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ABSTRACT

During direct drive friction welding could relatively predicting the micro-structural and mechanical properties of friction-welded joints by controlling the welding
conditions; friction time is an important coefficient that effects on these properties, present study focused on the effect of that time on micro-structural and mechanical
phenomena during that process. The process achieved in different friction time, while the effect of that time on welding joint strength investigated by macroscopic,
microstructure, scanning electron microscope [SEM], tensile, compression and micro-hardness tests. The micro-hardness tests were performed along the interface and
axial direction. Thus, the tensile tests carried out on the standardized test piece with effective diameter of 6 mm and compression tests were extracted at welded center
in three angles of 0°, 45° and 90° with test specimen of 4 mm diameter and 6.5 mm length. The results showed that with increasing friction time could be found hard
zone at the interface of welded joint because of extended of high plastically deformation zone [HPDZ], which will responsible on decreasing some useful mechanical
properties such as ultimate tensile strength [UTS] and yield compression strength. However, tensile fracture position occurred adjacent to the interface at the thermo-
mechanical deformation zone [TMDZ] in the rotating side for all welding pieces, where the micro-hardness attenuated at that region.
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INTRODUCTION

Friction welding is well known among solid-state joining methods. Principle
characteristic of this process is producing coalescence at temperature
essentially below than the melting point of the base metal being welded [1, 2].
This method is clean, easily automated, high energy efficiency, narrower heat
affected zone [HAZ], low welding cost, high material save and low production
time [3-5]. In particular, friction welding is able to easily produce joints with
high reliability and efficiency; it is widely used in the automobile industries
and applied to fabricate important parts such as drive shafts, compressor or
pumps shafts and engine valves [6].

The friction welding has different techniques, inertia friction welding is one of
this kind of welding, one of the work piece connected to flywheel and the other
remains stationary. The flywheel has a constant rotating speed, where the
required kinetic energy is stored, then the drive is separated and the pieces are
subject together under friction force. This action force leads to rub the
contacting surfaces together under pressure. The stored Kkinetic energy in the
rotating flywheel produces heat through friction at the interface as decreases
the speed of flywheel. The generation friction welding force applied before
cease of rotation. The force is still retained a period of time after stop of
rotation [7].

Friction stir welding, on the other hand, produces an essential plasticized
material in weld line by using non-consumable rotating pin tool, which is held
under pressure against the materials to be welded. This pin tool is at the center
followed by the shoulder. A plastic state material is generated by heat resulted
from friction between tool and materials that is in contact with. As the pin tool
advanced along the weld line, the material from the face of the tool is cleaned
around this plasticized circular region to the back, so that producing interface
[8, 9].

Direct drive friction welding produces joining under direct compression force
resulting from rubbing of two specimens interface, one chucked in stationary
part while the other is held in rotating side. The heat generates at interface
because of the continuous rubbing of surfaces in contact, however, causing in
the first step high temperature increasing until further and subsequent cause of
metal softening, the temperature deceases gradually. Ultimately, the material at
the interface begins to be soft and form flash. When a certain amount of flash

metal has occurred, the rotation stops and the compressive force is maintained
or slightly increased to consolidate welding [10].

Several studies have been conducted to understand the influence of direct drive
friction welding parameters on both microstructure evolution and mechanical
properties of post-forging joints such as friction time [11-16], friction pressure
[10-17], forging phase [18, 19] and finally rotation speed [20, 21]. This process
as mentioned in the literature has two phases. First one for friction phase and
second one for forging phase. Present study focused on the direct effect of
friction time on the microstructure and mechanical properties of welding joint
for AISI 304, the results were investigated by macroscopic, microstructure,
scanning electron microscope [SEM], tensile, compression and micro-hardness
tests. Practically, should be noted that the short friction time and high rotation
speed obtained high tensile strength [21]. While, longer friction time achieved
low tensile strength, high level of micro-hardness and larger HPDZ [2].
Currently, according to the previous works, many of them have been
considered of friction welding for the austenitic stainless steel grades AISI 304
and AISI 304 L [11, 15, 18, 21], whereas, little publication articles have
explained influence of stationary and rotating side for similar welding joint on
the microstructural and mechanical properties of AISI 304. Thus present study
attempts to expose the effect of compression yield strength for different angles
of 0°, 45° and 90° under effect of friction time to discover the isotropy of AlSI
304 during friction welding process. However, the present paper is concerned
with the lack of information and includes a contribution to illustrate and
understand the direct drive friction welding joint strength of AISI 304 on the
microstructural and mechanical behavior.

MATERIAL AND METHODS
Parent metal

Present study used commercial austenitic stainless steel bars of AISI 304.
Generally, this metal is weld-able and utilized in joining for several
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applications such as: cryogenic, corrosive environment, chemical, medical,
alimentation and nuclear industries. The metal as received has a Ref. No. of
4301, when the metal arrived to the laboratory as a long shaft of 6 m length, cut
to small test pieces, 45 mm length and 12 mm diameter. The alloying elements
as shown in the Table 1, hence the principle mechanical properties as revealed
in the Table 2. The optical microstructure for AISI 304 is showing the equiaxed
fine grains of austenite as illustrated in Fig. 1.

Table 1 Alloying elements of parent metal (wt.%)
C Mn Si P S Mo Cr Ni
0.070 1.650 0.750 0.045 0.030 0.80 19.00 8.00

Table 2 Mechanical properties of parent metal (Ref. No. of 4301)

uTs E (MPa) Elongation Average Compression yield
(MPa) (%) Hvoi strength (MPa)
760-780 | 1.9310° =47 280-285 550 - 520

Fig. 1 Optical microstructures of the base metal, AISI 304

Welding process

Friction welding machine used in this work was designed and fabricated as a
direct drive friction welding machine (Fig. 2); it was capable, precise and
excellent for automatic controlling of welding conditions. The power rotating
motor with brake has 3.5 kw, 3 Phases AC and operating speed can be varied
from 0 to 3000 rpm, though brake utilized to suddenly stop of rotation at the
end of friction phase. Friction and forging pressure applied by using hydraulic
system and amplified via press, 300 MPa as a maximum pressure applied. The
pressure was measured and verified by using two instruments, first one was the
hydraulic pressure control and second one was the electronic pressure control.
The friction time was experimentally calculated by control programmer and
analyzed by present study to evaluate the effect of friction phase time on the
evolution of mechanical and metallurgical properties of welded joint. Currently
for this research prepared the following parameters: rotation speed 3000 rpm,
friction pressure 130 MPa, forging pressure 260 MPa, forging time 5 s and
with different friction time, 6.5, 8.5 and 10 s. Welding conditions selected
according to the diameter of welding specimens (12 mm), type of the metal
(AISI 304) and on the modern publication articles [2, 10].

Rotating part

Fig. 3 Tensile test pieces according to standardized 1SO 6892-1: 2009 (F)

Fig. 2 Friction welding machine: 1. Main rotating motor with brake, 2. Clutch,
3. Bearing collar, 4. Chucks, 5. Press, 6. Electronic pressure control, 7. Main
body, 8. Hydraulic pressure control, 9. Hydraulic unit, 10. Control
programmer, 11. Control unit box

Metallography and welding profile study

Measurements of axial shortening achieved during welding operation by using
a distance gauge with range between 0-20 mm and an accuracy of 0.01 mm.
Macroscopic observations were carried out by optical macroscopic from type
NIKON SMZ 745T with a magnification of X 0.67. To examine of
microstructure, samples were taken from the welded simples using a Presi
mecatome T180 cutting machine. They were pre-polished with wet SiC
abrasive paper up to 1200 grit and then polished with 1 pm and % pm diamond
polishing paste. They were cleaned with deionized water and dried. Hence, the
test pieces were electrolyte etched by 10 g oxalic acid hydrate and 90 ml water
(Struers Lectropol-5) at 15 V for period of 300 s, while, microscopy
observations were achieved by optical microscopy (NIKON ECLIPSE
LV100ND) with a magnification of X 100. SEM observations obtained by
JEOL JSM-6360 (EDAX) with magnification of the images X 50 and X 100.

Mechanical tests

Compression and tensile tests were carried out at room temperature using
INSTRON 5500 and MTS 810 material testing system machines respectively,
tensile tests used standardized test piece [ISO 6892-1: 2009 (F)] with effective
diameter of 6 mm, machined in the axial direction (Fig. 3). While compression
test pieces cut by electrical discharge machine with dimensions of 4 mm
diameter and 6.5 mm length at welding center and extracted from three angles
of 0°, 45° and 90° [10] as shown in Fig. 4. Micro-hardness measurements were
performed over + 4 and 4.5 mm on both sides for welding interface and axial
direction respectively, the test specimens revealed in Fig. 5. Square based
pyramidal diamond as indenter in Vickers tester machine from type
SHIMADZU HMV with room temperature test conditions. The test pieces
were polished with wet SiC abrasive paper until 1200 grit followed by 1 um
diamond paste on light disc cloth and finally degreased with ethanol and
cleaned with deionized water. The Vickers hardness test conditions were 100
gf indent load and 10 s dwell time according to ASTM E384.

Stationary part




Ammar Jabbar Hassan et al. in Acta Metallurgica Slovaca

n of

90°s v n 45° .49
- i f
{ 'J . J <= - - Downside piece
d ] Positio «
"(>’ test pieces

<=~ - Upside piece

Fig. 4 Compression test pieces and the extracted position from three angles of 0°, 45° and 90°

Fig. 5 Micro-hardness test pieces were carried out over + 4 and 4.5 mm on both sides for axial direction and welding interface respectively
RESULTS & DISCUSSION

Macroscopic observation

The axial shortening characterization is an important factor which considered
estimating of friction welding joint strength. The measured axial shortening of
welded joints for stationary and rotating part was plotted according to the
friction time as shown in Fig. 6. The axial shortening increased obviously with
increasing friction time, this is also mentioned in previous articles [11, 20].
Thus, flash formation seems larger with increasing friction time, showing
mainly, on the stationary side. This is may be explained by high plastic
deformation in the friction welded joints which occurs by large amount at

Rotating side
Stéltionary side

stationary side relative to rotating part (Fig. 7). Fig. 7 Flash formation vs. friction time
6 Macro-graphic view for welded joint of 6.5 s and 10 s as illustrated in Fig. 8
[] statonary part exposed no macro cracks or defects, whereas can distinct large segregation in
B Rotating part welding center for 10 s relative to 6.5 s, because of increasing in heat amount
€ > with friction time which results high thermo-plastic deformation in the welding
£ line center.
£ 4
c
e
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Fig. 6 Axial shortening vs. friction time

Fig. 8 Macro-graphic view for welding joint of 6.5 sand 10 s
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Fig. 9 Microstructure observed dimension of high plastically deformed zone [HPDZ], circular movement of grains and direction of pressure

application: up: 6.5 s; down: 10 s

Microstructure observation

The optical microstructure study as illustrated in Fig. 9 reveals evolution of grain
microstructure for the high plastically deformed zone [HPDZ] and thermo-
mechanically deformation zone [TMDZ] for welding conditions of 6.5 sand 10 s
in the stationary and rotating side. Fig. 9 (b) indicates fine grains with dark color
at HPDZ, up for 6.5 s and down for 10s with relative dimension of 80 pm for 6.5
s while 110 pm for 10 s. Thus, as mentioned in macroscopic view (Fig. 8)
discrete large separation in grains between the interface and the neighboring
region for 10 s, whereas at 6.5 s illustrated homogenous grains distribution. The
fine grains structure in HPDZ produced from dynamic recrystallization via high
temperature and pressure concentrated at that region [22]. While dimension of
HPDZ increased due to release of high amount of heat flow with elongated
friction time [2]. TMDZ, on the other hand, extended in neighboring with coarse
and narrow grains in stationary and rotating side [Figs. 9 (a) and (c)], the rotating
side shows circular movement of grains with the motion of rotation and
mechanical action, whereas the stationary side reveals the effect of pressure with
elongated and deformed grains form.

Micro-hardness survey

Micro-hardness measurements obtained in Figs. 10 and 11 were carried out over
+ 4 and 4.5 mm on both sides for welding interface and axial direction
respectively. Micro-hardness profiles for welding interface as shown in Fig. 10
exposed general micro-hardness increase in all welding conditions relative to the
base metal. The micro-hardness values increased from peripheral to the central,
while these values in maximum level at longest friction time 10 s.

The welding interface suffered most thermo-plastic deformation via high friction
between contact surfaces at the interface [4], which results dynamic
recrystallization cause of high pressure and temperature. Forging pressure, on the
other hand, is great responsible on the elevation of hardness due to strain
hardening effect during process [23], that revealed as a high plastically deformed
zone HPDZ at the weld interface with dark color [15]. The post weld interface
joint, because of that effect, obtained fine grains with recrystallized forms [24],
which will to blame on high level of micro-hardness.

Fig. 11 summarized the micro-hardness measurements obtained in the axial
direction; the micro-hardness profiles illustrate uniform distribution along that
axis an closer to the values of the base metal, whereas the welding line recorded
the highest values of micro-hardness. High friction time gives maximum values
at welding line and reduced with friction time decreasing. On the other hand, the

micro-hardness attenuation as shown in the neighboring zone, precisely at TMDZ
in the rotating side, resulted from limiting recrystallization because of heat
distribution during welding process and also because of effect of thermo-
mechanical deformation at that side resulted from high speed of rotation and
pressure application. Finally as a result of micro-hardness observation of high Cr-
Ni commercial austenitic stainless steel [AISI 304, Ref. No.: 4301], the friction
force accompanied with high rotation speed produced fine grain size structure at
the welding interface occurred from induced of flow thermo-plastic deformation,
that fine grain size structure is blaming as a source of the micro-hardness
elevation.
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Fig. 10 Micro-hardness profiles for welding interface
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Fig. 11 Micro-hardness profiles for axial direction
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Tension-compression tests

Tensile tests were achieved to estimate tensile fracture and determine fracture
location. Ultimate tensile strength [UTS] as a function of friction time as
presented in Fig. 12. The tensile test results show that UTS increases at shorter
friction time, in present study 6.5 s introduced the closest value of UTS to the
best metal. Sathiya & al. [25] noted that to obtain high UTS, friction time should
be held as short as possible, where their work was carried out on AISI 430-AlSI
430 welding joint. Consequently, high rotation speed and short friction time
obtained high UTS [6, 21]. Thus, the couple effect of short friction time and high
rotation speed on elevation of UTS can show it also in the friction stir welding;
Singh & al. [26] illustrated this effect by using AA 6063 alloys.

