 has stable hardness at
great distances (about 400um). The depth and the value of hardening layers of sample 2 which
will increase the wear resistance and impact toughness of this steel, is larger than the sample 1.

4 Conclusions

The results of the impact strength showed that when the samples were modified by RE and
applied to the heat treatment process as above, the impact strength was 132 J/cm? higher than
115 J/cm? of the non-modified sample. This suggests that the role of the modifier in particle size
reduction and the mechanical properties of this steel. The RE elements were greatly affected on
the reduction of particle size, increasing the impact toughness of this steel.

The micro-hardness of the modified sample is higher than that of the non-modified sample
(420HV is denatured compared to 395HV). Under the impact load, the microstructure of this
steel have sliding, dislocation and nanoparticles. This structure were created by plastic
deformation and austenite nanoparticles.
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Abstract

The aim of the submitted work is to study the influence of applied loads ranging from 0.09807 N
to 0.9807 N on measured values of micro-hardness of heat treated aluminum alloy 6082. The
influence of applied load on a measured value of micro-hardness was evaluated by Meyer’s index
n, PSR method and by Analysis of Variance (ANOVA). The influence of the load on the measured
value of micro-hardness is statistically significant and the relationship between the applied load
and micro-hardness manifests the moderate reverse ISE. As the temperature of the solution
treatment rises, the YS/UTS ratio and also Meyer’s index n, measured and “true hardness*
increase. On the other hand, its effect on the plastic properties of the alloy is ambiguous.

Keywords: annealing, aluminium alloys, micro-hardness, ISE

1 Introduction

Aluminum alloys have been more and more extensively utilized in structural applications, aircraft,
building and automotive industry due to their light weight and attractive mechanical properties
achieved by heat treatment. In the Al-Mg-Si alloys the precipitation during aging after solution
heat treatment and quenching significantly increase hardness and tensile strength.

Indentation hardness testing is a convenient means of investigating the mechanical properties of a
small volume of materials. The principle of the Vickers micro-hardness method is identical to the
macro-hardness test, except for considerably smaller test loads. It is frequently used for the
determination of hardness of small items or thin layers [1].

In contrast to the (macro)hardness, it is well known that the apparent micro-hardness of solids
depends on the load. This phenomenon, the indentation size effect (ISE), usually involves a
modification in the apparent micro-hardness with a tenvariation of the load [2, 3].

If a very low load is used, the measured micro-hardness is usually high; with an increase in test
load, the measured micro-hardness decreases. Such a phenomenon is sometimes referred to as
“normal” ISE. Undoubtedly, the existence of the ISE may hamper or preclude plausible micro-
hardness measurements [4]. The “normal” ISE may be caused by the testing equipment [1, 4, 5],
the intrinsic structural factors of the material, load to initiate plastic deformation, indentation
elastic recovery, elastic resistance of the materials, the effect of indenter/specimen friction
resistance and the effect of the grinding and polishing of sample [1, 3-6].

In contrast to the above “normal” ISE, a reverse (inverse) type of ISE (RISE), where the apparent
micro-hardness increases with increasing load, is also known. It essentially takes place in materials
with predominant plastic deformation. It can be explained as an effect of vibration, indenter
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bluntness at low loads, the energy loss as a result of sample chipping around the indentation or
the generation of the cracks during the loading [3].

The purpose of this paper is to evaluate the influence of the load on micro-hardness of heat treated
Al alloy 6082 by Meyer’s, PSR and modified PSR methods. The scientific work devoted to the
study of the influence of heat treatment on ISE is rare. This also applies to wrought aluminum
alloys which, after forming, often follow heat treatment. The measurement of hardness and
especially of micro-hardness is a suitable method of determining their mechanical properties,
which has minimal material requirements and minimally damages the final product.

2 Experimental materials and methods
The investigation has been carried out on the aluminum Si — Mg — Mn alloy EN 6082 (STN 42
4400) which chemical composition (in wt.%) is in Table 1.

Table 1 The chemical composition of the alloy used for investigation.
Si Mg Mn Fe Cu Ti Cr
1.00 0.66 0.54 0.20 <0.03 <0.02 <0.02

The samples used for heat treatment had the shape of the cylinder with a length of 200 mm and a
diameter of 16 mm. The samples were, after the solution treatment at temperatures listen in Table
2 with the holding time 3 hours quenched in the water. Then they were naturally aged for five
days at 25°C. The sample No. 9 is the initial, hot extruded material used for heat treatment. One
sample for the internaltensile test was turned for each temperature of the solution.

The temperature of heat treatment processes was measured by digital thermometer Testo 9010
with expanded uncertainty U = 2.3°C (k = 2) in calibration point 600°C.

The tensile test was carried out by the tester 200 kN Zwick-Extensometer according to standard
ISO 6892-1:2016 [7]. The mean strain rate é;. = 0.024 min~!. Results of the test are in Table 2.
The experimental error expressed as relative expanded uncertainty Uy (coverage factor k = 2) is
1.82 % for values UTS and YS and less than 1% for values TE and Z. The YS/UTS ratio, which
controls the local loss of plastic stability due to the internal structure of material (hon-
homogeneity, defects, but also due to the processing technology) for example in the deep-drawing
process. High value of the ratio results in restricted formability and resistance to fatigue fracture
on the other hand [8, 9]. As the temperature of the solution treatment rises, the YS/UTS ratio and
also Meyer’s index n increase.

Table 2 The temperature of the solution treatment, results of tensile test, (marco)hardness
(HV10), micro-hardness (HV 0.05) and the relative expanded uncertainty of the
hardness (Urer)

Urel Urel
T uTsS YS TE A
sample ©C) | [MPa] | [MPa] | o] | [o] YS/UTS | HV10 H[})%o HV0.05 H\[/oz.]OS
1 590 235 131 204 | 26.7 0.557 118 7.6 118 15.0
2 580 237 121 195 | 445 0.511 122 7.7 111 18.0
3 570 242 124 23.8 | 46.9 0.512 121 6.9 114 15.3
4 560 230 126 20.8 | 514 0.548 117 7.6 134 13.1
5 550 236 124 19.6 | 51.8 0.525 124 8.7 110 15.9
6 540 314 127 15.6 | 43.9 0.404 108 7.5 107 17.0
I 530 298 144 16.0 | 42.8 0.483 102 7.6 101 17.5
8 520 280 143 13.2 | 48.9 0.511 95 8.4 98 18.3
9 - 291 113 18.8 | 47.2 0.388 105 5.8 103 17.0
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A head part of the longer fractured tensile piece was used as a sample for metallographic analysis
and measurement of the macro- and micro-hardness. The diameter of the piece was measured at
regular intervals from the neck to the head. Dimensions parallel to the axis of the sample are
measured with an accuracy 0.01 mm and dimensions perpendicular to the axis with an accuracy
0.001 mm.

The surface was wet ground on silicon carbide papers (the sequence 80, 120, 220, ... 2500 and
3000 ANSI/CAMI grit) and mechanically polished with a water suspension of Al,Os; and then
with diamond paste (0.5 um) to a mirror finish. Samples were finally etched with water solution
0.5 % HF. The etching visualized hard intermetallic phases, firstly Al-Fe. The areas with the
occurrence of intermetallic phases were avoided at micro-hardness measurement.

The microstructure was analyzed by optic microscope Neophot 32 in magnifications 500 x and
1000x, using the software ImageJ. The aluminum matrix contains fine intermetallic particles
which became visible after etching. The area of their proportion is 1.8 % in the initial material and
it is between 0.8 % and 1.3 % in heat treated samples. The temperature of the solution treatment
did not significantly affect this proportion.

The (macro)hardness tests were performed by the equipment HBO 250. The magnification of the
measuring device is 70x. The certified reference material (CRM) in the form of hardness
reference block with specified hardness He = 194 HV 10 and expanded uncertainty Ucgm = 3.3
HV 10 (k = 2) was used as a standard for the calibration of the tester; it met the requirements of
the standard 1SO 6507-2:2018 [10] (the repeatability re = 1.94%, the error of tester Ere1 = 0.20 %
and the expanded uncertainty of the calibration (k = 2) U = 1.07 %). Measured values of the
(macro)hardness are in Table 2.

140

130

120

110 A

100

micro-hardness HV

90

80

load (N)

Fig. 1 The relationship between load and micro-hardness

Micro-hardness was measured by tester Hanemann, type Mod D32 fitted to microscope Neophot-
32 with a magnification 480x. The discrimination - the value of the smallest division of the optical
device, which measures the diagonals of the indentation, is 0.000313 mm.