On the other hand, compression tests performed to discover the compression
yield strength with different angles to understand the isotropy of AISI 304 during
friction welding process, Fig. 13 exposed the results of compression yield
strength with different angles of 0°, 45° and 90° under effect of friction time. As
shown in the figure, the values of compression yield strength relative to the base
metal reduced with friction time increasing for 0° angle, while 45° and 90° angle
kept relatively at the same values. From the compression results its obviously
apparent of anisotropy in the yield strength seems under effect of friction time,
noted that compression yield strength clearly decreased with longer friction time
especially for 0° angle.

800
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720

700 A

680 -

660 -

640
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600 T T T
6.5 8.5 10

Friction time/s

UTS/MPa

AISI 304

Fig. 12 UTS vs. friction time
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Fig. 13 Compression yield strength vs. friction time

From the above results revealed that the tension-compression joint properties
depended on the force applied direction even for different friction time.
Therefore, can distinguish such tension-compression properties for friction
welding of AISI 304 with itself appeared that UTS and yield compression
strength reduced, whereas remain it anisotropy under effect of friction time. UTS
decreased from 718 MPa to 661 MPa for 6.5 s to 10 s respectively, in the
reducing ratio with increasing friction time from 91 to 84 % relative to the base
metal [AISI 304]. While compression yield strength reduced from 473 MPa to
452 MPa for 6.5 s to 10 s respectively for 0° angle direction, thus at longer
friction time the ratio is falling from 86 to 82 % relative to AISI 304.

The macro-graphic of tensile fractures found all fractures were neighboring to the
interface at TMDZ as shown in Fig. 14, which is obviously in the region that has
more micro-hardness attenuation [rotating part], as mentioned in Fig. 11.
However, it seemed reduction in the welding region in scale compared with the
base metal, this reduction is more clear for 6.5 s relative to the two other cases
8.5 and 10 s, which represented that the 6.5 s is more ductile. on the other side,
Fig. 15 shown the macro-graphic of compression test pieces for 6.5 and 10 s with
0°, 45° and 90° angle, while clearly form of drum in the center of the test pieces
relative to the base metal. The drum form represented the malleable property,
which is clearly observed in the 0° angle comparative to 45° and 90° angle.

lWeld ing linel .
Fig. 14 Tensile fracture position for the three friction times 6.5, 8.5 and 10 s with
regard to AlSI 304, R: Rotating part; S: Stationary part

2mm
—

Fig. 15 Compression test pieces with drum form for two friction times 6.5 s and

10 s [0°, 45° and 90°] with regard to AISI 304
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SEM observations

Fig. 16 illustrated the fracture surface observation by SEM which is shown that
flow lines are very clear as form of spirals shape (fingerprint as machining
marks) on the fracture surface for all welding pieces. The accumulation of spiral
shape revealed amount of thermo-plastic deformation during friction welding of
the austenitic stainless steel, that resulted due to effect of friction pressure and
rotation speed, which led the soft metal to flow from center of the piece towards
the outside all along the friction phase. It also seemed amount of dimples
formation on all fractured surface, which obtained the fractures with mostly
ductile mode [2, 10], the nature mode of fracture also mentioned and observed on
the macro-graphic of tensile fractures as revealed in Fig. 14.

a) AISI 304

d)10s

Fig. 16 Fracture surface of tensile test specimens for different magnifications, for
6.5, 8.5 and 10 s with regard to AISI 304

CONCLUSIONS

The following conclusion can be taken into consideration in manufacturing field
at welding types similar to that of AISI 304, where increasing friction time
released high amount of heat diffusion which results:

- High amount of flash formation showing mainly, on the stationary side. This is
may be explained by high plastic deformation in the friction-welded joints which
occurs by large amount at stationary side relative to rotating part,

- Bulky dimension of HPDZ increased because of heat flow released. While
TMDZ extended in neighboring with coarse and narrow grains in stationary and
rotating side,

- Profile of micro-hardness at maximum level in the welding center, while these
values increased from peripheral to the central at the interface,

- Reducing helpful mechanical properties such as UTS and compression yield
strength, from compression results its obviously apparent of anisotropy in the
yield strength seems under effect of friction time, noted that compression yield
strength clearly decreased with longer friction time especially for 0° angle,

- The values of UTS decreased from 718 MPa to 661 MPa for 6.5 s to 10 s
respectively, in the reducing ratio with increasing friction time from 91 to 84 %
relative to the base metal [AISI 304]. While compression yield strength reduced
from 473 MPa to 452 MPa for 6.5 s to 10 s respectively for 0° angle direction.
Thus at longer friction time the ratio is falling from 86 to 82 % comparative to
AISI 304.

- The tensile fractures found at TMDZ, which is obviously in region of micro-
hardness attenuation (rotating part), whereas The drum form in compression test
pieces is clearly observed in the 0° angle relative to 45° and 90° angle,

- The final properties of the welded joint depend, therefore, on the friction time.
Concerning the grade AISI 304, low friction time provides more homogeneous
joint and properties close to those of the base metal. On the other hand, macro-
graphic view for welding joint of 6.5 s and 10 s seemed no macro cracks or
defects, whereas can distinct large segregation in welding center for 10 s relative
t06.5s.
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ABSTRACT

Effects of elevated temperature on thermo-mechanical properties of fired ceramic products reinforced with waste glass powder (WGP) were reported. Samples were
produced by the addition of WGP to clay in varied amount and oven dried samples were fired in an electric furnace which was operated 1200 °C. Compressive and
flexural strength were examined at room temperature and at elevated temperatures of 100, 300, 500, 700, and 900 °C. Results showed that, compressive strength and
flexural strength reduced at elevated temperatures. Thermal conductivity, diffusivity, and emissivity were higher with increasing WGP content, while thermal
expansivity and specific heat capacity were lower as percentage WGP increased in the samples. Results on thermal shock resistance showed that WGP reduced shock
resistance in the samples, while the cooling rate increased with the percentage addition of WGP. Impact resistance was noted to decrease in samples when fast cooled
from high temperature as the rapid cooling rate was observed to increase with WGP addition in samples. It was concluded that for fired clay products incorporated with
WGP, the operating temperature should not exceed 700 °C. Also, in an environment whereby cooling is done by air or/and water, an operating temperature of < 300 °C

was recommended.

Keywords: clay, flexural, compressive, emissivity, waste glass powder,

INTRODUCTION

Fired clay is a kind of ceramic material made from moulded clay by the process
of heat in order to make it hard and strong. It has good resistance to high
temperature, having a fusion point higher than 1600 °C and is corrosion resistant
[1,2]. Fired clay materials are used for lining of furnaces as fired bricks and for
industrial production of white wares and other products. Some fired bricks are
employed in masonry for housing and for roof tiles application [3]. Properties of
fired clay products include porosity, high temperature resistance, wear resistance,
and high compression. These properties can vary with temperature, which birth
the study of the behaviour of fired bricks under different temperature conditions.
This study considered thermo-mechanical behaviour of fired clay samples at
different thermal conditions because performance of ceramic materials tends to
change at elevated temperature. Studies on thermal behaviour of fired ceramics
may reveal how additives affect thermal and mechanical behaviour of fired clay
bricks and possibly provide information on possible application of such products.
In previous study, [4] observed increased bulk and true density as eggshell
increased in fired bricks. For water absorption, the value reduced with increasing
egg shell content. Coefficient of thermal expansion was noticed to reduce in the
samples. At 20 wt. % eggshell addition, compressive strength, and hardness were
highest at 8.28 MPa and 8.79 HV respectively while thermal expansion
coefficient was lowest at 2.3652 x 10/K.

In another report on thermal behaviour of insulating brick developed using saw
dust additive [5], ball clay and kaolin used were sieved to 0- 45um, 45-53 um,
63-90 pm, 90 — 125 pm and 125-154 pm. The saw dust was sieved to 0-125 um,
125-154 pm, 154-180 um and 355-425 um and was added to the mixture of ball
clay and kaolin. Results obtained showed that density and thermal conductivity
reduced as particle sizes of kaolin and ball clay increased for different sizes of
saw dust considered. Specific heat capacity increased while coefficient of thermal
diffusivity reduced as particle sizes of kaolin and clay increased. The effect of
coal and wheat husk addition on thermal properties of clay bricks was reported
by [6]. From their work, it was observed that thermal conductivity reduced as
percentage coal and wheat husk increased from 0 to 50 wt. %. Wheat husk was
more effective in improving insulation properties of the clay bricks compared to
charcoal due to increased pores formed. Also, it gave reduction of up to 92 % in

thermal conductivity. Thermal diffusivity was shown to reduce with increased
additives and decrease between 15 and 60 % for charcoal additives of 5 to 50 wt.
% while that of wheat husk was 44 to 92 %. Mechanical strength was noted to
decrease with increase in water absorption, apparent porosity, and firing
shrinkage. Wheat was more effective for insulation than charcoal.

MATERIAL AND PREPARATION PROCEDURE

Clay was obtained from a borrow pit in Awule community, Akure (latitude
7.250771 °, longitude 5.210266 ° ) in Ondo state, Nigeria by excavation using a
shovel and collected into a container. Waste glass bottles which were obtained
from a local waste glass seller, were employed in this study. The clay was treated
by mixing with water in a container and allowed to settle for 2 days, after which
the suspended water was poured away. The clay was further treated by adding
fresh water, stirring and allowing settling for another 2 days. The suspended
water was poured away and the left over clay was spread in open atmosphere to
sundry for 3 days. Dried clay was crushed, milled (using modified ball mill, serial
number F-N 178) and sieved to -150 pm before been packed into a container.
Similar protocol was obtained with waste glass using an electric sieve shaker.
Waste glass powder (WGP) and clay powder sieved to -150 pm were collected,
separated, and used in sample preparation.

The clay and waste glass powder were thoroughly mixed in an electric mixer in
varying amount. WGP was added to clay in the proportion of 0 to 40 wt. % at 5
wt. % interval. Water was added to clay in the ratio of 1:3 and mixed thoroughly.
The slurry obtained was compressed (at 10 MPa) into cylindrical moulds of
diameter 50 mm, height 100 mm and diameter 40 mm and height 20 mm,
rectangular moulds of dimensions 150 mm x 150 mm x 150 mm, 400 mm x 100
mm x 100 mm and 190 mm x 90 mm x 90 mm. Green bricks produced which
initially were left in open air for 24 hours for stability were oven dried for 12
hours at 110 °C after which they were fired in an electric furnace at 5 °C/min
until 1200 °C was attained. The samples were soaked for 2 hours at that
temperature before been allowed to cool to room temperature and taken out for
examination.
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Fig. 1 Pictures of (a) electric furnace used in firing and (b) bricks samples
TEST PROCEDURE
Mechanical properties

Mechanical properties were studied by initially carrying out compressive strength
(for rectangular samples of dimension 150 x 150 x 150 mm) and flexural strength
(for rectangular samples of dimension 400 x 100 x 100 mm) test on brick
samples at 26-29 °C (room temperature). Effect of heat on mechanical properties
of samples were evaluated by heating to 100, 300, 500, 700, 900, and 1000 °C,
soaked for 1 hour and tested for compressive strength and flexural strength
immediately they were brought out from the furnace. The test was carried out in
line with [7] for compressive strength and [8] for flexural strength. Percentage
reduction in strength (A%.) was evaluated using Equation (1) for that of
compressive strength and Equation (2) for flexural strength. Flexural strain at
fracture (for different temperatures) was evaluated using Equation (3).

Cn-Cj

AC%0 =—— 1)
L
Fp—Fj
AF%o == )
1A
6dt
Flexural strain (o)) = Wz 3)
Where,  AC%. is percentage reduction in compressive strength,

AF%o is percentage reduction in flexural strength,

Fi/Ci is Flexural/compressive strength at initial temperature,
F./C, is Flexural/compressive strength at new/next temperature,
d is the recorded deflection (mm) at different temperatures,

t is thickness of sample and

h is the distance between two supports.

Resistance to impact was examined by applying a load rate of 5 N/min at the
centre of the brick samples from a height of 50 cm until fracture occurred. The
number of cycle was recorded for each sample at room temperature (26 — 29 °C)
and at temperatures of 100, 300, 500, 700, 900, and 1000 °C.

Thermal properties

Cylindrical samples of diameter 40 mm and height 20 mm were tested for
thermal conductivity using hot plate method in line with [9], linear and
volumetric thermal expansion were evaluated in line with [10] by measuring the
dimension of each brick sample at various temperature and evaluated using
Equation (4) and (5). Specific heat capacity was accessed by method of mixture
using cylindrical samples of diameter 50 mm and height 100 mm [11] while
thermal emissivity was examined in line with [12] and thermal diffusivity [13]
was calculated using Equation (6).

Lp_Lqy

Linear expansion =
Ly AT

4)

_V

Volumetric expansion = =1 (5.
V1AT

Thermal diffusivity =  —— ®)
YCy

Where L, is initial length at previous temperature (m),
L, is final length at new temperature (m),

V, is initial volume at previous temperature (m?3),
V, is final volume at new temperature (m®),

AT is temperature difference (K),

K is thermal conductivity,

v is density and

C, is specific heat capacity.

Thermal shock resistance and cooling rate

Thermal shock resistance was determined by three experimental procedures,
while cooling rate was evaluated at normalized cooling and rapid cooling;

1. Exp. 1: rectangular bricks samples were heated to 1000 °C at 5 °C/min
and soaked for 1 hour and then held in air for 10 mins. The process was
continued until crack occurred and the number of cycles was recorded in
line with [14].

1. Exp. 2: heating samples to 300 °C at 5 °C/min, soaking for 1 hour and
holding the samples in open air. Air was blown on the samples at room
temperature at rate of 12.2 cm®s for 10 minutes. The procedure was
followed until crack occurred and the number of cycles recorded.

1. Exp. 3: heating samples to 300 °C at 5 °C/min, soaking for 1 hour and
holding the samples in open air and allowing drip of water 8.38 cm?®/s for
10 mins. The process continued until crack appeared and the number of
cycles recorded.

V. Normalized Cooling rates of samples was evaluated by heating samples
to 300, 500, 700, and 900 °C at 5 °C/min held for 30 mins and allowed to
cool to room temperature in air. Cooling time to room temperature was
observed, the cooling rate was evaluated using Equation (7).

V. Fast cooling rate was measured by heating samples to 300, 500, 700, and
900 °C at 5 °C/min, held for 30 mins and cooled to room temperature (26
°C) by applying water at a fast rate (fast cooling rate) of 16.8 cm®s on
the samples. The time taken was recorded and cooling rate was evaluated
using Equation (7). Cooling rate coefficient was obtained as ratio of
normalized cooling rate to high cooling rate.

. Tp-Ty
Cooling rate = ——
Axt

@)

T, is final temperature,

T, is initial temperature,

A is cross sectional area of sample and
t. time taken to cool.

RESULTS AND DISCUSSION

Morphological representation of some samples at room temperature (26 °C)
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Fig. 2 SEM image samples at (a) 0 wt. % WGP (b) 30 wt. % WGP at room
temperature

Figure 2 (a) shows the SEM image of brick sample with 0 % WGP addition at
room temperature of 26 °C. Pores are observed in 0 wt. % sample, when
compared with bricks containing 30 wt. % WGP which had reduced pores. This
explains reason for lower compressive and flexural strength in sample with 0 %
WGP when compared with that of 30 wt. % WGP. Figure 2b shows image of 30
wt. % WGP addition, porosity reduced and the presence of glass luster as a result
of glassy phase formed at high temperature was evident. The bond between
WGP, clay particles and the strong glassy phase formed in samples resulted into
improved strength compared to the one of 0 wt. % WGP as reported in Table 1.

Thermo-Mechanical properties at room temperature
a. Mechanical strength at room temperature

Table 1 Compressive and Flexural strength at room temperature (26 °C)
0 5 10 15 20 25 30 35 40

%WGP
CS 74 8.2 97 113 133 137 145 121 113
FS 105 124 147 179 250 261 263 231 217
RS 12 12 13 15 18 16 16 14 12
FSt(x 11 8.1 6.3 41 33 1.8 0.9 0.6 04
10°%)

CS represents compressive strength (MPa),

FS represents Flexural strength (MPa),

RS represents resistance to impact (number of cycles) and

FSt represents flexural strain (mm/mm).

As WGP increased in proportion, mechanical strength increased (Figure 3). WGP
particles filled up the pores in the clay matrix, thereby reducing porosity. As
temperature increased during firing, dehydration increased, compactment and
stabilization were also enhanced at temperatures between 20 to 600 °C. As the
temperature was being raised, chemical reaction occurred leading to fusion of the
clay and WGP particles, which resulted in enhanced strength and hardness in the
samples [15][16]. At above 900 °C, vitrification occurred leading to formation of
glassy phase [17] which proportion is dependent on the proportion of WGP
added. The glassy phase formed further covered the pores leading to reduction in
porosity and enhanced compactment as confirmed in [18]. The consequent result
is increased strength and hardness. Care was taken not to fire above 1200 °C due
to possibility of expansion of the glassy phase so as not to allow crack or storage
of residual stress. However, glassy phase is brittle; hence, addition of WGP
particles to a certain extent may result in decrease in strength which explains the
reduction of compressive and flexural strength at 35 and 40 wt. % additions
(Table 1). Resistance to impact increased from 0 wt. % to 20 wt. % and reduced
further as WGP content increased due to increased glassy phase. The results
reported in this study are in line with [19][20], where increase in strength was
observed with increasing waste glass addition. Flexural strain reduced
continuously from 0 wt. % to 40 wt. % of WGP as indicated in Table 1.

e el
onNn MO
Ly

Compressive
strength/Flexural
strength (MPa)

o N B~ O
1

0 5 10 15 20 25 30 35 40
WGP (%)

Fig. 3 Variation in compressive/flexural strength at increasing WGP proportion
Thermal properties
a. Thermal conductivity

With increasing waste glass powder (WGP) content, thermal conductivity was
rising (Figure 4) which is attributed to reduction in porosity. These pores serve as
air trap and reduce thermal transfer since air has poor thermal conductivity. This
is backed up with the fact that presence of WGP causes lower volume of pores
since the pores are filled with glass powder particles, hence resulting in increased
thermal conductivity. The observation is also linked to interlocking of particle of
the waste glass powder and clay within the structure because of well graded
particle size distribution [5].

0.8
0.6
0.4

g

Thermal
Conductivity (x 10-7

0.2

0
0 5 10 15 20 25 30 35 40
WGP (wt %)
Fig. 4 Effects of WGP on thermal conductivity

Coupled with this, is reduced interparticle distance resulting in low porosity,
leading to high bond strength which enhanced thermal movement within the solid
clay body. The phenomenon led to high internal vibration of particles when the
body was thermally activated thereby resulting in increased transfer of thermal
energy from one particle to another. Pore formers has been known to increase
pores in bricks leading to reduction in thermal conductivity as reported in
[5][21][22] which is due to the fact that the pores serve as air trap and since air is
poor conductor, this leads to decrease in thermal conductivity. On the other hand,
addition of waste glass in fired bricks results in reduction in porosity which
eventually amount to increase in thermal conductivity as observed in this study

b. Thermal diffusivity and emissivity
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Fig. 5b Effect of WGP content on thermal emissivity

Thermal diffusivity refers to rate at which heat is transferred from the hot end of
a material to the cold end of such material [23], while emissivity refers to the
ability of a body to emit thermal radiation at the surface [24]. Diffusivity which
was evaluated at 300 °C was observed to be higher with additional WGP content
(Figure 5a). This occurred due to reduced porosity leading to shorter interparticle
distance and stronger bond between particles, which enabled easy transmission
and diffusion of heat within particles. Emissivity increased gradually as WGP
increased up to 20 wt. % WGP remained constant up to 35 and 40 wt. % of WGP
after which there was progressive rise up to 40 wt. % (Figure 5b). High
absorptivity of heat may result into higher emissivity due to lower capacity to
retain heat as interparticle distance reduced. Increased porosity results into lower
diffusivity as reported in [6]. In this study, the results showed increment in
diffusivity due to lower porosity.

c. Specific heat capacity

Specific heat capacity is the “amount of heat needed to raise the temperature of a
unit mass of a material by 1K” [25]. The higher the value, the higher the amount
of heat energy required to raise the temperature of a unit mass of the object by
1K. Porous materials require much higher energy to raise temperature and in
insulating bricks, these pores are filled with air which has poor conducting
properties.
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Fig. 6 Effect of WGP content on specific heat capacity

As the pores reduced and particles bond became stronger, the heat energy
requirement became lower. This explains reason for the reduction in specific heat
capacity as WGP increased (Figure 6). Increase in porosity reduces interparticle
distance, hence, requires higher energy to raise the temperature of unit mass by
1K as reported in [5]. Reduction in porosity on the hand, led to shorter
interparticle distance, thereby enhancing cohesion. Therefore, decrease in
specific heat capacity with higher content of the additive was observed in this
study (Figure 6) contrary to the outcome in [5].

Thermo-Mechanical performance at elevated temperature
a. Effects of increased temperature on compressive strength.

Table 2 Percentage reduction in compressive strength at different temperature for
WGP-bricks

%WGP  Compressive Percentage reduction in compressive strength

content  strength at 26 (AC%o0)
in °C 100 300 500 700 900 1000

samples °C °C °C °C °C °C
0 74 2.8 4.6 6.9 8.9 173 225
5 8.2 2.3 4.1 6.8 8.1 16,5 20.6
10 9.7 12 4.3 6.6 1.7 15.3 19.3
15 11.3 0.9 3.7 55 6.9 13.8 18.4
20 13.3 0.8 35 5.2 7.6 135 16.8
25 13.7 0.6 35 49 4.7 125 15.9
30 145 0.6 34 4.3 4.2 10.5 11.6
35 12.1 0.6 3.7 4.3 51 16.0 14.4
40 11.3 0.6 3.5 6.7 5.3 14.8 18.7

At elevated temperature (Table 2 and Figure 7), compressive strength depreciated
due to gradual weakening of the bond between clay particles as well as reduction
in adhesion between WGP particles and clay particles. As WGP increased in the
samples, the value of AC%o reduced, due to enhanced strength of adhesion
between particles as WGP increased in the samples. Going from 100 °C to 700
°C for 0 to 40 wt. % WGP, percentage reduction in compressive strength
increased gradually, for each WGP content ranging from 2.8 % to 8.9 % for 0 %
WG, 2.3t08.1 % for 5 wt. % WGP, 1.2 to 7.7 % for 10 wt. % of WGP, 0.9 to
6.9 % for 15 wt. % of WGP, 0.8 to 7.6 % for 20 wt. % WGP, 0.6 to 4.7 % for 25
wt. % WGP, 0.6 to 4.2 % for 30 wt. % WGP, 0.6 to 5.1 % for 35 wt. % WGP and
0.6 to 5.3 % for 40 wt. % WGP. It was observed that at 100 °C, AC%o value
remained constant at 25 to 40 wt. % WGP content of 0.6 %.




A. A. Akinwande et al. in Acta Metallurgica Slovaca

° 25 emputpum 1 00°C el 3()(0°C sy 500°C
E et 7()()°C et 0()0)°C =@ 1000°C
g
2 -
=)
S
£
FEE
S c
=]
S
w5 10 -
on n
8
=
8
P
$ M
g2
0 . . . : . : : :

0 5 10 15 20 25 30 35 40
WGP (wt %)

Fig. 7 Percentage reduction in compressive strength at increased temperature

On each temperature of 100 to 700 °C, AC%o value reduced as WGP content
increased. From 700 to 900 °C for each sample, AC%o value reduced drastically
from 8.9 to 17.3 % for 0 wt. % WGP, 8.1 to 16.5 % for 5 wt. % WGP, 7.7 % to
15.3 % for 10 wt. % WGP, 6.9 to 13.8 % for 15 wt. % WGP, 7.6 to 13.5 % for 20
wt. % WGP, 4.7 to 12.5 % for 25 wt. % WGP, 4.2 to 10.5 % for 30 wt. % WGP,
5.1t0 16 % for 35 wt. % WGP and 5.3 to 14.8 % for 40 wt. % WGP. At 1000 °C,
AC%o further fell to 22.5 %, 20.6 %, 19.3 %, 18.4 %, 16.8 %, 15.9 %, 11.6 %,
144 % and 18.7 % for O, 5, 10, 15, 20, 25, 30, 35 and 40 WGP content
respectively. The decrease for each of the mix proportion at 900 and 1000 °C is
above 10 %, indicating that at temperature up to 900 °C, there was drastic
weakening of the bond and degradation of the glass phase present, therefore, the
working temperature of this clay samples under consideration is < 700 °C. It was
further observed that there was a measure of stability for samples with 25 and 30
wt. % addition of WGP which AC%o values between 100 and 700 °C were less
than 5 %, showing that WGP of 25 and 30 wt. %, will be most stable when
operation temperature is < 700 °C, beyond that, there could be degradation and
drastic depreciation in strength.

b. Effects of increased temperature on flexural strength

Table 3 Percentage reduction in flexural strength at different temperatures

% WGP Flexural Percentage reduction in flexural strength (AF %o)

content strength 100 300 500 700 900 1000
in at 26 °C °C °C °C °C °C °C

samples
0 1.05 2.4 3.9 4.7 3.9 125 17.3
5 1.24 2.1 34 3.9 4.2 11.7 15.8
10 147 0.9 25 34 35 11.4 13.6
15 1.79 0.8 2.1 3.3 35 9.8 12.8
20 2.50 0.6 2.1 2.9 3.1 7.2 10.2
25 2.61 0.5 19 24 29 6.8 9.8
30 2.63 0.4 1.7 2.1 2.3 6.3 9.7
35 2.31 0.3 1.2 2.3 25 6.4 9.9
40 2.17 0.3 0.8 2.1 2.8 8.8 10.1

Flexural strength followed almost the same pattern as obtained in compressive
strength in that, at increased temperature (Table 3 and Figure 8), flexural strength
reduced, also, due to gradual weakening of the cohesive bond between clay
particles plus reduction in adhesion between particles of the WGP additives and
clay particles. As WGP increased in the samples, the value of AF%o (where AF%o
denotes percentage reduction in flexural strength from one temperature to the
next) reduced, due to the effect of increased strength of adhesion between
particles as WGP increased in the samples.
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Fig. 8 Percentage reduction in flexural strength at increased temperature

Going from 100 °C to 700 °C for 0 to 50 wt. % WGP, percentage reduction in
flexural strength AF%o increased gradually, for each WGP content, ranging from
2.4 % to 3.9 % for 0 % WG, 2.1to 4.2 % for 5 wt. % WGP, 0.9 to 3.5 % for 10
wt. % of WGP, 0.8 to 3.5 % for 15 wt. % of WGP, 0.6 to 3.1 % for 20 wt. %
WGP, 0.5 to 2.9 % for 25 wt. % WGP, 0.4 to 2.3 % for 30 wt. % WGP, 0.3 to 2.5
% for 35 wt. % WGP and 0.3 to 2.8 % for 40 wt. % WGP. It was observed that at
100 °C, AF%o value remained constant at 35 and 40 wt. % WGP content of 0.3 %.
At each temperature of 100 to 700 °C, AF%o value reduced as WGP content
increased. From 700 to 900 °C for each sample, AF%o value also reduced
drastically just like in the case of AC%o for compressive strength. The value (700
to 900 °C) was from 3.9 to 12.5 % for 0 wt. % WGP, 4.2 to 11.7 % for 5 wt. %
WGP, 3.5 % to 11.4 % for 10 wt. % WGP, 3.5 to 9.8 % for 15 wt. % WGP, 3.1 to
7.2 % for 20 wt. % WGP, 2.9 to 6.8 % for 25 wt. % WGP, 2.3 to 6.3 % for 30 wit.
% WGP, 2.5 t0 6.4 % for 35 wt. % WGP and 2.8 to 8.8 % for 40 wt. % WGP. At
1000 °C, AF%o further fell to 17.3 %, 15.8 %, 13.6 %, 12.8 %, 10.2 %, 9.8 %, 9.7
%, 9.9 % and 10.1 % for 0, 5, 10, 15, 20, 25, 30, 35 and 40 WGP content
respectively. The high increase in value was attributed to the fact that at
temperature up to 900 °C, there was drastic weakening of the bond and
degradation of the glass phase present. This further confirms that, the working
temperature of ceramic samples in this study is less than < 700 °C.