A reference block — CRM (certified reference material) with specified hardness Hc = 195 HV0.05
and expanded uncertainty Ucrm = 8 HV 0.05 (k = 2) was used for the calibration of the micro-
hardness tester; the tester meets the requirements of the standard 1SO 6507-2:2018 [10] (frel =
4.39 %, Erel = 3.81 % and Uy = 9.01%).

Both macro- and micro-hardness were measured according to standard 1SO 6507-1:2018 [11].
Applying load P for (macro)hardness was 98.07 N and loads for micro-hardness were between
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0.09807 N and 0.9807 N by 0.09807 N step with application time 15 s. An operator performed
five indentations at each load. For micro-hardness, the result was “the cluster” of 50 indentations,
regularly distributed over the surface of the sample at one sample. If the measured micro-hardness
was extremely high or the shape of the indentation was distorted, the indenter was likely contacted
with the subsurface intermetallic phase. The measured value was not taken into account, and the
measurement was repeated. The mean velocity of the micro-indenter in the sample, calculated by
the method described in [12] was 1.0 um s%. The values of micro-hardness, measured at particular
loads are in Fig. 1 and it at load 0.49 N (HV0.05) with its uncertainty are also in Table 2. As can
be seen, the uncertainty of the micro-hardness is higher as it of (macro)hardness. It is the result of
higher deviation of the diagonals of micro-indentations and at the same time higher uncertainty of
used CRM (e. i. the ratio of CRM uncertainty and the hardness of tested aluminum alloy). The
majority of samples manifest a moderate reverse indentation size effect (RISE). The ambient
temperature in the laboratory ranged between 20.0 and 20.7 °C.

3 Results

According to two way analysis of variance (ANOVA, significance level a = 0.05) without
replication the load (p = 3.52 x 10%) and the solution treatment temperature (p = 6.32 x 10-%) both
have the statistically significant influence on the measured values of the micro-hardness.
Meyer’s power law and proportional specimen resistance (PSR) are two principal approaches to
describe ISE quantitatively [1].

The basic method to describe the ISE is Meyer’s Law:

P = Ad" (1)

Meyer’s index n and the coefficient A (as Ai) determined by the straight line graph of In d (the
mean diagonal of the indentation d in pm) versus In P (the applied load P in g). Meyer’s index n
is the slope and coefficient Ay, is the y-intercept of the line.

Table 3 The ISE and PSR indices

method | Meyer’s law PSR Modified PSR

sample n An | a[Nmm?1] | a[Nmm?] | co[N] | caiNmm?] | c2[N mm?]
1 2.1340 | 6.918 -1.686 690.08 | 0.0006 -1.677 689.06
2 2.1095 | 6.794 -1.559 662.82 | 0.0012 -1.722 666.68
3 2.0317 | 6.557 -0.100 621.03 | -0.0421 3.635 548.08
4 2.1147 | 6.895 -1.458 711.51 | -0.0326 1.455 653.41
5 2.1231 | 6.778 -1.355 618.36 | -0.0543 3.157 534.63
6 2.0766 | 6.600 -0.676 586.11 | -0.0787 5.824 466.64
7 2.0510 | 6.494 -0.541 572.17 | 0.0110 -1.412 587.68
8 2.0719 | 6.501 -0.787 546.11 | -0.0183 0.708 519.19
9 2.0571 | 6.489 -0.615 560.98 | -0.0903 6.650 430.71

However, as stated by a number of authors, for example, Sargent [13], presented the relationship
between Meyer’s index and work hardening coefficient was derived using the ball indenter.
Unfortunately, it has become common practice to apply the strain-hardening Tabor interpretation
to pyramidal indentation and to derive a "work-hardening index". The purpose of the contribution
is not to give an opinion on whether the Meyer index is a measure of the work hardening
coefficient or it is not. In this case, its task will only be to quantify the possible existence and
magnitude of the relationship between load and microhardness, i.e. ISE.
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The index n < 2 indicates “normal” and n > 2 indicates reverse ISE. If n = 2, the micro-hardness
is independent of the load and is given by Kick’s law.

The curves load/micro-hardness in Fig. 1 show a non-linear increase of the micro-hardness with
the applied load to 0.2942 — 0.4903N and then remain practically constant with further increasing
of the load. This boundary of the stabilization as called as “ISE boundary”. Calculated values of
Meyer’s index n and Ay, are in Table 3.

The proportional specimen resistance model of Li and Bradt (PSR) may be considered a modified
form of the Hays/Kendall approach to the ISE [4]. Several authors [1, 4, 5, 14, 15] have proposed
that the normal ISE may be described by the (2):

P = ald + azdz (2.)

Li and Bradt pointed out that the parameters a; (N mm) and a; (N mm-?) of (2) are related to the
elastic and plastic properties of the material, respectively [16].

The parameter a; characterizes the load dependence of micro-hardness and describes the ISE in
the PSR model. It consists of two components: the elastic resistance of the test sample and the
friction resistance developed at the indenter facet/sample interface [1, 5].

The parameter a, is directly related to the test sample’s load-independent micro-hardness
sometimes referred to as “true hardness” [4].

Equation (2) may be rearranged in the form:

2 = al + azd (3')

The parameters a; and a; of (3) may be obtained from the plots of P/d (in N/mm) against d (in
mm). Measured values of a; and az are given in Table 3.

According to energy balance approach parameter ¢y is associated with residual surface stresses in
the sample and parameters ¢1 = a; and ¢ = a, are related, respectively with the elastic and plastic
properties of the sample [1, 4].

Equation (4) can be regarded as a modified form of the PSR model.

P = Co + Cld + C2d2 (4.)

The parameters co (N), ¢z (N mm™) and ¢, (N mm?) of (4) may be obtained from the quadratic
regressions of P (in N) against d (in mm) and their measured values are given in Table 3.

The ratio ca/c, (Table 4) is a measure of the residual stresses due to the machining and polishing
of the sample while co denotes the residual stresses in the sample. Therefore a relationship between
Co and ci1/c; is expected [1], Fig. 2. With increasing macro and micro-hardness, the ratios a:/a; and
c1/cz both decreases, co and Meyer’s index n increase.

Hays and Kendall proposed the existence of minimum test load W (N) necessary to initiate plastic
deformation — the result is visible indentation. Only elastic deformation occurs below such load.
In that event, the load dependence of hardness is expressed by equation (5):

P=W + Ad? (5.

Where A; (N mm2) is a constant independent of load. The values of W and A; may be obtained
from the regressions of P (N) against d?> (mm) [1]. The values of the indices obtained by modified
PSR are given in Table 4. However, visible indentations (and so with plastic deformation) were
created with the load 0.009807 N. This fact does not conform to the definition of parameter W.
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Parameters az, ¢z, and A; are directly related to load-independent micro-hardness sometimes
referred to as “true hardness” Hpsr [1, 4, 5, 17].

y =-0.1806x - 0.002
R? = 0.9669

cy/c; (mm)
*
] *
=)
b
o]
n

04 -008 006 004  -0.02 \(L\. 0.02

c (N)
Fig. 2 The relationship between co and ci1/c2

Hpsraz = 0.1891 x a, (6.)

The “true hardness” by analogy to a, can be calculated as Hpsra1 Using Az and also Hpsrco Using ¢z
inequation (6). The relationships between the ratio YS/UTS and “true hardness” calculated with
the aid of the indices ay, ¢, and A; and measured hardness HV0.05 and HV10 can be seen in Fig.
3. The coefficient of the determination R? ranged between 0.67 (for Hpsrez) and 0.22 (for HV10).