c. Evaluation of flexural strain at different temperature

Table 4 Flexural strain at different temperatures

% Flexural Flexural strain (at fracture) at different temperatures (o)
WGP strain at 100 300 500 700 900 1000
content 26-29 °C °C °C °C °C °C
in °C
samples
0 0.0110 0.0113 0.0125 0.0137 0.0158 0.0213 0.0286
5 0.0081  0.0115 0.0121 0.0137 0.0149 0.0204 0.0256

10 0.0063 0.0111 0.0146 0.0131 0.0132 0.0195 0.0234
15 0.0041 0.0101 0.0118 0.0118 0.0122 0.0142 0.0196
20 0.0033  0.0087 0.0098 0.0097 0.0117 0.0118 0.0178
25 0.0018 0.0056 0.0098 0.0056 0.0099 0.0103 0.0165
30 0.0009 0.0056 0.0099 0.0023 0.0096 0.0089 0.0146
35 0.0006  0.0078 0.0087 0.0014 0.0056 0.0076 0.0139
40 0.0004  0.0106 0.0086 0.0011 0.0034 0.0053 0.0133
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Fig. 9 Effects of increased temperature on flexural strain

Flexural strain was observed to increase at increased temperature (Table 4 and
Figure 9), while flexural strength reduced with increased temperature as a result
of the weakening of the bond and easier flow of the particles, aided by thermal
stress. At room temperature, flexural strain reduced with increased WGP
proportion in samples. At 100 °C, the value reduced from 0 wt. % to 30 wt. %
addictive after which there was increase in the value at 35 — 40 wt. % due to
increased flow which was attributed to increased thermal energy of particles. At
300 °C, strain reduced from 0 wt. % of additive, peaked at 10 wt. % additive and
further reduced as WGP proportion increased. At 500 to 1000 °C, there was
reduction in strain as WGP increased from 0 wt. %. Going from 100 to 1000 °C,
for each mix proportion, strain was observed to increase due to increased flow.

d. Effects of increased temperature on impact resistance

Table5 Number of cycle to failure at different temperatures

% WGP Number Impact resistance (number of cycle to failure)

content of cycle 100 300 500 700 900 1000
in to failure °C °C °C °C °C °C

samples at 26 °C
0 12 12 10 8 5 1 1
5 12 12 11 9 7 2 1
10 13 12 11 10 8 4 1
15 15 14 13 11 8 4 1
20 17 17 15 14 11 7 2
25 18 17 16 14 12 9 3
30 16 15 14 12 10 5 2
35 14 14 12 11 9 3 1
40 12 12 10 8 5 1 1

Impact resistance was evaluated by number of cycle to failure for samples at
different temperatures. The value at room temperate (26 °C) increased as WGP
amount increased up to 25 wt. % before declining at 30 wt. % (Table 5 and figure
10). The resistance to impact was due to closeness of particles and strength of
bond between particles. At 30 wt. % the brittle nature of the glassy phase had a
toll on impact resistance which explains reduction in the number of cycles to
failure from 30 to 40 wt. %.

At increased temperature, the instability of the particles due to increased
excitation resulted in increased Kinetic energies of particle and led to lower
compactment of particles. This led to lower adhesion between clay and glass
particles, thereby causing reduction in resistance to impact.

At 100 °C, impact resistance for all samples remained almost constant due to
lower stress level induced in the samples. As temperature increased, from 300 to
1000 °C, residual stress increased in the samples resulting in further reduction in
Figure 10: Effects of increased temperature on impact resistance.

impact resistance evaluated by number of cycles to fracture. At 700 to 900 to
1000 °C, the impact resistance depreciated greatly, owing to increased residual
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stress and instability of particles as a result of thermal excitation. From 26 °C to
300 °C, difference in number of cycle to failure for all samples was in the range
of 1 to 2 which explains a relative stability in impact resistance at those
temperatures for all samples. At application which requires impact, temperature
should be <300 °C.

e. Linear and volumetric thermal expansion at different temperatures

Table 6 Variation in Linear thermal expansion at different temperature

% WGP Linear thermal expansion at different temperature

contentin ~ 100°C  300°C  500°C  700°C 900 °C 1000

samples (x10° (x10° (x10 (x10° (x10° °C
5IK) 5IK) °IK) °IK) °IK) (x10°

°/K)
0 0 0.97 3.92 5.27 8.28 12.37
5 0 0.88 3.34 5.05 7.45 12.04
10 0 0 2.77 4.79 7.74 11.45
15 0 0 242 454 6.73 11.13
20 0 0 2.19 4.13 6.45 7.12
25 0 0 1.83 1.84 3.13 6.43
30 0 -1.24 114 1.75 3.79 8.43
35 0 -0.89 271 2.63 8.24 7.34
40 0 -0.15 2.71 2.14 8.24 6.32

Increase in thermal conductivity on the other hand brought about lowering of
thermal expansivity since particles are bonded strongly. Thermal expansivity
reduced with increasing WGP proportion leading to strong adhesion between clay
and WGP particles. The results for thermal expansivity agrees with [4] which
also recorded reduction in thermal expansion coefficient as egg shell content
increased in fired clay but contrary to result obtained in [6], whereby thermal
conductivity reduced with increased content of additive. In this study and in [4],
porosity reduced with increased additive while in [6] porosity increased with
increased additive which explained the difference in that, with reduced porosity,
thermal conductivity increased, and vice versa, in the case of increased porosity
with increased proportion of additives. Linear and volumetric thermal expansivity
were evaluated at different temperatures of 100 to 1000 °C by measuring change
in dimension at those temperatures. It was observed that at higher temperature,
linear expansivity increased (Table 6 and Figure 11) owing to weaker bond
within particles, which led to increase in interparticle distance, hence resulting in
higher degree of expansion.

For 100 °C, there was no linear expansivity indicating dimensional stability at
that temperature because of the fact that the thermal stress exposure was not
enough to cause substantial weakening of the bond between particles. At 300 °C,
the linear expansion only occurred at 0 and 5 wt. % of WGP while there was
contraction for samples containing 30 to 40 wt. % WGP proportion. For samples
containing 10 to 25 wt. %, there was O values for expansion due to thermal
stability at that temperature. This indicates that the thermal stress was only
enough to cause vibration of the particles about their mean position, without any
dissociation of the bond, even though the strength of the bond reduced which was
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explained by lower reduction in compressive and flexural strength at this
temperature (Table 2 and 3). It was further observed that at temperature (300 to
500 °C), linear thermal expansivity reduced from 0 to 30 wt. % owing to the 700°C 900°C 1000°C
strong bond and lower heat capacity of the glassy phase at such temperature, but

100°C 300°C 500°C

at 35 and 40 wt. %, the value increased indicating weakening of the bond. 1
Increment in expansivity value from 500 to 700 °C was 57 % from 5.27 to 8.28 0.8 -
x10°%/K for 0 wt. %, 47.5 % from 5.05 to 7.45 x10°° /K for 5 wt. %, 61.6 % from

4.79 to 7.74 x10° /K for 10 wt. %, 48.2 % from 4.54 to 6.73 x10° /K for 15 wit. 0.6 -

%, 56.2 % from 4.13 to 6.45 x10°/K for 20 wt. %, 70 % from 1.84 to 3.13 x10°
5/K for 25 wt %, 116.6 % from 1.75 to 3.79 x10° /K for 30 wt. %, 213 % from
2.63 t0 8.24 x10° /K for 35 wt. % and 285 % from 2.14 to 8.24 x105/K for 40
wt. %.

Volumetric thermal expansivity (x10-5/K)

e 1 (00°C =il 300°C ey 500°C

14 _—N—700°C it 00 0°C =@ 1000°C
<12 A 04 -
T WGP (wt %)
3 10 1
%‘ 8 1 Fig. 12 Effects of WGP on volumetric thermal expansion at different
% 6| temperatures
g ) v au—
E 4 Volumetric thermal expansivity was evaluated by measuring increment in the
g dimension of the rectangular prism sample. This property follows the same trend
5 27 as in the case of linear expansion with the same reason at each temperature. With
f 0 increased temperature, the value increased and with increasing WGP content, the
§ , 0 5 10 15 20 25 20 trend reduced down the line.
£ 2

. Thermal shock resistance and cooling rate

WGP (wt %)

a. Experimental results on thermal shock resistance

Fig. 11 Effects of WGP on linear thermal expansion at different temperatures Effects of WGP on thermal shock resistance were measured using 3 ways of

experimenting:
From this percentage increase, it was noted that as WGP content increased, the
percentage rise in expansivity increased, indicating high level of degradation of
the glassy phase and weakening of the bond between particles. This still further
confirms that the working temperature of the set of ceramic samples analyzed in

Table 8 Number of cycle at which crack appeared for Exp. 1, 2 and 3
WGP 0 5 10 15 20 25 30 35 40

this study should not be greater than 700 °C. Percentage increase in expansivity Nu(r)r}ber
increased at 1000 °C at 49 %, 62 %, 48 %, 65 %, 63 %, 127 %, 70 %, for 0 to 30 cycles in 21 22 23 15 14 16 16 10 10
wt. % additions. This can be attributed to the further degradation of the glassy Exp. 1
phase and weakened adhesion between the clay and WGP. In the case of 35 and Number
40 wt. % WGP, expansivity reduced from 8.24 for both, to 7.34 and 6.32 x10°/K of
respectively due to slight contraction. cycles in 65 62 60 60 43 36 34 29 21
Table 7 Variation in Volumetric thermal expansion at different temperature I\IlEuXrFr)mir
%WGP Volumetric thermal expansion at different temperature of
contentin  100°C  300°C  500°C  700°C  900°C 1000 cyclesin 44 44 4 48 38 3% 32 19
samples (x10° (x10° (x10° (x10 (x10° °C Exp. 3
SIK) SIK) SIK) SIK) SIK) (x10°
°/K) .
Figure 13 shows the number of cycles for each case. For case Exp. 1, the number
(5) 8 8;% 8%2 gggg 8;%523 8385 of cycles after samples was expose(_j to 1000 °C increased from 21 to 23 for 0 wt.
10 0 0 0229 0305 0354 0772 % to 10 wt. % of WGP, at furthef increased amount qf WGP, the value reduced
15 0 0 0194 0215 0322 0764 to 15 at 15 wt. % content remained constant until it fell at 35 wi. %_ of the
20 0 0 0:183 0:217 0:294 0:621 additive. Going by [26], WGP content should not be more than 10 % in bricks for
o5 0 0 0164 0217 0293 0574 refractory. For Exp. 2, shock resistance based on number of cycles recorded
30 0 0184 0154 0.158 0214 0525 decreased from 65 cycles to 21 cycles from 0 to 40 wt. % of WGP. This is due to
35 0 _0:172 0:132 0:149 0:233 0:574 the brit_tle nature of the_glass phase f_ormed and can be deduce_d that increa_sed
40 0 0198 0121 0137 0199 0599 proportion of WGP particles resulted in lower thermal shock resistance of bricks

exposed to air cooling. For Exp. 3, water was employed as a means of cooling;
the shock resistance measured by number of cycles, reduced from 0 wt. % WGP
content to 40 wt. % WGP content. Therefore, thermal shock resistance in the
samples reduced as WGP content increased. In environment whereby cooling is
done by combine action of air and water, <15 wt. % WGP addition to bricks
might suffice in clay materials, since from 0 to 15 wt. % difference in the number
of cycles for Exp. 1, 2 and 3 was in the range of 2 to 5 cycles.
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Fig. 13 Effect of WGP content on thermal fatigue

b. Cooling rate
i. Normalized cooling

It was observed that with increasing WGP content, cooling rate increased (Figure
14) with WGP addition, due to enhanced thermal conductivity. Highest cooling
rate was recorded at 40 wt. % for each of the temperatures considered.
Therefore, in applications whereby normal cooling rate is employed, increased
WGP content in fired bricks is recommended.

30000 il S000C e TO0OC b 900°C
14 -

1.2 1
1 -
0.8 1

0.6 1

Cooling rate °C/cm2.hr

0.4 -

0.2 4

0 5 10 15 20 25 30 35 40
WGP (wt %)

Fig. 14 Effect of WGP content on cooling rate
ii. Rapid cooling (Fast cooling rate per cross section)

Figure 15, shows the effects of WGP on cooling rate of samples at fast cooling
rate using water. The incorporation of WGP into bricks at increasing weight
content resulted into higher cooling rate due to high emissivity at elevated
temperatures. At high temperature, particles are highly excited leading to
mobility and increased interparticle spacing. The process of rapid cooling results
into forceful dissipation of already absorbed energy in solid bodies, causing
inherent particles to maintain disoriented positions at low temperature as the heat
is been dissipated. This caused distortion in the arrangement and orientation of
particles which resulted in increased brittleness in the samples. Furthermore, at
high temperature of 900 °C where degradation of glassy phase was more
pronounced, as cooling rate became high, the glassy phase were not allowed to
re-form causing uneven distribution of glass particles within the clay matrix as
shown in Figure 18. This initiates high level of brittleness because of high strain
energy induced around the unevenly distributed glass particles, resulting in low
strength as expressed in Figure 18.

5—‘— 300°C o=l 50)0°C ==he==700°C = 9()(°C
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4
35 4
3 4
2.5 1
2 4
15
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Cooling rate (°C/cm2.hr)

Fig. 15  Effect of WGP on High cooling rate per cross section of samples

iii. Cooling rate coefficient

_.(ﬁ 300°C  e=lll=500°C  ==be==700°C e 9()(°C
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Fig. 16 Cooling rate coefficient with increasing WGP

Figure 16 shows the coefficient of cooling rate at different temperature with
increasing WGP content. The cooling rate at 500 °C is the highest indication that
normalized cooling rate for all samples is more effective than fast cooling at that
temperature. Highest cooling rate coefficient for all samples was recorded at 500
°C for 15 wt. % WGP, indicating that for applications which may involve
normalized cooling and fast cooling, temperature should not exceed 500 °C for all
composition. Therefore, WGP composition of 15 wt. % gave the optimum value.

Morphological behaviour: effect of fast cooling on strength performance of
clay sample

.