Table 4 The ISE and PSR indices and “true hardness”

sample | W[N] Al cl/c2 [mm] Hpsraz Hpsre2 Hpsra1
1 -0.0200 | 658.01 -0.002430 130.4941 130.3012 124.4297
2 -0.0203 | 635.31 -0.002580 125.3393 126.0692 120.1371
3 0.0030 | 614.37 0.006633 117.4368 103.6419 116.1774
4 -0.0150 | 680.84 0.002226 134.5465 123.5598 128.7468
5 -0.0133 | 589.97 0.005904 116.9319 101.0985 111.5633
6 -0.0024 | 567.59 0.012481 110.8334 88.24162 107.3313
7 -0.0074 | 563.09 -0.002400 108.1973 111.1303 106.4803
8 -0.0088 | 531.09 0.001364 103.2694 98.17883 100.4291
9 -0.0012 | 543.48 0.015440 106.0813 81.44726 102.7721
4 Discussion

Parameter co is associated with residual surface stress in the sample. It was assumed that the head
part of the sample, used for ISE evaluation would not be significantly deformed. As can be seen
in Table 4 a certain difference in residual surface stress was observed. However, the mentioned
differences were smaller than they obtained on a sample of the same material on the places with
different local reduction of the area (contraction). Since the relationship between co and the
temperature of the solution treatment is negligible (R? = 0.04), the differences are likely the result
of residual strain (for example, different deformations of heads when attached to the grips of the
tensile machine). The ratio ci/c. is the measure of the residual stress due to machining and
polishing. Individual samples were sawn, ground and polished under approximately the same
conditions. However, certain differences, which could cause differences in the values of ci/c; ratio
may have occurred (for example the polishing time or the contact force in the polishing or
grinding). Hays and Kendall defined the parameter was a minimum load necessary to initiate
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plastic deformation, therefore a creating a visible indentation. However, visible indentations (and
so with plastic deformation) were created with the load 0.009807N, which is less than some
calculated values of parameter W listed in Table 4. This fact does not conform to the definition
of parameter W. It would be appropriate to focus the research on both of these problems in the
future.

¢ HPSRaz
- B HPSRc2
L
T A HPSRAL
g_ O Hv0,05
[=3
2 = X HvI0
S" i /&_:_. Linearny (HPSRa2)
S 7
T Ve X — — Linedrny (HPSRc2)
90 » e — - = Linearny (HPSRA1)
= = = Linedrny (HV0,05)
80 T T T T L, Linedrny (HV10)
0.35 0.4 0.45 0.5 0.55 0.6
YS/UTS

Fig. 3 The relationship between the YS/UTS ratio, “true hardness” HPSR and measured
hardness HV0.05 and HV10

It is necessary to remember the fact that the indirect calibration of micro-hardness testers is not a
routinely practiced process, unlike the (macro) hardness testers. We can determine the uncertainty
of the measured micro-hardness only by the calibration. However, uncertainty can significantly
affect the type and size of ISE. It is possible that “normal” and reverse ISE are simultaneously the
result of the same input values if the uncertainty is taken into account (with a coverage factor k =
2) [18]. The ambiguity in the measurement of small indentations, particularly if pile-up or sink-
in effects are present, can lead to over- or underestimation of diagonals [19, 20].

4 Conclusion

1. The influence of the load on the measured value of micro-hardness is statistically
significant.

2. The relationship between the applied load and micro-hardness manifests moderate
reverse ISE.

3. As the temperature of the solution treatment rises, the YS/UTS ratio and also Meyer’s
index n, measured and “true hardness™ increase. On the other hand, its effect on the
plastic properties of the alloy (reduction of the area Z and the elongation TS) is
ambiguous.

4. The measured micro-hardness is effected by reverse ISE.
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Abstract

Quaternary chalcogenide Cu,ZnSnS, is a potential candidate for thermoelectric (TE) application
due to a number of advantages including containing only non-toxic and abundant elements, high
Seebeck coefficient and low thermal conductivity. In this study, Cu.ZnSnS, was synthesized
using mechanical alloying method from Cu, Zn, Sn and S powders. In order to study the effect
of milling duration on the formation of Cu,ZnSnS,, different milling duration of 2, 4, 12 and 16
h were carried out. As the results, Cu,ZnSnS, wasstarted to form after milling for 12 h. The
formation of Cu,ZnSnS, was completed after 16 h of milling. In addition, Cu,ZnSnS,
nanoparticles were obtained after 16 h of milling with the particle distribution mostly in the
range of 50 - 60 nm.

Keywords: Mechanical alloying; Cu,ZnSnSs; Thermoelectric;Powder metallurgy

1 Introduction

Alarming environment and energy crisis associated with insatiable demand of energy from fossil
fuel sources,which has resulted in efforts of seeking clean and sustainable energy sources. It has
been estimated that two-thirds of the primary energy from fossil fuels consumed by humans is
wasted, with mostof it being waste heat[1-3]. The recovery of huge amount of wasted heat not
only has a significant influence on the efficiency of energy consumption,but also reduces the
global greenhouse gas emission.Thermoelectric generators (TEGs), which are capable of
generating electricity directly from waste heat sources by Seebeck effect,have emerged as a
novel technology for recovering waste heats from automobiles, industrial sectors and home
cooking etc. TEGs are solid-state devices, which areholding a number of advantages over
conventional powder generators, such as silent operation,no moving parts, reliable durabilityand
no gas emission [4-6]. However, currently TEGs still exist some main drawbacks including low
efficiency and high cost of TE materials, which are primary factors restricting for large-scale
applications [7-9].

The performance of a type of TE materials is evaluated by the dimensionless figure of merit ZT,
(ZT = 0S°T/k, where S,0, Kk are Seebeckcoefficient, electrical conductivity and thermal
conductivity, respectively). T is the absolute average temperature between the hot and the cold
sides of TEGs. A high efficiency TE material, therefore, should possess a high Seebeck
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coefficient(S), high electrical conductivity () in combination with low thermal conductivity ().
Although the commercial TE materials have a ZT value of 1.0, however, TE devices require a
ZT of 3.0 to be a competitive candidate in practical applications [10].

Among potential TE materials studied for middle range temperature application, quaternary
chalcogenide Cu,ZnSnSs (CZTS) has recently received a great interestfrom scientist due high
stability in air, high melting temperature, low thermal conductivity, high Seebeck coefficient,
and particularly containing only non-toxic and earth abundant elements [11, 12].The synthesis of
CZTS has been studied through a number of methods, such as, sputtering [13], thermal
evaporation [14], solution phase reaction [15], sol-gel [16] and spray pyrolysis [17]. However,
these methods either require particular equipment for complicated process and low production
mass. Hence, it is challenging to develop facile and cost-effective methods, which are capable
oflarge-scale production.

In this study, kesterite CZTSwas synthesized using a simple method which is mechanical
alloyingofCu, Zn, Sn and Spowders. The formations of CZTS, morphology and particle sizes of
milled powders were investigated.

2 Experimental procedure

For preparation of CZTS precursor, Cu (99.5%,—100 mesh, Strem Chemicals), Zn(99.9%,-325
mesh, Strem Chemicals), Sn (99.5%, —100 mesh, Alfa Aesar), and S (99.5%, —325 mesh, Alfa
Aesar) powders were used as starting materials. Mixtures of powders with the stoichiometric
ratio of 2:1:1:4 were milled using Fritsch Planetary Mono Mill Pulverisette 6 classic line for
various milling durations of 2, 4, 12and 16h under Ar atmosphere. The ball to powder ratio and
the milling speed were of 10:1 and 300 rpm, respectively. In order to minimize contamination of
milled powders, the mill media and container were made of zirconia oxideand no process control
agents were added into the mixtures.

The phase transformation after ball milling was analyzed using X-ray diffractometer (Bruker D8
Advance, CuKaradiation, 1.54059 A). The surface morphologies of the mixed powders and
milled powders were studied by field-emission scanning electron microscope (FE-SEM)
(Hitachi S-4800).For particle size distribution analysis, random 50 particles from each image
were measured using ImageJ software.

3 Results and discussion

In the present work, the effect of milling duration on the phase transformation of milled CZTS
powders was investigated by using differentmilling duration of 2, 4, 12and16 h, whilst other
parameters remained constant. The XRD patterns of a raw mixture of Cu, Zn, Sn and S powders,
and milled powders are shown in Fig. 1.

The XRD pattern of the mixedpowder shows a number of sharp peaks attributed to the elemental
powders of Cu, Zn, Sn and S. After 2 h and 4 h of milling, the XRD peaks of elemental powders
of Cu, Zn, Sn and S were broadened and the intensity of peaks was decreased due to the
refinement of the crystallites and the increase in lattice strain [18]whilst no obvious peaks of
CZTS appeared.After milling for 12 h, most XRD peaks of the starting powders disappeared
except a peak of Cu. Besides, it can be seen that four primary peaks were appeared, which are
attributed to the diffraction of the planes (112) (200) (220) (312) of CZTS. This indicates that
the formation of CZTS has been taken place. After a prolonged milled duration of 16 h, all peaks
of elemental powders were disappeared, whilst there were only peaks of CZTS present. The
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crystal structure of CZTS has been completed with the appearance of primary peak attributed to
the planes (332). It can be concluded that the mixture of powders has been mechanically alloyed
completely after 16 h of milling.The formation of CZTS in our experiment was taken place in a
shorter milling duration compared to which were reported by Pareek et al.[19]and Wang et
al.[20]. Pareek et al. reported that pure CZTS was synthesized completely from starting
elemental powders after ball milling for 30 h with the rotation speed of 450 rpm andthe ball-to-
powder weight ratio of 5:1, whilst Wang et al. reported that the formation of CZTS was
completed after milling for 20 h at 50 Hz frequency with the rotation speed of 300 rpm and at
the same ball-to-powder weight ratio of 5:1. These above mentioned differences could be
primarily attributed to the differences in milling process variables including ball-to-powder
weight ratio, model of milling machine, the molar ratio of elemental powders and the particle
sizes of powders (the manufacturers of the source powders are different in the present work and
the literatures).
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Fig. 1 XRD patterns of mixing powder and milled powders at different duration

During ball mill, the mixture of powder particles is repeatedly flattened, cold-welded, fractured
and rewelded. The formation mechanism of CZTS during high-energy ball mill is attributed
tothe diffusion process, which takes place when particles are cold-welded together. Heavy
plastic deformations during milling createa variety of crystal defects such asdislocations,
vacancies, stacking faults, and increasethe grain boundaries, and so, enhances the diffusion
process.In addition, slightly temperature raise during milling further aids the diffusion process;
consequently, true compound is formed.The specific times required to develop a given structure
in any system depends on the initial particle size, characteristics of the ingredients,and the
operating parameters of the equipment [21-23].

There is an important characteristic to be noted in the XRD data of milled powders after 12 h
and 16 h of milling that is a slight peak shift to lower or higher 26 values in the samples, which
corresponds with result reported in previous paper [19]. This phenomenon can be due to the
presence of a large amount of defects, lattice strain and disorder, which usually results in peak
shift, in milled powders after a long milling duration, as seen in Fig. 2.
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Fig. 2 Zoomed-in of XRD pattern of two main peaks of milled powders in small ranges of 20
(left) from 25 to 30° and (right) from 45 to 50°
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Morphologies of the mixture powders before and after milling at different duration were
investigated using SEM, as shown in Fig. 3. It can be seen in Fig. 3 (a) that particles of raw
element powders separated completely or loosely contact which can be observed clearly in
distinguishable shape. However, the powder particles started to be plastically deformed and get
cold-welded after 2 h of milling although some un-welded particles still existed, as illustrated in
Fig. 3 (b). After 4 h of milling, the cold-welding and fracturing processes continued to take
place leading to microstructural refinement, as shown in Fig. 3 (c). At this milling duration, the
distribution of particle sizes can be observed in a large range.
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Fig. 3 SEM morphologies of (a) raw powder mixture and milled powders after (b) 2 h, (c) 4 h,
(d) 12 h and (e) 16 h of milling. Image (f) is SEM morphology of 16 h milling with high
magnification (50,000 X)

After milling for long duration of 12 h and 16 h, the particles continued to cold-weld and
fracture but the tendency to fracture predominates over cold-welding. As the results,numbers of
small particles wereincreased, Fig. 3 (d),(e). With high magnification SEM image (Fig. 3(f)), it
can be clearly seen that the powder particles of 16 h milling became round shapes and the
distribution of particle sizes is mostly in the range of 50 - 60 nm, as seen in Fig. 4.

Counts
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Fig. 4 The distribution of particle size of milled CZTS after 16 h milling

4 Conclusions

In this research, kesterite CZTS was synthesized using mechanical alloying method from Cu,
Zn, Sn and S powders. After milling of 12 h, the CZTS phase was formed. Single phase of
CZTS was obtained completely after 16 h of milling. The milled powderswere obtainedin
nanosized with the particle distribution mostly in the range of 50 - 60 nm after 16 h of milling.
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Abstract

The 45Ni-35Cr-Nb alloy, commonly known as ET45 micro, produced in the form of centrifugally
cast tubes, was studied by means of optical microscopy after aging treatments at 1073 and 1173
K for different times. A description of M23Cs secondary carbides precipitation phenomenon was
made as a function of time. The purpose of carrying out a kinetic study of the precipitation of this
phase is to be able to calculate the activation energy required for secondary precipitation. This
allows to infer what is the mechanism associated with it. Analysis after using the Johnson-Mehl-
Avrami-Kolmogorov (JMAK) model showed that secondary carbide precipitation occurs in a
single stage. It was found that this phenomenon, which is assisted by diffusion, has an activation
energy of 196 kJ/mol. This value would indicate that the diffusion of Cr atoms in the austenitic
matrix is the phenomenon that dominates the precipitation of the M»3Cg secondary carbide.

Keywords: JIMAK model, 45Ni-35Cr-Nb alloy, secondary carbide precipitation, aging

1 Introduction

ET45 micro centrifugal cast alloy is commonly applied in pyrolysis furnaces used in
petrochemical industry being able to operate between 973 and 1373 K. The resistance to
carburization is influenced by the stability of austenite, which in turn depends on the Cr and Ni
concentration ratio. High concentrations of Cr and Ni, prevent the diffusion of C from the external
atmosphere into the alloy [1-9]. To achieve high mechanical strength and creep resistance during
high temperature service, Nb, Ti, Zr are added to those alloys. In addition, the presence of Si and
Mn increases the resistant of the alloy under aggressive atmospheres [10, 11]. The dendritic-type
microstructure of the alloy consists of an austenitic matrix strengthened by a network of primary
carbides that increases its mechanical strength. During service at high temperatures, fine
intradendritic Cr-rich M23Cs secondary carbides precipitate within the matrix, increasing
mechanical properties and improving the stability of the phases precipitated in the microstructure
[4,5]. Therefore, it is interesting to analyse the mechanism of precipitation, as well as what
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elements or chemical compounds are involved in it. The kinetic model proposed by Johnson,
Mehl, Avrami and Kolmogorov (JMAK model) is commonly used in the kinetic study of
nucleation and growth reactions, the precipitation of new phases linked to a diffusive process [12],
recrystallization [13], ferroelectric/ferromagnetic switching [14], and surface growth in
gas/vacuum environments [15]. For this reason, IMAK kinetic model will be applied for the study
of the secondary precipitation of Cr-rich M23Cs carbides.

2 Experimental
Chemical composition of the 45Ni-35Cr-Nb heat resistant alloy is shown in Table 1.

Table 1 Chemical composition of centrifugally cast alloy ET45 micro [wt %]
C Si Mn Ni Cr Fe Nb Ti+Zr
0.45 1.60 1.00 45.00 35.00 16.00 1.00 <0.09

The alloy was produced as centrifugally cast pipes, with a 110 mm diameter and 11 mm wall
thickness. Specimens of cast material were obtained from a ring extracted of the tube and cut
transversely with a 12 mm width.

Aging heat treatment was made at 1073 and 1173 K using resistive furnaces in air atmosphere.
For each temperature, aging times were of 1, 5, 15 and 30 min, and 1, 3, 8, 16, 24 and 27 h. After
aging, each specimen was cooled in air. Metallographic preparation was done with abrasive sheet
papers of decreasing particle size, electrolytic etching was carried out with a KOH 10% aqueous
solution, applying a voltage of 2 V during 14 s. Optical micrographs were taken using a Leica
optical microscope model DM ILM equipped with a DFC 295CCD camera. Finally, area fraction
of secondary carbides was measured by image analysis using ImageJ software version 1.41,
developed by National Institutes of Health in the United States of America. This software is based
on the contrast of colors between an object and the background in order to measure the ratio
between the area occupied by the objects whose color contrasts with the color of the background,
and the total area of the image. Area fraction values were measured by optical microscopy with a
magnification of 1000X on each sample for each temperature.

3 Results and discussion

Applying JIMAK model, it can be obtained the transformed fraction of a new phase, f, as a function
of time. This model is exactly accurate for nucleation and growth reactions with linear growth,
while it is a good approximation in cases of nucleation and growth with parabolic growth, i.e. as
in the case of diffusion-controlled growth. The hypotheses that this model must satisfy be valid,
include random distribution of the precipitated phase, isotropic growth, average growth rate is
uniform throughout the material, precipitation reaction is not influenced by time-dependent
processes, and the amount of a phase that can be transformed is independent of time [11, 16, 17].
In this case, it is a thermally activated phenomenon controlled by diffusion. Therefore, the Avrami
exponent and the activation energy should remain constant while the transformation occurs. For
random nucleation, that means that nuclei formation is independent of the position on the volume
sample, and for the case of linear growth, the JIMAK model presents an exact fit for any value of
f [18]. The Avrami equation, relates the transformed fraction with aging time by:

f=1-—exp(-kt)® 1)
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where: f - area fraction of secondary carbides
n - Avrami exponent
k [s?] - pre-exponential factor
t [s] - aging time
The pre-exponential factor, k, is defined by an Arrhenius-type equation as:

k = k,.exp (— %) (2.

where: ko [s?] - constant

Q [kJ/mol] - activation energy of deformation

R [kJ/(K-mol)] - universal gas constant

T [K] - temperature
From the Avrami equation it is possible to obtain the following equation, which corresponds to a
straight line of slope n and intercept n.In(k). In Fig. 1, it is shown the plot of this straight line as a
function of In(t) for each one of the aging temperatures.