Fig. 17 Surface image of sample with 30 wt. % WGP (a) and 35 wt. % WGP
(b), before rapid cooling.
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Fig. 18 Surface image of sample with 30 wt. % WGP (a) and 35 wt. % WGP (b),
cooled rapidly from 900 °C to room temperature

Table 9 Impact resistance (number of cycle to failure) after fast cooling

% WGP Number of Impact resistance (number of cycle to failure)
content in cycle to of samples after fast cooling
samples failure at 300 °C 500 °C 700 °C 900 °C
26 °C

20 18 7 5 2 1

25 16 8 6 2 1

30 16 7 6 2 1

35 14 5 3 1 1

40 12 5 3 1 1

20

H26-29°C ®300°C ®=500°C =700°C ®=900°C

No of cycle to failure

WGP (wt %)

Fig. 19 Impact resistance (number of cycle to failure) of samples at room
temperature (26-29 °C) and those fast cooled to room temperature from 300, 500,
700 and 900 °C

Impact resistance of samples after brick samples were fast cooled from high
temperature reduced when compared to impact resistance of samples that were
not fast cooled. For 20 wt. % WGP, the number reduced from 18 cycles to 7, 5,

2, 1 when fast cooled from 300, 500, 700 and 900 °C respectively, as indicated in
Table 9, which indicates that fast cooling of brick samples from high temperature
enhances brittleness or ease to fracture in samples. For 25 wt. % WGP, the
number reduced from 16 cycles for sample tested at room temperature to 8, 6, 2
and 1 cycles for samples fast cooled from 300, 500, 700 and 900 °C respectively.
In the case of 30, 35 and 40 wt. % WGP fast cooled, number of cycle to failure
was 7, 6, 2, and 1 for 30 wt. % WGP, 5, 3, 1, 1 for 35 wt. % WGP and 5, 3, 1, 1
for 40 wt. % WGP (Table 9). From the results, it is clear that fast cooling reduces
resistance to impact (Figure 19).

-

Crack path on brick
surface

Fig. 20 Image showing crack path on surface of bricks during test

Comparing compressive strength of samples tested at room temperature and those
tested after rapid cooling, it was observed that there was great reduction in
strength. At fast cooling rate, particles are disarranged and disoriented leading to
high strain energy stored in samples which aids ease to fracture in samples. The
effect was more pronounced as temperature increased from 300 to 500 to 700 to
900 °C. Respective reduction in strength while comparing values at 26-29 °C to
300, 500, 700 and 900 °C was 45 %, 50 %, 80 % and 89 % for 25 wt. % WGP, 46
%, 50 %, 84 % and 88 % for 30 wt. % WGP, that of 35 wt. % WGP was 53 %,
60 %, 83 %, and 88 %. For 40 wt. % WGP, the reduction was 54 %, 64 %, 82 %
and 90 % respectively (Figure 21).

20 4
s H26-29°C ®m300°C ®=500°C ©700°C ®900°C
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Fig. 21 Comparison of compressive strength of samples at room temperature (26-
29 °C) and those fast cooled to room temperature from 300, 500, 700 and 900 °C

For flexural strength (figure 22), respective reduction in strength while evaluating
from 26-29 °C to 300, 500, 700 and 900 °C was 52 %, 54 %, 93 % and 99 % for
25 wt. % WGP, 52 %, 53 %, 91 % and 98 % for 30 wt. % WGP, that of 35 wt. %
WGP was 53 %, 50 %, 81 % and 99 % and for 40 wt. % WGP, the reduction was
51 %, 53 %, 94 % and 99 % respectively. Analyzing the percentage reduction for
compressive strength, the effect was more pronounced at temperatures of 700 and
900 °C with reduction varying from 80 to 84 % for 700 °C and 88 to 90 for 900
0 C. In the case of flexural strength, the reduction was also more pronounced at
temperatures of 700 and 900 °C varying from 81 to 95 % for 700 °C and 98 to 99
for 900 °C for samples containing 25 to 40 wt. % of WGP. The effect had higher
toll on flexural than compressive strength and at 900 °C, highest percentage
reduction was recorded in flexural strength.
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Fig. 22 Comparison of flexural strength of samples at room temperature (26-29
°C) and those fast cooled to room temperature from 300, 500, 700 and 900 °C

CONCLUSIONS

Effects of elevated temperature and waste glass powder (WGP) content on
thermo-mechanical properties of fired ceramic products were examined in this
study and response of samples to different temperatures were analyzed. From the
results obtained, the following conclusion were made

With increased temperature from 26-29 °C to 700 °C, mechanical
performance tends to reduce gradually due to gradual weakening of bond and
degradation of the glassy phase present in the samples

At up to 900 °C the performance reduced drastically due to high extent of
bond weakening and fastened degradation of the glassy phase coupled with
increased thermally induced residual stress and high excitation of
particles/atoms, hereby, dictating an operating temperature of < 700 °C for
samples.

Thermal conductivity, diffusivity and emissivity increased with increasing
WGP content while thermal expansivity and specific heat capacity reduced
as percentage WGP increased in the samples

For samples heated to 1000 °C, thermal shock resistance improved from 0 to
10 wt. % WGP while at further addition of WGP, the resistance reduced, in
this case refractory bricks, WGP should not exceed 10 wt. %.

Thermal shock resistance remains stable in samples at WGP content of <15
wt. %, beyond this, there was reduction (for samples air/water cooled from
300 °C). Therefore, for ceramic products to be exposed to operating
temperature of < 300° C, WGP should be < 15 wt. %.

Higher thermal conductivity and lower specific heat capacity resulted into
increased cooling rate at higher WGP addition, hence for fast cooling rate
applications, increased proportion of WGP (between 5 to 40 wt. %) may be
recommended, however for applications whereby compressive and flexural
strength are important as well as increased cooling rate, WGP content of
between 5 to 30 wt. % may be suitable, since the strength reduced at 35 and
40 wt. % at room temperature, as shown in Table 2 and 3.

The coefficient of cooling rate at 500 °C was the highest indication that
normalized cooling rate for all samples is more efficient than fast cooling at
that temperature

Rapid cooling for heat treated bricks reduces strength largely, hence not
recommended for fired clay bricks.
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ABSTRACT

Aluminium alloys are of particular interest because of their low density, low cost and ease of thermo-mechanical processing. During the recent years, much interest has
been shown in the development of alloys with optimal mechanical properties which can be retained at high temperatures. The purpose of the present investigation is to
study the microstructure of two Al-Mg-Si alloys containing transition elements after cold deformation 10%, 20 %, 30%, 40% and 50% reduction in thickness and
annealing at 1 hour at different temperature by using the optical microscopy, transmission electron microscopic (TEM), Vickers hardness measurement. We notice that
the micro-hardness increases with the increasing of the deformation level. The coarse particles, with a particle size of about 2 to 3 um, give rise to a heavily local
deformation of the Aluminium matrix. The formation of well-defined substructure due to the arrangement of dislocations is observed after an increase in annealing

temperature.

Keywords: Al-Mg-Si alloys; Dispersoid particles; Cold deformation, Recrystallization; Precipitation

INTRODUCTION

Al-Mg-Si alloys (EN AW 6xxx alloys) are structural hardening Aluminium
alloys. They have notable overall properties with a good aptitude to hot
deformation by rolling and cold drawing [1, 2]. The excellent mechanical and
electrical properties of these alloys enabled their use in various sectors such as
aerospace, automotive and transport of electricity [3-5]. The transition elements
such as zirconium, chromium and manganese, which have low solubility and
very slow diffusion rates in the a-Aluminium solid solution, are generally added
to EN AW 6xxx alloys to produces fine dispersoid particles. These fine particles
dispersion retard the crystallization and increase the microstructure stability at
high temperature due to their low solid solubility and diffusivity in Aluminium
[6, 7]. It has been shown that the addition of transition elements to EN AW 6xxx
alloys inhibit recrystallization when the alloys are pre-heated before deformation
[8-10]. In EN AW 6xxx alloys, the nucleation of the dispersoid particles such as
Zr-containing dispersoids, Mn-containing dispersoids, and Cr-containing
dispersoids, which play the role of recrystallization inhibition, has been studied
[11-15]. The needle-shaped Mn-containing dispersoids formed by using the rapid
heating are much more effective than the fine spherical dispersoids formed by
using the slow heating for grain refinement during the recrystallization process
[16].

The grain growth and recrystallization will change the mechanical and chemical
proprieties of the alloys. The information of the deformed state and annealing
phenomena was detailed by Humphreys and Hatherly [17]. There is a succession
of interesting processes for recrystallization dealing with the rearrangement of
defects in the deformed crystals and conclude with the replacement of the
deformed grain by a new set of strain-free crystals. The change in the
recrystallization behaviour due to the presence of the second phase particles have
been studied Sooner [18-20].

The cold rolling is a process that transforms the metal between two smooth or
fluted rolls, rotating in the opposite direction. Due to this rotational movement
and of the compression generated by the cylinders, there is a continuous
reduction in the initial thickness by plastic deformation of the metal [1]. They are
normally provided in planar shape whose width is dictated by that of the starting
plate which they are cast, the length itself being limited by the constraints of
transport. In recent years, the influence of cold rolling on the precipitation

processes in EN AW 6xxx alloys is widely studied [21-23.]. It shows that the
precipitation and growth of the second phase are accelerated significantly by this
process. The larger grains have a preferred orientation (texture) when the alloy is
more deformed [24, 25]. A study by Zhang [25] showed the effect of deformation
and annealing on electrical conductivity, mechanical properties and texture of Al-
Mg-Si alloy cables.

EXPERIMENTAL PROCEDURE

Materials

The Al-Mg-Si alloys were provided by Alcan International Limited of Canada.
They were prepared by a direct chill casting process (DC) in a 178 mm of
moulds. Then they were given a 10%, 20 %, 30%, 40% and 50% reduction in
thickness by cold rolling in the air. The as-rolled alloys with the reduction in
thickness of 50% (reduction in thickness) followed by an annealing for 1 h at
different temperatures were chosen to study the effect of cold deformation on the
microstructural changes and mechanical properties of as-rolled alloys. The
chemical composition of the investigated alloys is given in Table 1. Alloy 1
contained at about 0.13wt. % Zr, while the alloy 2 was Zr-free and contained
0.65wt. % Mn. The as-cast specimens were heat-treated for 10 hours (h) at
550°C, cold-deformed by 10%, 20 %, 30%, 40% and 50% reduction in thickness
and then annealed for 1 h at 350°C and 450°C and after that water quenched in
order to follow the nucleation and growth of the dispersoids particles.

Table 1 Chemical composition of the two alloys
Alloys Si Fe Cu Mn Mg Cr Zr Al
Alloy 1105 1 021 | o042 | 0006 | 101 | 0002 | 013 [
A'éoy 13 1023 | 0004 | 065 | 079 | 0001 | - bla
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Metalographic preparation

Specimens for optical microscopy examination of each heat examination each
heat treatment were mounted, ground on successive papers 180, 250, 350, 450,
600 and 800 and polished with 1-micron diameter diamond paste. They were
finally polished on cloth with an alumina oxide particles suspension (OPS). The
polished specimens were etched in Keller's reagent (1.5% HF - 2.5% HNO3 -
95% water) for about 15 s.

Thin foils for TEM were prepared by spark machining to form discs 3 mm in
diameter. The discs were subsequently grounded with fine silicon-carbide emery
paper to about 200 mm thick. Final thinning was by jet polishing using a Struers
Tenupol Unit with a solution of 33% HNO3 in Analar grade methanol at -10 to
-15 volts and a temperature of -20 to -30°C. When the electropolishing was
completed the specimens were removed from the solution as quickly as possible
and washed with Analar methanol. The specimens were dried between filter
papers and then stored in a specimen grid box under vacuum.

Optical microscopy

Optical examination was carried out with an Olympus BH-2 microscope which
contained a differential interference contrast (DIC) facility and polarised light.

TEM microscopy

Electron microscopy examination was carried out with an EM 300 electron
microscope at 100 KeV. A liquid nitrogen-cooled decontaminator, an eccentric
goniometer and double tilt holder were used to prevent the contamination after
extended observation of an area of the thin foil.

Hardness measurements

Hardness measurements were performed using Vickers hardness tester. The test
samples used for hardness measurements were 1x1 cm in size. Hardness data
were determined with a load of 10 Kg (~ 98.06 N). Each measure of Vicker’s
hardness represents the mean value of at least 10 indentations

RESULTS AND DISCUSSION

Figure 1 shows the variation in microhardness as a function of different
deformation level (0%, 10%, 20%, 30%, 40% and 50%) by cold rolling for the
two alloys. An increase in microhardness is observed with the increase of the
deformation level [5, 24, 26]. This increase in hardness is probably due to the
high density of dislocations introduced by deformation of the two alloys by cold
rolling, which leads to hardening of the alloys. This result confirms the results
obtained by some researchers [5, 26].

The variation of the microhardness (HV) as a function of different deformation
levels (0%, 10%, 20%, 30%, 40% and 50%) and then annealed for 1 h at 350°C
and 450°C, and then water quenched of the two alloys is shown in Figure 2 and
Figure 3.

The decrease in hardness is observed with the increasing of the annealing
temperature in both alloys. This reduction in microhardness is attributed to the
phenomenon of softening of the alloy pushed by the annealing treatment, which
makes the increase in the ductility of the cold-rolled Al-Mg-Si alloy.

Figure 4 and Figure 5 show the optical micrographs of the two alloys in the cold
deformed state and the microstructural change during the annealing of the cold-
rolled solution treated alloys. Specimens of the two alloys are taken in the long-
transverse direction.
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Fig. 3 Variation of the microhardness (HV) as a function of the deferent
deformation level and then annealed for 1 h at 350°C and 450°C of the alloy 2

The large grains can be seen to be strongly elongated in the rolling direction in
the deformed state and after annealing up to 350°C. In a few areas, insoluble
coarse particles originating from the cast structure appear to align themselves
along the rolling direction. Alloy 1 shows only sub-structure inside the grains and
less precipitate free zones along grain boundaries. Coarse particles were also
observed elongated along the rolling direction. Some of them appear to be broken
during the rolling. Optical micrographs revealed the sub-grain structure in the
two alloys but more accentuate in the alloy 1. The main significant change in the
microstructure was observed after annealing in the temperature 350°C.
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Fig. 4 Optical micrographs of alloy 1 showing the microstructure change after
rolling at room temperature to 50% reduction and annealing for 1 hour at: (a) as-
rolled, (b) 350°C and (c) 450°C

Fig. 5 Optical micrographs of alloy 2 showing the microstructure change after
rolling at room temperature to 50% reduction and annealing for 1 hour at: (a) as-
rolled, (b) 350°C and (c) 450°C

Transmission electron micrographs in the longitudinal direction of the two alloys
heat-treated for 10 h at 550°C and then cold deformed by 50% reduction in
thickness and then annealed for 1 h at different temperatures are shown in Figure
6 and Figure 7.