In(—In(1 - f)) = n.In(t) + n.In(k) (3.)
For 1073 K, the equation of the fitting function is:

In(—1In(1 - f)) = 0.88.1n(t) — 8.29 (4.)
In such a way, for 1173 K, the equation is:

In(—In(1 — £)) = 0.78.In(t) — 6.42 (5.)

In In{1/(1-f))

‘o

o

In(t)
Fig. 1 Linear adjustment using the Avrami equation vs. aging time

Unlike what other authors have found for similar alloys [19], in this work the evolution of
secondary carbides precipitation was characterized by having only one step. Once the parameters
of the Avrami equation for each aging temperature have been calculated, it is possible to compare
the experimental data of the transformed fraction with those represented by the kinetic model, as
it is shown in Fig. 2.
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Fig. 2 Evolution of the experimental and calculated transformed fraction vs. aging time

By plotting n.In(k) vs. (R.T)? as it is shown in Fig. 3, it can be obtained a straight line of slope Q
and intercept In(ko):

In(k) = In(ko) — == (6.)

-~

n.In(k)

1.0x107 1,0x10” 1.1x10° 1,1x10”
(RTY"
Fig. 3 Evolution of In(k) vs. (R.T) in order to calculate the activation energy.

In this way, the calculated activation energy Q of secondary M23Cs carbides precipitation is 196
kJ/mol and the intercept of this straight line is 13.64 so ko is 8.39x10° s*. The activation energy Q
of the secondary precipitation reaction, allows identifying the mechanism that dominates the
precipitation of M23Cs carbides. In this case, as it is a phenomenon assisted by diffusion, it is
important to know the activation energy for self-diffusion of atoms that make up the secondary
precipitates, that is, C and Cr. In the case of C, the self-diffusion energy in an austenitic matrix is
of 142 kJ/mol [20] while some authors have found using an experimental procedure similar to that
used in this work, activation energy of 213 kJ/mol for a Fe-30.8Ni-26.6Cr alloy [19]. The latter,
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turns out to be of the order of the calculated from the model of JIMAK for the alloy under study,
which would indicate that the mechanism that controls the secondary precipitation is the diffusion
of the Cr atom.

4 Conclusions

From the kinetic analysis by the classical Johnson-Mehl-Avrami-Kolmogorov model of secondary
carbides precipitation in a 45Ni-35Cr-Nb heat resistant alloy, it is possible to reach the following
conclusions. First, it was found that the phenomenon occurs in a single stage, and the calculated
activation energy is 196 kJ/mol. The activation energy obtained is comparable to that
corresponding to the self-diffusion of Cr in an austenitic matrix in alloys of the Ni-Cr-Fe type
similar to the one studied on this work. For this reason, the diffusion of Cr through the austenitic
matrix would be the mechanism that controls the formation of M23Ce-type secondary Cr-rich
carbides. The study and analysis of the evolution of the precipitation process, shows that n
parameter remains almost constant with aging temperature.
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Abstract

Transparent MgAl.O4 ceramic could be found in a wide range of applications for both military
and civil sector due to its high melting point, good mechanical properties, small refractive index
(1.71) and its ability to allow light in range from UV to mid-IR to pass through. In the present
work, transparent MgAl.O4 spinel ceramics were fabricated from metal nitrates via two steps.
Firstly, the MgAl>O4 nanopowder was synthesized via solution combustion synthesis from the
metal nitrates. Secondly, the powder was then consolidated by Pulsed Electric Current Sintering
(PECS) technique to fabricate transparent ceramic. XRD patterns of the obtained powder
showed the peaks of only MgAl,O4 phase. Besides, the atomic compositions of magnesium,
aluminium and oxygen determined by EDX analysis were approximately corresponded to 1:2:4
of the molecular formula of MgAl.O.. After deagglomerating for 48 hours using soft ball-
milling, the powder had the average particle of 27 nm. Transparent MgAl.O4 samples, which
were sintered with two-step sintering mode of 1050°C/60 minutes-1400°C/20 minutes, permitted
the transmission of visible and infrared light with the transmittance up to 80%, Vickers hardness
of 14.2 GPa, and fracture toughness of 1.1 MPa.m%?, The results are a critical step toward
fabrication of high-quality transparent ceramics from metal nitrates.

Keywords: MgAl,Oa, transparent ceramic, combustion synthesis, PECS, two-step sintering

1 Introduction

Magnesium Aluminate (MgAl,O4) spinel is one of the most outstanding transparent ceramics
due to its unique optical and mechanical properties, even at high temperatures [1,2].
Furthermore, such material can allow light to pass through in a wide range from ultraviolet to
mid-infrared wavelength (0.2 - 6 um) [1]. Transparent MgAl,O4 spinel ceramics have a variety
of application such as solid-state lasers, scintillators, armours, optical devices, electro-optical
devices, biomaterials etc. [1, 2].

Powder fabrication and sintering play a vital role in transparency of final MgAIl,O4 products
since they are directly responsible for the density and the purity of materials. For powder
fabrication, chemical synthesis methods have been recently considered as an effective approach
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to prepare powders with high purity and nanoscale particles. Among chemical synthesis
methods, solution combustion synthesis has been received an increasing attention due to low
temperature requirement, homogeneous products, and low-cost precursors [3]. Various recent
studies have reported that solution combustion synthesis have been effective for preparation of
ultrafine MgAl,O4 powders [4, 5]. However, deagglomeration was often required to isolate the
nanoparticles.

Recently, PECS has emerged as an efficient method to produce transparent ceramics [6-9],
especially transparent MgAl,O4 [10, 11]. This method can assist in increasing bulk density and
reducing grain size in MgAlI,O4 ceramics, which improve both the mechanical properties and the
transparency of the materials. Morita et al. [12] successfully demonstrated the densification of a
fine-grained transparent spinel only for a 20 minutes holding time at a low temperature of
1300°C with a pressure of 80 MPa by employing a low heating rate < 10°C/min. It is proposed
that a slow heating rate can satisfy high density and fine grain size at a low sintering
temperature; however, it takes a prolonged time for sintering process. To overcome the issues,
two-step sintering technique was applied because this method not only prohibits grain growth
but also shortens sintering duration [13]. In this method, the first stage is performed at a
relatively low temperature and is followed by a higher temperature stage. Feasibility of two-step
sintering method has been reported [14, 15], however, there are few reports on the combination
of two-step sintering and PECS [16, 17, 18].

In this work, the feasibility of transparent MgAl.O, ceramics fabrication from metal nitrates via
solution combustion synthesis and two-step PECS sintering was investigated.

2 Experimental procedure

The starting materials were AI(NO3)3.9H,O and Mg(NOs)2.6H,O as oxidizers, and an urea
(CHsN20) as fuel. These materials have purity of 99% and were purchased from Xilong
Scientific Co. Ltd., China. Precursor mixture was stoichiometrically balanced by a molar ratio of
3:6:20, and then dissolved in distilled water. Subsequently, the solution was placed in an electric
resistance furnace (Linn HT1300, Germany) and it was heated at 500°C. The combustion
reaction occurred according to the following reaction [2] to form a voluminous product.

3Mg(NOs)2 (aq) + 6AI(NO3); (ag) + 20CH4N20 (aq)
— 3MgAL,O4(s) + 20CO(g) + 40H,0(g) + 32N»(g) 1)

The synthesized product was deagglomerated for 48 hours in a highly pure ethanol solution
using alumina balls with ball-powder mass ratios of 20/1. The milled powder was dried at 120°C
for 24 hours and then calcined at 1100°C for 2 hours. As-received powders were fine but not
showed spherical shape like other alloys [19]. The obtained powder was sintered by PECS
machine (LABOX 1550i75S, Japan) in a graphite die with diameter of 10 mm, with a heating
rate of 100°C/min and a uniaxial pressure of 100 MPa. Two-step sintering profile was applied
with first-step temperature of 1050°C for 60 minutes and second-step temperature of 1400°C for
20 minutes. After sintering, samples were ground and polished by a slurry of Al,O3 powder with
particle size of 0.05 um for 80 hours.