After deformation, the microstructure of the two alloys are characterised by
dislocation networks and well-defined cell structure, Figure 6a and Figure 7a.
The co-existence of dispersoid particles and un-dissolved coarse particles is
observed in the two alloys.

Coarse particles which mainly remain along grain boundaries are elongated along
the rolling direction. Some of them look to be broken. Large particles generate a
heterogeneous distribution of dislocations during deformation associated with a
local high dislocation density at particle-matrix interfaces which could act as
recrystallization nuclei during annealing. Electron microscopic observations
show also that in all cases the coarse second phase particles were associated with
a high dislocation density.
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The dispersoid particles distribution is fairly homogeneous except in the regions
around the coarse particles where the precipitate free zones (or PFZ's)  were
observed. Some coarse particles, with a particle size of about 2 to 3 um, give rise
to a heavily local deformation of the Aluminium matrix. In the initial state cell
interiors were filled with dislocations as well as sub-grain walls. Cleaning of cell
interior and sharpening of cell boundaries were observed after an increase in
ageing temperature. Hence sub-grain growth occurred; this result is in good
agreement with the literature results [9, 10].

On annealing, well-defined sub-grains were formed (Figure 6b and Figure 7b)
and at lower temperatures of annealing these were seen to grow by the migration
of low angle boundaries at a rate controlled by the coarsening of the particles
[18]. Most of the grain boundaries are not mainly straight but lie in contact with
coarse particles. The irregular dislocation structure are replaced by a more regular
fine-scale structure in which some cells begins to expand and serve as
recrystallization nuclei. A good example of this phenomenon in aluminium has
been found after very large rolling reductions (>95%), a stable fine-grained
microstructure was formed on annealing, whereas at lower strains, normal
discontinuous recrystallization occurred [18].

Fully recrystallized microstructure, Figure 6c and Figure 7c were achieved after
annealing at 350°C for alloy 2 and 450°C for alloy 1.

Transmission electron micrographs revealed the precipitation of free silicon
particles occurring during the recovery and recrystallization process. A mixed
particle structure consisting of large coarse particles, resulting from the casting,
and free silicon particles and dispersoid particles formed before deformation were
also observed.

The dispersoid particles were not observed to be deformed after the cold
deformation. PFZ's along the elongated grain and around the coarse particles
were also observed. During the move of the sub-grain boundary, reacting with
other dislocations will annihilate some dislocations, but the majority of them will
enter the boundary. Hence the density of dislocations will increase.

The remaining coarse particles with a diameter greater than 2 pm give rise to
local deformation of the Aluminium matrix in their vicinity. This effect was more
pronounced with a particle with a higher particle size.

Fig. 6 TEM of alloy 1 showing the microstructure change after rolling at room
temperature to 50% reduction and annealing for 1 hour at :(a) as-rolled, (b)
350°C and (c) 450°C

Fig. 7 TEM of alloy 2 showing the microstructure change after rolling at room
temperature to 50% reduction and annealing for 1 hour at (a) as-rolled, (b) 350°C
and (c) 450°C
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CONCLUSIONS

Deformation by rolling Al-Mg-Si alloys causes an increase in microhardness and
the annealing treatment decreases this microhardness, this increase in the
microhardness due to the high density of dislocations introduced by deformation
by cold rolling which accelerate the precipitation of the hardening phases.

The structural change which occurs during the annealing is mainly due to the
generation of sub-grains, from the elongated cell-structure, which was observed
in the deformed matrix. Annealing at 350°C has little effect on the dislocation
network. After a further increase in ageing temperature, the sub-grains grow by
consuming the surrounding cell-structure; the dispersoid particles coarsen and
become less effective in retarding recrystallization.

The formation of a well-defined substructure due to the arrangement of
dislocations is observed after the annealing temperature was increased. Large
particles generate a heterogeneous distribution of dislocations during deformation
associated with a local high dislocation density at particle-matrix interfaces,
which could act as recrystallization nuclei during annealing.
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ABSTRACT

Silver nanowires (AgNWs) decorated by carbon nitride nanoparticles (CNPs) have been successfully synthesized using glucose as a carbon source, melamine as a
nitrogen source and AgNO; as a silver source via the hydrothermal process and applying in the preparation of fouling membranes. Together, the freshly synthesized
AgNWSs and CNPs produced through redox reaction of glucose and melamine, processes the in-situ assembly of the coaxial 1D nanostructure of Ag covered by CNPs.
The obtained CNPs with the uniform size of around 20 nm were aggregated on the surface of AgNWs which has average diameter of 50 nm. The fabricated

AgNWs/CNPs membrane performances an enhanced photocatalytic activity under visible-range irradiation and shows excellent dye degradation catalyst.

Keywords: Silver nanowire, carbon nitride nanoparticle, membrane, hydrothermal method, photocatalytic

INTRODUCTION

Recently, membrane filtration technology has been widely applied due to its
reliability and facile operation [1]. Up to different pollutants, the membrane
fouling can be categorized into organic fouling, inorganic fouling, and biofouling
[2]. Whatever kind of fouling happens, it will lead to a critical decrease in
filtration activity, thus increasing maintenance price and shortened life-time of
the membrane. Therefore, huge efforts have been invested to comprehend this
problem as an urgent need.

Up to now, various nanomaterials have been demonstrated and decorated into
membrane matrixes to form nanocomposite membranes in order to achieve
specific desired properties. Among them, Silver nanowire (AgNWSs) have
attracted a lot of attention in modifying membrane materials due to their superior
antibacterial characteristics. The AgNWs based nanocomposites membranes
show crucial antibacterial and anti-biofouling behavior, which is assigned to the
release of ion Ag+ [3].

Graphitic carbon nitride (CNPs) having the similar 2D layered structure of
graphene possesses excellent visible photocatalysis as well as low cost and
simple synthetic process that makes it the most attractive materials in the field of
photocatalytically environmental purification [4-7]. However, the CNPs still has
a limit due to the recombination of photo-induced charge carriers. Therefore,
many approaches have been developed to improve electron-hole separation in
pure CNPs [8-11]. Compared to other strategies, noble metal decoration has been
regarded as a facile method for remedying the issue. According to several reports,
CNPs combined with silver nanostructures can effectively improve charge
separation performance, thus leading to boost the photocatalytic activity of the
composite.To the best of our knowledge, the synthesis of AgNWs decorated by
CNPs nanoparticles and its photocatalytic effect has not been reported yet.
Herein, the AgNWSs/g-CNPs nanocomposite was synthesized via the simple
mixing process from two fresh nanomaterials AgNWs and CNPs which were
fabricated through the hydrothermal method. The as-synthesized composites
were characterized by different analyses, then it could be used to introduce to the
membrane for real applications.

MATERIAL AND METHODS

Materials and processing

In this study, Silver nitrate (AgNO3) was used as the precursor in the preparation
of AgNWs. Firstly, the oven was turned on within 15 minutes to heat the glass

bottle contained 20ml ethylene glycol (EG). During heating time, 17mg NaCl
was supplemented and waited until the temperature reached to 100°C then 20 mg

AgNO; was added to the solution. Continuously, the temperature was increased
slowly in 10 minutes to reach 135 — 140°C, and 300 mg PVP was poured into. In
next 8 minutes, the temperature was heated up to 155-160°C and finally 250 mg
AgNO; was added to the solution. This amount of AgNOs; played the role of
providing the Ag atoms toward the formation of Ag nanowires. To complete the
reaction, the solution was heated at 160°C for 6 hours and then cooled to the
room temperature. In addition, centrifugal technique was used to dislodge the
liquid and remove EG and excess PVP. Finally, the AgNWs was stored in
ethanol to from the Ag nanowire suspension.

To synthesis of CNPs, 400 mg Melamine was dissolved in 80 ml DI water. This
solution was ultrasonic vibrated for 1 hour then transferred into a 100ml Teflo-
line stainless steel autoclave and reacted under the solvothermal condition at
180°C in 24 hours. Finally, the yellow product which is known as CNPs was
collected after 5 times of centrifugal operation at 10000 rpm in 15 minutes. The
obtained CNPs then was dried overnight in the oven under vacuum at 60°C.

The CNPs/AgNWs cellulose ester membranes was fabricated by a process as
follows. Firstly, CNPs/AgNWSs was prepared by adding 20 mg CNPs into 30 ml
AgNWs 0.1 mg/mL, stirring in 2 hours, filtrating by 200nm filter paper then
washing and drying in vacuum for 6 hours. Secondly, 100 mg dried
CNPs/AgNWs powder were added into DMF and well dispersed by ultrasonic.
Then the cellulose ester was dissolved, heated up and kept at 60°C until the
dissolution was completely. Finally, the solution was degassed at 60°C and then
scattered on class petri-dish. The nascent membrane was dipped in pure water at
room temperature to induce phase inversion.

Characterization

Morphological structures of samples were characterized by Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). The crystal
structure was examined by X-ray diffraction (XRD)at a scanning rate of 10 min*
in the range of 10-80. To investigate the optical properties the UV-Vis
absorption spectra were collected at room temperature. Methylene Blue
photodegradation of the synthesized samples under visible light was investigated
as well.

RESULTS AND DISCUSSION

Figure 1 shows the synthesized Ag nanowire suspension, the XRD pattern and
SEM images of dried AgNWs confirmed that the AgNWSs have been synthesized
successfully. Thus, from the XRD parttern (Fig. 1b), there are two obvious peaks
with the positions in coherence with a standard spectrum of silver metal (JCPDS
file No. 04-0783) at 20 ~ 38%and 20 ~ 44°. These peaks correspond to the 111 and
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200 reflections, respectively, of the silver cubic lattice indicating that the AgNWs
were obtained in a crystalline form [12-14]. The morphology of the synthesized
nanowires was observed by the scanning electron microscope, the results are
presented in Figs 1c and d. These SEM images indicate that the prepared AgNWSs
sample consisted of uniform wires of solid form with smooth surface and have an
average diameter and an average length of 50 nm and 30 um, respectively that
could be estimated from the insert images in Fig 1.

(1) ®©

(200)

Intensity (a.u)

40 45
20 (degree)

Fig. 1 (a) Ag nanowire in ethanol solvent. (b) XRD pattern of Ag nanowire. (c),
(d), SEM images of Ag nanowires

In this work, melamine was used as the initial material for the synthesis of CNPs
via the hydrothermal process which was mentioned in the early part of this paper.
The prepared powder has yellow color as being seen in Fig. 2a and Fig. 2b. The
morphology of the powders was probed by SEM and shown in Fig. 2c and Fig.
2d. The results indicate that the fabricated CNPs are uniform with the near-
spherical shape and an average particle size of about 20 nm.

The CNPs/AgNWs nanocomposites was synthesized in the decoration procedure,
CNPs powder was added into the AgNWs solution and stirred for 2h. Finally, the
CNPs/AgNWs composite was achieved by filtration, washing, and drying. The
morphology of the obtained CNPs/AgNWSs sample was observed by SEM and
presented in figure 3a. The result indicates that the nanocomposites were
successfully synthesized with a large amount of the CNPs decorated firmly on the
surface of the AgNWs. This would be beneficial for the transfer of the electrons
to the surface, improving the electron-hole separation and boost the
photocatalytic activity of the composite [7, 8].

Fig. 2 (a), (b)The-synthesized CNPs powder, and (c), (d) their SEM images

The as-fabricated CNPs/AgNWSs nanocomposites then was used to prepare
CNPs/AgNWs cellulose ester membranes by using the wet phase inversion
process [15]. In that process, CNPs/AgNWs composite was dispersed in polymer
matrix. Fig. 3b shows that the dispersion is uniformly. Fig. 3c shows the real
image of the prepared CNPs/AgNWs cellulose ester membrane scattered on a
class petri-dish.

Fig. 3 SEM images of (a) the AgNWs decorat(_edby CNPs and (b The
distribution of CNPs/AgNWs in polymer matrix and (c) the CNPs/AgNWs
cellulose ester membrane

To study the optical properties, the UV-Vis absorption spectra of the samples
were collected at room temperature and the results are presented in the figure 4.
In case of the synthesized AgNWs sample, we have to note that the UV-Vis
absorption goes along with the length direction (known as longitudinal plasma
band) and along with the width direction to be called transverse plasma band [16,
17]. Figure 4 shows the UV-Vis spectra of the prepared AgNWs with a standard
ultraviolet-visible absorption of pure silver nanowires, indicating the typical
characteristic of AgNWs related to the localized surface plasmon resonances [18,
19]. Indeed, the presence of a small absorption peak at 350 nm which is similar to
the bulk silver could be attributed to the plasmon response of long silver
nanowires, whereas the maximum peak at about 380 nm maybe attributed to the
transverse plasmon mode of silver nanowires. However, a peak at 410 nm
corresponding to silver nanoparticles did not show up in the spectrum. In case of
the CNPs the absorbance curve exposes an absorption edge at around 460 nm,
corresponding to a bandgap of 2.270 eV that has been confirmed from other
previous studies [4, 8, 20]. The result also shows that the absorption edge of the
as-synthesized CNPs/AgNWs exposes a slight shift to 480 nm. Moreover, the
light absorption ability of the CNPs/AgNWs is much higher in comparison with
the CNPs. In addition, the composite also exhibits a wider range absorption to
visible range compared with CNPs, indicating that the open of band gap of the
composite which may result from charges transfer from the AgNWs to the CNPs.
It is the fact that the wider light absorption range and stronger absorption ability
can benefit the photoactivity significantly.
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Fig. 4 UV-Vis absorption spectra of the synthesized AgNWs, CNPs and
CNPs/AgNWSs samples
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In order to examine the photocatalytic activity of the synthesized materials and
the performance of the membrane, the photodecomposition rate of methylene
blue (MB) under visible light irradiation was conducted (Fig. 5). In experiment
procedure, the feed stream of MB (100 ppm) is pumped to the coated side of the
photocatalytic membrane and flows in parallel with the surface of the membrane.
The permeate flow moves through the membrane in a direction perpendicular to
the membrane surface while the solar-simulator was placed on top as the light
source (Xenon lamp with 400 nm cut-off filter, 500W). The permeate flow was
recycled back to the feed tank during the operation. The nanofiltration
performance was evaluated after employing the membranes into photocatalytic
filtration for different times.

Visible Light

Photo-degraded

Dye solution Dye solution

Fig. 5 The photodecomposition rate of methylene blue (MB) under visible light
irradiation analysis

Figure 6 illustrates the relation between MB normalized concentration (C/CO)
and reaction time of AgQNWs, CNPs, and CNPs/AgNWSs composite, respectively.
The AgNW exhibits a very low catalytic activity with 7% of MB decomposed
after 100 mins. In contrast, CNPs shows a higher photocatalytic efficiency with
approximately 65 % of degraded dye. Interestingly, by combing CNPs and
AgNWs, only 10 % of MB remains in the solution, indicating that visible-light
MB degradation is significantly enhanced due to the decoration of CNPs on the
surface of AgNWs that reduces the penetration of light into the photocatalyst and
generates larger amount of photon adsorbed on the catalyst surface [8]. In
addition, it could be attributed that the plasmon effect of AgNWs [21] can
enhance electron ejection to CNPs, thus leading to improve photocatalyst
efficiency. However, due to the lack of active sites AQNW shows a very poor
activity. These results demonstrate that the hybrid materials CNPs/AgNWs is an
appropriate material for the best performance with the dye degraded time of 100
min. It also indicates the high performance of membrane in water treatment.

0.8

024 —=—AgNWs

—e—CNPs
—&— AgNWS/CNPs
0.0y T T T T T
0 20 40 60 80 100
Time (min)

Fig. 6 Methylene blue dyes decomposition of various samples under visible light
(> 400 nm)

CONCLUSION

Slive nanowires (AgNWs), carbon nitride nanoparticles (CNPs), a hybrid
AgNWSs/CNPs composite, and the CNPs/AgNWs membrane were successfully
fabricated via a simple route. The characteristics of the as-synthesized materials
were systematically studied.

The synthesized AgNWSs show the high quality of crystalline structure with an average
diameter of 50 nm and an average length of 30 um. The obtained CNPs powder has a
yellow color and are uniform with the near-spherical shape and the average
diameter of about 20 nm. The SEM pictures illustrated that the CNPs/AgNWs
nanocomposites consisted of a large amount of the CNP nanoparticles decorated
firmly on the surface of the AgNWs. This hybrid material not only exposed the
wider light absorption range and stronger absorption ability but also exhibited the
best performance with the dye degraded time of 100 mins in compare to the
individual components. The results indicate that the CNPs/AgNWs composite
could be a promising material for the excellent membrane fouling application.
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ABSTRACT

The paper presents the results of the research focused on the possibility of renewal of molded parts of molds in high-pressure casting of aluminum alloys by arc
cladding. Two materials - Thermanit 625 and Thermanit X - were tested. Cladding layers were produced by CMT - Cold Metal Transfer technology in a protective
atmosphere of Ar. The clad resistance in the molten melt of the aluminum alloy EN AB AISi8Cu3 for 120 and 300 minutes was evaluated. Furthermore, ball-on-disc
wear resistance of clads was assessed. The results were compared with the reference material - AISI/ SAE 309 base tool steel.

Keywords: high pressure casting, cladding, high temperature corrosion, ball-on-disc

INTRODUCTION

High-pressure die casting technology (HPDC) is a balanced system of
interrelations between the properties of aluminum alloy melt, the design of mold
including the inlet and venting as well as conditions of mold cavity filling, in
particular the melt velocity in mold and the hydrodynamic pressure [1]. Die-
casting technology is a complex of interrelationships between alloy properties,
mold design, and die casting operations. From the point of view of production
efficiency and improvement of casting quality, besides technological parameters
of die casting metal, the design solution of the mold and its technological service
life are decisive. The technological service life of the mold is limited by the
quality requirements prescribed for the casting and by the tolerance interval of
the technological parameters for die casting. Molded parts and cores for
aluminum alloy casting are usually made of chromium and chromium
molybdenum tool steels. In the die casting process, molded parts and cores are
subjected to intense thermal, mechanical and chemical loads. High melt flow
rates of aluminum alloys (up to 120 m.s™), high pressures (up to 120 MPa) and
high maximum surface temperatures of the molded parts (up to 550°C) lead to
erosion, abrasion, corrosion and thermal fatigue of the mold. The heat load of the
foundry cores is even higher (up to 600°C) because they are not connected to the
mold cooling system. Thermal cyclic loading from 80°C to 550°C leads to high
tensile stresses on the surface of mold, core moldings and consequently to the
formation and propagation of thermal cracks. [2-4] Frequent contact of the
molding surface with the melt causes the formation of build-ups (sticking) due to
corrosion and consequently shortening the service life of the molding parts and
cores. Any decomposition change of mold parts and cores will also affect the
quality and dimensions of castings [5].

A key component of this technology is the mold and mainly its shape part - the
mold inserts. The goal of the research is the renovation of surface which include
arc cladding methods and are nowadays very actual. [6-9] Optimization of arc
processes are oriented to reduce the heat input underlayer. [10-13] To reduce the
number of defects and beginning of nucleation unwanted phases such as
heterogenic areas. These are in the middle and high alloy steel located in heat
affected zone under cladding layers. [14-17] One of the possibilities of restoring
functional surfaces of injection molds or coremakers is with arc welding by CMT
(Cold Metal Transfer) [18-20]. As an improvement of short circuit GMAW
process, cold metal transfer (CMT) welding is characterized by low heat input,
spatter free metal transfer, excellent gap-bridging ability and elegant bead
formation. Molds renovated this way are heat-treated and machined to the
required dimensions and surface quality. Latest published research on mold
restoration by welding aims to identify ways and possibilities to increase mold
surface lifetime using CMT welding and to verify the suitability of the chemical
composition of newly developed additive materials for mold restoration [21-25].

During the production of aluminum castings, the aluminum melt comes into
contact with the mold surface. It is necessary to ensure the correct filling of the
mold cavity, the direction of metal flow in the mold cavity, so that its walls do
not wear prematurely and to limit the local temperature rise, which would lead to
excessive wear and deterioration of the surface cleanliness of the casting. The
aim is to choose the mold material so as to ensure good wear resistance and a low
coefficient of friction [26-36].

The aim of the research is testing of Ni and Fe based materials for purpose of
HPDC mold restoration by CMT welding. Tests were focused on resistance of
weld clads against dissolution in AISi8Cu3 aluminum alloy melt and wear
resistance.

MATERIAL AND METHODS

Cladding process

In the CMT process, when the electrode wire tip makes contact with the molten
pool, the servomotor of the ‘robacter drive’ welding torch is reversed by digital
process control. This causes the wire to retract promoting droplet transfer. During
metal transfer, the current drops to near-zero and thereby any spatter generation
is avoided. As soon as the metal transfer is completed, the arc is re-ignited and
the wire is fed forward once more with set welding current reflowing [12, 22,
37].

A typical CMT welding electrical signal cycle can be defined as the period
required to deposit a droplet of molten electrode into the weld pool. The analysis
of current and voltage waveform is essential to study the energy distribution of
different phases in droplet transfer process [38]. The cycle is divided into three
phases as follows:

(i) The peak current phase: This is a constant arc voltage corresponding to a high
pulse of current causing the ignition of the welding arc easily and then heats the
wire electrode to form droplet.

(i) The background current phase: The phase corresponds to a lower current. The
current is decreased to prevent the globular transfer of the little liquid droplet
formed on the wire tip. This phase continues until short circuiting occurs.

(iii) The short-circuiting phase: In this phase, the arc voltage is brought to zero.
At the same time, the return signal is provided to the wire feeder which gives the
wire a back-drawing force. This phase assists in the liquid fracture and transfer of
material into the welding pool [39].

The complex waveform of the welding current in the CMT process and the ‘back
feeding’ of the filler wire that mechanically forces the metal transfer make it
difficult to understand the relation between welding parameters, metal transfer
and heat transfer as shown in Fig.1. [22, 27]
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Fig. 1 Current and Voltage waveforms of CMT process [27]

Used filler material

Thermanit 625 (T 625) and Thermanit X (T X) welds were deposited on steel
plates of 10 mm thick, made from AISI/SAE 309 (1.4828) steel using Fronius
Trans Puls Synergic 5000 by CMT - Cold Metal Transfer welding machine in
protection atmosphere of Ar. Welding parameters: 155 A, 16.5 V, 8.5 m.min*,
wire feed 8 m.min. Spectral chemical analyzer Belec Compact Port was used for
chemical composition of basic material (BM) and weld clads. Chemical
composition is given in Table 1. Mechanical properties of materials declared by
material producer are shown in Table 2.

Table 1 Chemical composition of used materials, wt. % (Fe bal.)

C Mn Si Cr \Y% Mo Nb Ni Ti Co
1.4828 | 0.075 | 0.41 1.15 19.48 | 0.06 [ 0.07 - 13.92 0.01 0.035
T 625 0.004 | 0.86 | 056 | 2042 | 001 | 813 | 3.1 bal. 0.004 | 0.004
TX 0.101 7.92 | 0.86 18.81 | 0.08 | 0.02 - 9.85 0.007 | 0.056

Table 2 Mechanical properties of used materials, average values

YS [MPa] UTS [MPa] Elongation As [%]
1.4828 260 500-750 30
T 625 420 760 30
TX 350 600 40

Immersion test

The test set a goal to simulate real operating conditions in HPDC mold and to
find resistance of welds against dissolution in melt processed. Principle laid in
immersion of BM and weld clads in the melt of aluminum alloy EN AB 46200-
EN AB AISi8Cu3(DIN EN 1706). Test coupons with dimensions of 20x20x10
mm were taken from BM and T 625 and T X welds. The aluminum alloy was
embedded into ceramic crucibles and heated in a laboratory furnace to the
melting point of the alloy. The temperature of alloy was maintained at 680+20°C
temperature, which is a casting temperature of the alloy in HPDC machine with
cold filling chamber. All weld samples were completely immersed in the melt in
vertical position during the test for 120 and 300 minutes. After the time period,
the samples were removed from the melt and cooled freely in the still air. On
both surfaces of the samples, melt freely solidified and created a layer sticked on
coupon surface. Coupons were next cut and metallographic sections were made
for metallographic analyses using light optical microscope OLYMPUS GX71.
Interactions between the weld of T 625 and T X and solidified melt were
observed by EDX microanalyses of element distribution after 120 and 300
minute exposure (680+£20°C) using environmental scanning electron microscope
SEM EVO MAI15 with integrated analytical units EDX and WDX was used. For
SEM analyses, regime SEI (Secondary Electron) with an accelerating voltage of
20 kV and a distance from the sample surface of 10 mm were used, and BSE
(Backscaterred Electron) regime — allowing to observe chemical contrast.

Wear resistance test

Surfaces of welds were processed by grinding to a surface roughness
Ra < 0.2 ¢ m. Dry friction wear test (ball-on-disc) was performed on tribometer
HTT, by CSM Instruments. Testing conditions: room temperature, 45% relative
humidity, SiC ball of 6 mm in diameter, track radius varied from 3 to 7 mm,
linear ball speed was 0.1 m.s, the normal load Fp was 3N, 5N and 10N,

respectively. During the test, tangential forces were measured, and friction
coefficients were calculated. Wear tracks were subsequently observed by
scanning electron microscopy and wear patterns, type of damage, and wear
micromechanisms were identified. The mass losses of the materials were
measured by the confocal profilomether and the specific wear rates (W) were
calculated based on the volume loss (V) at the distances (L) and the normal load
(Fp) according to 1ISO 20808.

RESULTS AND DISCUSSION

Metallographic sections through BM (Fig. 2 a) and a transition area to clad (Fig.
2 b, c) — solidified met interface. In both cases clads reacted with the aluminum
alloy melt with different intensity, creating layer of reaction products on the
phase interface.

a) Basic material (BM) 1.4828

Data 4 Mar 2013
Mag= 800X

20 ym EWT=2000KY  WD= 85mm  Signal A=NTS BS[Gcan Speed =10 Specimen | = 5308 pa
IPiobe= 42nA  System Vacuum = 4 636004 Pa Spot Size =600 OptiSieam = Resolution

b) BM/680°C/300°/A1Si8Cu3
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d) T 625/680°C/120°/A1Si8Cu3
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g) T 625/680°C/300°/A1Si8Cu3

h) T X/680°C/120°/A1Si8Cu3
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i) T X/680°C/300°/AlSi8Cu3

Fig. 2 Base material and clads T 625 and TX with full immersion in EN
ABAISi8Cu3 aluminum alloy at 680 + 20 ° C for 120 and 300 min

Based on the microstructure of reaction products layer it can be stated that
intense reaction of aluminum melt with T 625 clad took place at the areas of
corners and edges of the samples (Fig. 2 d, g). The structure of the clads metal is
shown in Fig. 2 e and f. Thickness of reaction products indicated higher
resistance of T X clad (Fig. 2 h, i) and base material AISI/SAE 309 against
dissolution in the aluminum alloy melt compared to the resistance of T 625 clad.
During the 120 and 300 minute exposures of T 625 clad in the aluminum alloy
melt a complex reaction of aluminum alloy EN AB AISi8Cu3 with alloying
elements present in the clads was observed. Using the qualitative elemental EDX
microanalysis on the surface of the T 625 and T X clads an individual complex
phase based on chromium, nickel, iron, molybdenum and niobium were observed
in Fig. 3, result in Table 3. and Fig. 4, result in Table 4.

Spectrum 3 [

Spectrum 2

100 um ESTZ 0000 WOS Thme Sl de WIS 8505 Speeen K0 Spwornen 5 00 g R

1ol Py SR T gt M tion g2 2%

Fig. 3 Thermanit 625/680°C/300°/A1Si8Cu3 — area EDX semiquantitative
microanalyses

Table 3 Thermanit 625/680°C/3007/AlSi8Cu3 — results EDX semiquantitative
microanalyses

Spectrum 1 Spectrum 2 Spectrum 3
Elem Wit. [%] Elem Wt. [%] |Elem |Wt. [%]
Al 0.42 Al 53.02 Al 51.17
Si 0.44 Si 9.59 Si 10.89
Ti 0.20 Cr 12.98 Cr 14.40
Cr 21.98 Mn 0.33 Mn 0.58
Mn 0.40 Fe 10.32 Fe 14.15
Fe 15.29 Ni 8.75 Ni 3.39
Ni 52.68 Nb 1.40 Nb 1.05
Nb 2.50 Mo 3.62 Mo 4.37
Mo 6.11 Total 100 Total 100
Total 100

Spectrum 1 confirms the chemical composition of the Ni deposit T 625 without
diffusion of elements from the AISi8Cu3 melt into the clad material. At the
boundary of the deposit and the melt, Al, Si, Cr elements were detected in the
solid state in concentrations corresponding to the composition of the melt, which
formed the base of the compact interetallic layer. In the region formed by the
solidified melt AISi8Cu3 and the mixture of intermalic phases based on Al-Si-
Nb-Cr-Fe, elements in the sense of spectrum 3 were detected.