The phase analysis was carried out by X-ray diffraction (Siemens D5000, Germany) using Cu
Ko radiation. Morphology was characterized by a field-emitting scanning electron microscope
(Hitachi S4800, Japan). The particle size and the size distribution were determined by ImageJ
software through SEM images. Energy dispersive analysis (EDX) was performed to identify the
elements that present in synthesized powders. Transmission spectrum was investigated by
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ultraviolet-visible (UV-Vis) spectrophotometer (Shimadzu UV-1800, Japan) and Fourier-
transform infrared (FTIR) spectrophotometer (Jasco FT/IR 4600, Japan). The Vickers hardness
was tested by micro hardness tester (Struers Duramin 2, Germany).

3 Results and discussion

XRD patterns of combustion-synthesized product before and after annealing at 1100°C in air for
2 hours are shown in Fig. 1. The pattern of combustion-synthesized product before annealing
shows 4 peaks at 26 of 36.81° 44.79° 59.38°, 65.24° corresponding to magnesium aluminate
spinel phase as given in the ICDD 01-082-2424 file. The broaden peaks reveal a poor
crystallinity of combustion-synthesized product. After annealing, almost all the main MgAIl>,O4
reflections appeared in the XRD pattern are detected at 26 of 31.29°, 36.81°, 38.52°, 44.79°,
56.21° 59.38° and 65.24°. The peaks of MgAl,O4 phase are more intensive and well-defined
indicating a good crystallinity of the annealed product. In addition, no peaks of impurities
observed implies that the combustion synthesis process was operated in a well-controlled
condition.

Intensity (a.u)

20 degree
Fig. 1 XRD patterns of combustion-synthesized products before (a) and after (b) annealing at
1100°C in air for 2 hours

The morphology of the combustion-synthesized MgAIl,Os product characterized by SEM
observation appeared in the form of large agglomerates of fine spherical particles (Fig. 2a,b).
The average sizes of particles and agglomerates are 20 nm and 8 pm, respectively. EDX pattern
(Fig. 2c) acquired at the agglomerates shows that magnesium, aluminium and oxygen were the
only detected elements with an atomic ratio of approximately 1:2:4. It is concluded that
combustion-synthesized product possesses a relative high purity.

Soft-ball-milling is often required to isolate the MgAl.O4 particles. Fig. 3a shows SEM image of
the MgAl;O4 powders milled for 48 hours with ball-powder mass ratio of 20/1. The milling
process has a great influence on deagglomeration of particles. After milling, the amount of
particle agglomerates significantly decreases. The agglomerate-size distribution and the
percentage of particle volume of the MgAIl,O, powders milled is presented in Fig. 3b. The
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milling process reduced the agglomerate proportional volume; hence the size distribution
becomes uniform. The average agglomerate size is approximately 27 nm.

Flg 2 SEM images of MgAI204 product before anneallng at dlfferent magnifications of
() 50kX and (b) 100kX and (c) corresponding EDX spectrum

Milling time 48 hours
b Q Ball/Powder 20/1

(=

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

Agglomerate size (nm)

Fig. 3 SEM image (a) and agglomerate-size distribution (b) of MgAIl,O4 powder milled for 48
hours with ball-powder ratio of 20/1
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Fig.4 SEM image (a) and grain size distribution (b) of MgAl,O4 sample sintered via two -
step sintering mode of 1050°C/60 minutes - 1400°C/20 minutes

PECS process was carried out on the obtained nanopowders via two-step sintering mode of
1050°C/60 minutes-1400°C/20 minutes. Morphology of the sintered MgAIl,O4 sample showed no
residual pores on the thermal-etched polished surface (Fig. 4a). Moreover, most of the grains
were in submicron sized and the interparticle necks were not occurred in comparison with
sintered alloys [20]. Grain sizes distribute in a narrow range from 0.3 um to 0.7 um with the
average value of 0.48 um (Fig. 4b).
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Fig.5 Transmission spectrum of transparent MgAl,O4 ceramic samples in (a) ultraviolet-

visible range (280-1000 nm) and (b) infrared range (3500-8000 nm)

The appearance of MgAIl,O4 samples produced by PECS via sintering mode of 1050°C/60
minutes-1400°C/20 minutes (inset of Fig. 5a) showed a good transparency by naked eyes. Fig. 5
represents transmission spectrum of MgAI,O4 samples in ultraviolet-visible range
(wavelength, A = 280-1000 nm) and infrared range (3500-8000 nm) with the thickness converted
into 1 mm. The samples have poor transmittances in ultraviolet range. At visible wavelength, the
transmittance values linearly increase, and reach the maximum value up to 80% in infrared
range, which is close to the theoretical maximum of transmission (87%) [3]. Additionally, the
transmittance begins to drop dramatically at 5500 nm and decreases to 0% at 7000 nm. The
transmission evaluated at wavelengths of 700 nm (T700) and 4000 nm (T 4000) are about 40% and
80%, respectively. The values of the Vickers hardness with a load of 20N and the fracture
toughness Kic calculated by using impression diagonals from Vickers hardness tips [21] of
MgAIl,O4 samples are 14.2 GPa and 1.1 MPa.m"?, respectively.

In general, transparent MgAl,O4 ceramics have been successfully fabricated from metal nitrates
by the combination of two processes: solution combustion synthesis and spark plasma sintering
via two-step temperature profile. The results obtained by this method are favourable compared
with the previous results obtained for single-step-SPS processing. For a 20 nm co-precipitated
powder, which is quite similar to the one in the present study, transparent MgAl,O4 spinel
ceramics were achieved by single-step-SPS processing at 1550°C for 3 minutes under an applied
pressure of 50 MPa and a heating rate of 100°C/min [22]. Transmittances of sintered samples are
about 46% at 550 nm and 83% in the infrared range. Benaissa et al. proposed that sintering
temperature can be reduced by using a low heating rate [23]. The commercial high purity
powder with an average particle size of 50 nm (S30R, France) was single-step-SPS-sintered at
1300°C under a pressure of 73 MPa with various steps of heating rate, i.e. 100°C/min to 800°C
then 10°C/min up to 1100°C and 1°C/min up to the final temperature. The transmission reached
70% at A=550 nm and 78% at A=1100 nm. The Vickers hardness and fracture toughness reached
18 GPa and 2.2 MPa.m'?, respectively. Their results presented a higher transmittance than in the
present case. It might be caused by purity or agglomerate size distribution of the combustion
synthesized powders. The control of MgAl,O4 nanopowders characteristics could be obtained by
optimizing the elaboration conditions.

4 Conclusions
Transparent MgAIl O, were successfully fabricated from metal nitrates via two-step process
including solution combustion synthesis and PECS processing. The product obtained from
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combustion reactions existed only single phase of MgAl,O4 and presented. Microstructure was
in the form of large agglomerates of the fine spherical particles. After milled for 48 hours with
ball-powder ratio of 20/1, MgAl,O, powder had homogeneous distribution with a nanoscale
average size (27 nm). Transparent MgAl.O4 ceramics was sintered via two-step sintering mode
of 1050°C/60 min-1400°C/20 min using the combustion-synthesized nanopowders. Their
microstructure showed submicron grain size (480 nm) with narrow size distribution. The optical
transmittance of sintered MgAl,O4 ceramics was up to 40% at visible range and 80% at infrared
range. Furthermore, sintered samples exhibited good mechanical properties, i.e. the Vickers
micro-hardness of 14.2 GPa and the fracture toughness of 1.1 MPa.m'?,
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Abstract

Shape and direction of gate in centrifugal casting affected the microstructures and defects in
castings. The purpose of this research was to determine the effects of gate shape and direction in
centrifugal casting toward on porosity, density, roughness, and microstructures on the artificial
lumbar disc model. The main shapes of the gate were circular and rectangular cross-section. The
circular cross-section gate shape was used for two different directions of artificial lumbar discs;
vertical, and horizontal. Furthermore, the rectangular cross-section gate shape consisted of three
different directions; oblique clockwise, oblique counter-clockwise and perpendicular towards the
mold. The rotational mold was conducted at a speed of 60 rpm. The results showed that the
rectangular cross-section gate shape with the oblique direction same with the rotation of the mold
produced artificial lumbar disc model that had the smallest porosity area among the other
directions. It was the best shape and direction of the gate among the others which had the smallest
porosity area (0.68%), highest density (4.517 g/cm?®), and smoothest roughness (8.76 um). In the
sub-surface, the microstructure of o-case was formed. The thickness and hardness of the a-case in
this design were 50-100 pm and 760 VHN, respectively. Hence, the rectangular cross-section gate
shape with the oblique direction same with the rotation of the mold was appropriate to be applied
in the manufacture of an artificial lumbar disc model.

Keywords: Gating system, Foundry, Centrifugal casting, Artificial lumbar disc model

1 Introduction

Centrifugal casting has several advantages such as accurate dimensions, smooth surface finish,
limited gas porosity, faster solidification, and effective cost rather than the traditional gravity
casting method [1, 2]. These advantages are caused by the distribution of the liquid metal into the
mold which is using forces generated from the centripetal acceleration of a rotating mold. The
centrifugal force is a function of radius, metal density, and rotational speed [1]. The rotational
speed that directly controls the pressure distribution affects the shrinkage cavity. In general,
increasing centrifugal force can decrease defects [3].

The gating system is an essential element in the casting process, which affects the molten metal
flow behavior [4]. The purpose of gating system design in centrifugal casting is to get the product
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with minimal defects such as porosity. Porosity can occur due to the trapped gas or shrinkage
during the cooling process [5-7]. Shrinkage control is carried out to produce defect-free products
[8]. Moadifications and trial errors of gating system design are less efficient and high cost to acquire
good quality products. Therefore, computer simulation is sufficient to be used to plan the gating
system design. The simulation results show the suitability with experimental data such as liquid
solidification, porosity area, trapped gas, and filling behavior occurred in the foundry process [6,
9-11].

The direction, position, and cross-section of gating system design on centrifugal casting are made
to get products with minimal shrinkage porosity. Gate shapes that often used are circular [4],
rectangular [10, 12-14], and hexagonal [10] cross-section with perpendicular direction to the mold.
The circular cross-section of the gate shape has a higher molten metal filling speed rather than the
rectangular or hexagonal [10]. Viscosity increases rapidly in rectangular and hexagonal cross-
section which has a closer gate wall distance to the cross-section center than a circular one. This
condition affects porosity, which tends to be more numerous [10].

The internal porosity can be reduced by adjusting a high rotational speed (>180 rpm) [15]. On the
other hand, it can reduce the mechanical properties of the product. In the gating system, decreasing
cross-sectional area towards the mold cavity increased the pressure that will affect the tensile
strength [16]. On the contrary, increasing cross-sectional area towards the mold cavity reduced
turbulence [16]. Research of gate shape and direction on centrifugal casting is still needed to make
the best design so that liquid metal can enter the mold cavity with higher pressure and low
turbulence. Changing geometry, shape, and number of the gate can be the solution affected higher
pressure and low turbulence [13]. On the other hand, researches on the oblique direction of gating
system design are still unavailable.

However, the final products of centrifugal casting still have porosity even though circular,
rectangular, or hexagonal cross-sections of gate were used. Gate design with the oblique of
clockwise or counter-clockwise directions, which purposed to increase the speed of molten metal
in entering the mold, has not been applied. The study was conducted to determine the effects of
shape, direction, and position of gate design toward on porosity, density, microstructure, hardness,
and surface roughness of the artificial lumbar disc model. Artificial lumbar disc model in this
research is prepared for the spinal implant. Porosity, density, and hardness controls of the product
must be carried out so that the product strength is adequate. The surface roughness of the product
must be adjusted with the bioactive area [17].

2 Material and Methods

2.1 Used Material and Mold

This study used commercial pure titanium (Cp-Ti) with 99.72 wt% Ti; 0.17 wt% Fe; and 0.11
wt% gaseous element. Analysis of composition used EDS (Quanta x50 SEM Series). Cp-Ti was
melted at a temperature of 1700°C, then poured in an artificial lumbar disc model shell mold. The
shell mold was made from the zirconium-based ceramic material consisted of 8 layers. The filling
time of the centrifugal casting when pouring was constant with the molten metal pouring rate of
about 0.12 kg/s. Furthermore, the mold was rotated at 60 rpm when molten metal was poured. The
above processes were carried out in the vacuum furnace (Flash caster, Japan).

The schematic product geometry and product of artificial lumbar disc model can be seen in Fig.1.
The outer diameter of the product was 30 mm, then the radius of the ball-on-socket was 13 mm
with 2 mm of depth.
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Fig. 1 The schematic geometry of product (a) and product (b) of artificial lumbar disc model

2.2 Gate Shape and Direction

The shape and geometry of gate can be seen in Fig.2. The main shapes of gate design were circular
(Fig. 2.a) and rectangular cross-section (Fig. 2.b). The geometry of gate cross-section area
decreased gradually to increase the pressure of molten metal when entering the mold. The length
of each gate types was 15.0 mm. The circular cross-section area was 78.5 mm? then decreased
gradually until 19.6 mm? when entering the mold. While the rectangular cross-section area was
70.0 mm?then decreased gradually until 30 mm? when entering the mold.

Fig. 3 The gates position and direction of artificial lumbar disc model

The gate position and direction was shown in Fig. 3. The circular cross-section design was used
for two different directions of artificial lumbar discs, namely vertical “A” and horizontal “D”. The
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direction of this design was perpendicular toward the mold. The rectangular cross-section design
consisted of three different directions, namely oblique clockwise “B”, perpendicular “C”, and
oblique counter-clockwise “E” toward the mold. All positions of the mold on the rectangular gate
design were horizontal. The oblique direction of the clockwise and counter-clockwise was 45°
toward the mold.

The Gate shape and direction of artificial lumbar disc model was simulated using Solid Cast 7.0.2
software to predict the porosity occurred. The parameters used in the simulation refer to the
research that has been done before [5, 18].

2.3 Observations and Tests

The observations carried out in this research included porosity, and microstructures. The porosity
phenomena were analyzed using dye penetrant and a stereo zoom microscope (SZ-PT, Olympus,
Japan). Porosity calculations that used visual inspection with millimeter blocks were carried out
by comparing the area of porosity with the total area of the product. The number of pores was
determined by counting manually. The microstructure characterization was analyzed using a
metallurgical microscope (PME 3, Olympus, Japan) and SEM (Quanta x50 SEM Series).
Preparation was done with #180 to #8000 sandpapers to obtain a smooth surface, then metal was
polished. While to uncover the microstructure (etching process), a Kroll reagent was used.

The tests carried out in this research included hardness, surface roughness, and density. The
hardness was obtained from the outer of the sub-surface to the inner of a cross section spanning
sample using a microhardness tester (HMV-M3, Shimadzu, Japan). The distance among each test
points of hardness test was 50 pm with a load of 2 N, then hold for 5 s. Surface roughness (Ra)
testing was carried out in five places in the upper surface of each product using a profilometer
(Surfcorder SE 1700, Fowler). The Ra tester was calibrated on the standard specimen (Ra being
3.0 um). The density calculation was done by dividing the weight with the volume of product.
The weight was measured by using analytical balancing (Sartorius AG Gottingen LC 12018,
Germany)

3 Results

3.1 Porosity

The casting product was shown in Fig. 4.a. All gates design allow the molten metal flows properly
so that there are no defects on the surface of the product. The simulation result using Solid Cast
software (Fig. 4.b), shows there is porosity that can be seen through different colors. The product
with the circular cross-section gate shape on the vertical direction (A) only has a few porosities.
However, the horizontal direction (D) has the most porosities. While the rectangular cross-section
gate design with oblique clockwise (B), and perpendicular (C) appear to have almost the same
porosity, while oblique counter-clockwise (E) has the smallest porosity.

The porosity location of all products on the experiment results is spreading, as shown in Fig. 5.
The porosity in all gate design is found in the middle area between the thickness of the products.
Internal shrinkage porosity (Fig. 5.F) is found with irregular shapes in different sizes (50-200 um).
The internal shrinkage porosity that occurs has a crack tail. Crack tail (Fig. 5.G) occurs in
transgranular (1) and intergranular (2) of grains.

The percentage of porosity area can be seen in Table 1. Product with the circular cross-section
gate design on the vertical direction only has a few porosities (0.69%) compared to the total area
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of the product. The porosity tends to congregate with a size of about 50-150 pm. However, the
horizontal direction has the most porosities (1.29%). The porosity in this design tends to
congregate with a size bigger than in vertical direction (about 50-200 um).

a. b.
Fig. 4 The casting product (a) and simulation result (b)

Table 1 The porosity area of various gate shape and direction

Type Total Area Porosity Percentage
(mm?) (mm?) (%)
A 10920 75 0,687
B 10920 254 2,326
C 10920 88 0,806
D 10920 141 1,291
E 10920 74 0,678

shrinkage porosity

shrinkage porosity - 1 ‘ “
;) 3 :
e Crack Tail SNSC8

Fig. 5 The location of shrinkage porosity on product (A — E) with various types of gate shape
and direction; and enlargements of shrinkage porosity (F and G in products B and C)
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Furthermore, the rectangular cross-section gate design with oblique clockwise, perpendicular and
oblique counter-clockwise have 2.33%, 0.81%, and 0.68% porosities area respectively compared
to the total area of the product. The porosity on the rectangular cross-section with oblique
clockwise spreads with a size of about 50-150 pm. While on the perpendicular and oblique
counter-clockwise direction has a size of about 50-200 pm.

3.2 Density

The products density with various types of gate design is shown in Fig. 6. The density of product
with the circular design for vertical direction is 4,515 g/cm®. While product with a horizontal
direction has a density of 4,511 g/cm?®. Furthermore, the density of product with the rectangular
cross-section with oblique clockwise, oblique counter-clockwise and perpendicular towards the
mold are 4,510 g/cm?, 4,511 g/cm?, and 4,517 g/cm?® respectively.

4.54
A: Circular cross-section (vertical direction)
B: Rectangular cross-section with oblique clockwise
453 C:Ri lar cross-section (perpendicular direction)
) T D- Circular cross-section (horizontal direction)
E: Rectangular eross-section with oblique counter-clockwise
—~ 452
E ) m
2
2 4.51
2
7]
=
@
A 450 r
449
4.48
A B C D E

Type of Gating Design
Fig. 6 The density of product with various types of gate shape and direction

3.3 Hardness and Microstructure

Fig. 7 shows the results of the hardness test. The product with a circular design for vertical and
horizontal directions gate design have the same trend of hardness. The hardness with the circular
design for vertical direction is 671 VHN on sub-surface, then drops significantly to 412 VHN at
250 um from the surface. While product with a horizontal direction has a hardness of 732 VHN
on sub-surface, then drops significantly to 362 VHN at 350 um from the surface. Both products
have relatively the same hardness (around 340 VHN) at a distance of 350 to 1.250 um from the
surface.

The types of a morphologies and equiaxed prior B grains were found in the microstructure of
product in all kinds of gate design (Fig. 8). It is supported by the previous research result [19].
The types of a-morphologies are known as a-case (a), prior § grain boundaries (b), widmanstaten
a (c) and fine acicular a (d) at different locations. The morphologies of grain are similar with the
previous research [20]. The microstructure of the outer edge has lamellar shaped with a random,
tight, and small arrangement.

In the sub-surface, the microstructure of a-case is formed. The thickness of a-case is about 50-
100 pm and 250-300 pm with circular cross-section on vertical (Fig. 8.A) and horizontal (Fig.
8.D) direction respectively. The a-case on the horizontal direction has a crack (e) for about 150-
300 pm length. While the rectangular cross-section with oblique clockwise (Fig. 8.B),
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perpendicular to the mold (Fig. 8.C), and oblique counter-clockwise (Fig. 8.E) are 200-250 um,

150-200 pum, and 50-100 pum respectively. The a-case on rectangular cross-section with oblique
clockwise has a crack (e) for about 150-300 pm length.

800

—B— Circular cross-section (vertical direction)

—#— Rectangular cross-section with oblique clockwise
R " . - I

700 -

dienlar d

(perp
—=— Circular cross-section (horizontal direction)

“— Rectagular cross-section with oblique counter-clockwise

300

200 1 I I 1 I
0.0 02 04 06 08 10 12 14
Distance from sub-surface (mum)

Fig. 7 The hardness of product with various types of gate shape and direction

Fig. 8 The microstructur
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Furthermore, the hardness of the product with the rectangular cross-section with oblique
clockwise, oblique counter-clockwise, and perpendicular towards the mold also have the same
trend in reducing the hardness. The hardness of product with oblique clockwise drops from 766
VHN in the sub-surface until 412VHN at the 350 pm from the surface. Then oblique counter-
clockwise at the hardness of 701 VHN drops until 412 VHN at the 250 pm. Lastly, the
perpendicular towards the mold also drops significantly from 671 VHN to 386 VHN in the
distance of 250 um from the surface. All products have relatively the same hardness (around 340
VHN) at a distance of 350 to 1.250 um from the surface.

3.4 Surface Roughness

The surface roughness (Ra) of products are ranged from 8.76 to 11.07 um (Fig. 9). The Ra of the
product with circular cross-section on vertical and horizontal direction are 8.94 um and 10.57 pm.
While the Ra of the product with the rectangular cross-section with oblique clockwise, oblique
counter-clockwise and perpendicular towards the mold are 11.07 um, 8.76 pm, and 9.36 um
respectively. The product with rectangular cross-sections with oblique counter-clockwise has the
smoothest surface among the others.

16

A: Circular cross-section (vertical direction)
B: Rectangular cross-section with oblique clockwise

14 r T R ection (p direction)

D: Circular cross-section (horizontal direction)

E: Rectangnlar cross-section with oblique counter-clockwise

—
(=]

—_
<

Surface Roughness (pm)
-]

A B C D E
Type of Gating Design

Fig. 9 The surface roughness of product with various types of gate shape and direction

4 Discussion

Product with the circular cross-section gate shape on the vertical direction has less porosities,
higher density, and smoother surface than the horizontal one. This condition caused by the vertical
direction has a smaller vortex space compared to the horizontal during the pouring process. The
bigger diameter of the vortex flow runner in the casting product will directly proportional with the
average flexural strength [4]. The porosities in both designs congregate with an irregular spherical
shape with a crack tail (Fig. 5.F). The size of porosity in the vertical direction of the product is
smaller than the horizontal one.

The vertical and horizontal direction of products has relatively the same trend of hardness. The a-
case is formed on the sub-surface of the region. The a-case has a thickness of 50-300 um with a
hardness of 760 VHN. This is confirmed with the results of a study [21]. The a-case on the
horizontal direction is thicker and harder than the vertical one. This condition happens because
the vertical position that has a small vortex space may have a higher cooling rate compared to the
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horizontal one during the solidification process. Higher cooling rate makes the a-case thinner that
prevents oxygen diffusion to occur [22].

The rectangular cross-section gate shape with an oblique counter-clockwise direction has the
smallest porosity area, highest density, and smoothest surface among other directions. The
direction of this gate is aligned with the rotation of the mold. The molten metal becomes easier
and faster to enter the mold cavity when pouring; then it freezes immediately. Losses friction
between the molten metal and the gate wall become small. This design has the thinnest o-case
(with no crack) among other directions.

Furthermore, the design with the oblique counter-direction of the rotation of the mold has the
largest porosity area, lowest density, and roughest surface, among other directions. The molten
metal is difficult to get in the mold cavity when the direction of gate is opposite toward the mold
rotation. This condition happens because there are minor and major losses exist in the gate wall.
These major losses are caused by friction along the molten metal flow against the gate wall, while
minor losses are caused by sharp turns. Major and minor loses cause fluidity to decrease rapidly,
so porosity will be easier to occur [10]. This design has the thickest a-case among other directions,
so there is crack. The a-case layer is hard and brittle with a high-stress concentration [21], so
cracking happens easily.

The microstructure formed tends to be similar, which consists of some o morphologies types and
equiaxed prior B grains. The different morphologies nucleate, including the o grain boundary,
make prior B grains remain observable. The microstructure on the subsurface is transformed from
fine grain to slightly become coarse one in the inner area. This transformation of grain is similar
with the previous research [3].

5 Conclusion
The conclusions of this research are:

1. Product with the circular cross-section gate shape on the vertical direction has less
porosities, higher density, and smoother surface than the horizontal one.

2. Product with the rectangular cross-section with the oblique counter-direction of the
rotation of the mold has the largest porosity area, lowest density, and roughest surface
among other directions.

3. The rectangular cross-section gate shape with oblique same with the mold rotation
produces an artificial lumbar disc model with the smallest porosity area (0.68%), the
highest density (4,517 g/cm?®), and the thinnest a-case (50-100 pum).

4. The rectangular cross-section gate shape with oblique direction same with the mold
rotation can be applied to the manufacture of artificial lumbar disc model.
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