The results of the chemical composition of the investigated areas are consistent
with the chemical composition of the materials used. In the sub-clad layers
(Spectrum 2), they correspond to the mixing of the additive material with the
base material due to the used arc cladding technology.

Spectrum 3

um 2
— Spectrum 2

f””’—‘ VProbe = .n.-:'-.a Syirwe Pa Spel Size = = Resehair o= W
Fig. 4 Thermanit X/680°C/300°/Al1Si8Cu3 — area EDX semiquantitative
microanalyses

100 ym

—

0 O oy

Table 4 Thermanit X/680°C/300°/AlSi8Cu3 — results EDX semiquantitative
microanalyses

Spectrum 1 Spectrum 2 Spectrum 3
Elem Wt. [%] Elem Wt. [%] | Elem |Wt. [%]
Si 1.03 Al 61.62 Al 57.05
Cr 19.93 Si 9.49 Si 14.52
Mn 6.06 Cr 7.18 Mn 0.58
Fe 64.15 Mn 177 Fe 27.19
Ni 8.83 Fe 19.93 Ni 0.66
Total 100 Total 100 Total 100
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The T X cladding layers formed a reaction product based on Al-Fe-Si-Cr-Mn,
spectrum 2. When comparing the compact phase formed on the clads, the Ni-
based T 625 cladding layers has a higher tendency to dissolve in the melt. The
melt resistance of the AISi weld T X and the AISI 309 material is comparable
with respect to the thickness of the compact layer of intermetallic compounds that
have formed at the boundary. Thermal fatigue is a complex of physical and
chemical interactions of a flowing melt in a mold cavity. A partial criterion by
which we can qualitatively evaluate the resistance to thermal fatigue is the
tendency to react the AISi melt and the clad material. Based on the performed
experiments, it is possible to hypothesize that the application of T 625 clad metal
to the renovation of the mold surface will not increase the resistance to thermal
fatigue due to the higher intensity of dissolution in the melt.

Wear resistance test
After a short initial stage, the course of friction coefficients was stable and
reproducible (Fig. 5 a-c). Dependence of the specific wear rate (W) on applied

load Fp is shown in Fig. 5 d.
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Fig. 5 Course of friction coefficients during tests at loads 3N (a), 5N (b) and 10N
(c), dependence of specific wear rate (W) on applied load Fp (d)

Basic tribological characteristics of the clads T 625 and T X are listed in Table 5.

Table 5 Results of tribological test
Materials Load Wear Radius COF [-] Volume W [x10®
Fp track loss  mm¥m.N]

[N]

L [mm] Start Min. Max. Mean Std. \%
[m] Dev. [mm?]

3 500 3.0 041028 075 0.37 0.051 0.0272 18.13
T625 5 500 45 0.380.29 0.75 0.40 0.059 0.0510  20.40
10 500 65 0.30 0,29 0.75 0.38 0.062 0.1255  25.10
3 500 7.0 0.16 016 054 047 0.045 0.0236 15.73
TX 5 500 3.0 022022 055 048 0.057 0.0117 4.68

10 500 50 0.14 0,13 055 0.43 0.072 0.0477  9.54
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EDX spectrum1 EDXspectrum2  EDXspectrum 3
Elem Wt[%] FElem Wt [%]  Elem Wt [%]
O

0 1.57 0 24.62 3258
Si 087 ﬁl f's?]‘g ?211 iﬁ
. g I - '

Cr 19.81 Mn 449 K 0.25

Mn 604 Fe  46.89 ca 015

Fe 62.91 Ni 613 Cr 12.96

Ni | 8.80 Toral 10000 0 5o

Total: 100.00 Fe 40.74
Ni 555

b Total: 100.00

Fig. 7 Wear track at normal load 10 N: (a) T X EDX spectrum, (b) EDX

100 pm - WO= 80mm  Signal A= NIS BS(Bcsn Speed =

1Probe = 42nA  System Vacusm = 3040004 Py Spot Sze =600 Optilearn = Resohson Mag= 200% anaIySIS
EDX spectrum 1 EDX spectrum 2 EDX spectrum 3
Elem Wt. [%] Elem Wt. [%] Elem Wt [%)] In Fig. 6 and 7 document the examined surface area after adhesive wear. The
; . chemical composition at selected locations of the friction surface was determined
© 3189 O 659 O 213 by EDX analyzes. On the surface of the sample from T 625, the presence of Ni
S 1.19 Al 017 Al 0.36 and Cr in particular was recorded in individual spectra. The elements T X san and
Ti 019 S 0.88 5 0.34 the surface found elements Si, O and Cr.
Cr 1518 Ti 021 Cr 21.64 CONCLUSION
Fe 885 Cr 20.68 Mn 0.56
- M - Immersion test confirmed a complex reaction of aluminum alloy EN AB
Ni 3_6'2? ) 0'34 :Fe_ 13.05 AISi8Cu3 with alloying elements present in T 625 clad after 120 and 300 minute
Nb 1.65 Fe 1218 Ni 53.30 exposure especially in the area of corners and edges of the sample. Resistance of
: T X clad and underlying material AISI/SAE 309 in aluminum alloy melt was
Mo 479 Ni 5043 Nb 2.39 higher than the resistance of T 625 clad. Based on the experiments carried out it
Total 100.00 Nb 246 Mo 6.23 can be stated that the evaluated types of clads are not suitable for renovation of
Mo 6.05 Total 100.00 the shape parts of molds, begause the el_ements are dissolved in contact with the
) aluminum alloy and degradation occurs in the areas of corners and edges. For this
b Total 100.00 type of renovation a combination of clads and duplex PVD coating can be
recommended. Adhesive wear was the dominant wear mechanism. T X and T

625 clad materials were pressed into the surface roughness of the static
counterpart - SiC ball. The fragments of the intensively plastically deformed
material T X and T 625 during the tribological test formed microbonds that were
subsequently broken and formed a wear track pattern. The remains of the pressed
material abraded the wear track. Part of energy generated during wear test was
dissipated in tribo system and manifested by heat generation. As a result, the
temperature of the tribo-couple increased locally. The intense plastic deformation
of the surface of the tested clads and the local heating in the air created
conditions for local oxidation of a part of the wear track. The complex of
tribodegradation factors limiting the service life of functional surfaces is also
affected by thermal fatigue. Ongoing cyclic tests of newly formed surfaces show
an increase in thermal fatigue resistance of claded surfaces made with T 625
additive material, where the Ni matrix plays an important role, with high
resistance to thermal influence. Against the base material, an increase in the
resistance to thermal fatigue was also recorded on the cladding layers formed by
the T X additive material.

Fig. 6 Wear track at normal load 10 N: T 625, (a) EDX spectrum, (b) EDX
analysis
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ABSTRACT

Aim of this paper is to analyze the interface properties of a austenitic stainless steel cladded by carbon steel. The considered cladding process as performed by an
external supplier was performed by submerged arc welding (SAW). A layer is created between stainless steel and carbon steel interface of the cladded plate, caused by
chemical element diffusion. High hardness local values were determined in the carbon steel at interface with stainless steel. Heat treatments were carried out aimed to
remove such hardness peaks. Results show that a sub-critical heat treatments are not suitable to remove them. On the other hand, microstructure refinement as obtained

by quenching and tempering (Q&T) heat treatment allowed e reduction of local steel hardenability with consequent interface hardness reduction.

Keywords: cladding; hardness: heat treatment

INTRODUCTION

Steel clad plates are widely used in several fields [1-3]: among them, carbon
steel plates overlaid by nickel containing alloys (especially austenitic stainless
steels) are one of the most commonly used material. In fact, they guarantee
elevated tensile properties coupled with corrosion resistance, as a consequence of
the presence of both carbon and stainless steel. As a matter of fact, due to their
surface properties, stainless steels are applied in all fields facing challenging
requirements of corrosion resistance [4,5]. It is known that they are widely used
in automotive applications [6], as construction and building materials [7,8], in the
energy sector [9-11], in aeronautical applications [12] and in food industry [13-
15]. Recently many efforts have been carried out aimed to develop stainless
steels suitable for 3D printing by selective laser melting [16]. However, their low
yield strength does not favor their application as structural materials. Based on
the above considerations it is clear that overlaying carbon steel plates by stainless
steels properly faces with several engineering applications requiring high tensile
properties together with resistance in corrosive environments. Since the cladding
layer correspond to about 20% of the total plate thickness, in this family of
materials Cr and Ni contents are reduced in comparison to stainless steel plates
with a following estimated material cost reduction ranging 30-50% [17, 18]. The
most common methods adopted to clad carbon steel plates by stainless steels or
Ni alloys include explosion welding [19], roll bonding and welding overlay [20-
22]. Focusing about welding overlay, it is worth to be mentioned that many
welding methods are nowadays used: shielded metal arc welding (SMAW) [23],
submerged arc welding (SAW) [24], tungsten inert gas welding (TI1G) [25], CO,
arc welding [26,27] and laser welding [28]. All these techniques were applied on
order to clad Q235 carbon steel plates by AISI 304 stainless steel. It is anyway
well known that also austenitic stainless steel could be attacked by corrosion
phenomena [29] in severe aggressive environments. This is mainly due to
chromium carbides precipitation at steel grain boundaries after material
exposition at temperatures ranging 540-860°C. As a consequence of such
precipitation, a local Cr content lowering is detected at grain boundaries:
therefore the stainless steel loss its corrosion resistance. At same way, also clad
plates will behave at the same way [30]. In such materials element diffusion at
interface needs to be considered when evaluating the corrosion resistance. Many
previous works reported that there is a diffusion width between the carbon steel
and the welded overlay, making the stainless steel and carbon steel well bond
together [31]. A large literature has been developed concerning, such aspect
(e.9.[32]). Results showed that chemical element diffusion at the interface,
appears is the main mechanism affecting the bonding of steel plate [33-34]. This
mechanism is mainly affected by the overlaying conditions, which also a strong
effect on microstructure at interface. Carbon and stainless steel interface is
characterized by different microstructural features and properties determining the
local mechanical characteristic of the clad plate. It is reported that following to

element diffusion process a 15 um layer is formed at interface. Such layer is
characterized by stable mechanical characteristics. It is also shown that
microstructure is not affected by any grain growth process [35]. The sub surface
mechanical properties gradually changes moving along the thickness direction
[36]. As a consequence such transition layer is beneficial generating a stable
bonding between the two metals. This also assures a good mechanical resistance
transition along the thickness. Carburization in the stainless steel side has been
found and decarburization in carbon steel is detected [37]. Many studies were
carried out aimed to assess the corrosion behavior at the inner surface of ultra-
supercritical boilers. Often a hardness peak is detected at stainless/carbon steel
interface [38]: such peak needs to be carefully taken as low as possible for the
possible deleterious effect they should excerpt in the material performance.
Therefore, a specific heat-treatment is required in order to improve hardness
values at metals interface [39-45].

Aim of this paper is to analyze the interface properties of a austenitic stainless
steel cladded by carbon steel. The effect of heat treatment is reported in terms of
microstructure and hardness at interface.

EXPERIMENTAL

Carbon steel was plates sizing 400 mm x 400 x 15 mm were cladded by an
external supplier with AISI 316 L. Two welding passes have been performed.
The steel was received in the Q&T condition. The two steels chemical
composition is reported in Table 1.

Table 1 Chemical composition (mass, %)
Alloy Cr Ni Mo Mn C Fe
AISI 316 L 18 8 1 15 0.02 Balance
Steel A 0 0 0 1.0 0.20 Balance

The welding supplier declared plate manufacturing process parameters were:
weld metal dilution of 40%, 7 kg/h deposition, a deposit efficiency of 95%. Main
welding parameters were: welding current=500 A, arc voltage=30 V, travel
speed= 2 mm/s, stick out=35 mm, overlap=9 mm, heat input max=5.3 kJ/mm,
preheat temperature=150 °C. A medium-C steel (steel A) was chosen as a
substrate. Longitudinal and transverse metallographic specimens, taken from
plates have been prepared for metallographic examination. In particular, the bi-
metals interface has been assessed by Light Microscopy (LM) and Scanning
Electron Microscopy (SEM). The low-alloy steel has been etched by Nital 2%,
whilst the microstructure of the AISI 316L weld overlay has been revealed by
etching with 50% HNO3+50% H,O. Hardness through-thickness profiles have
been measured (HV1o) using steps of 0.3 and 0.5 mm at various locations on
longitudinal sections. Specimens have been machined from the clad plate and
heat treated at a laboratory scale. The effect of final heat treatment conditions on
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hardness and microstructure have been investigated performing some stress-
relieving (SR) treatments on specimens machined from the clad plate. The
original specimens have been also fully re-treated to simulate a Q&T treatment
after cladding of as-rolled plates. The heat treated samples have been assessed for
microstructure and hardness. The following cases have been considered:

Table 2 Heat treatment conditions

Tests
Material state Hardness Microstructure
Q&T+ cladding
SR at 640 °C N N
SR at 660 °C N N
Q&T (920 °C/ 670°C) N N
Q&T (980 °/670°C) N N
Q&T (1000 °C/670 °C) N N
RESULTS

Defects relating to the overlay welding process were not detected. The different
welding passes are put in evidence. A first welding pass with 2.0-2.5 mm thickness
is detected followed by a second one ranging 1.2-2.0 mm (Figure 1). The heat
affected zone (HAZ) is easily recognized in steel A after etching (Figure 2). The
coarse grained heat affected zone (CGHAZ) is detected between adjacent welding
passes in proximity of the fusion line. A detail of the CGHAZ is reported in Figure
2. Steel A microstructure is that typical of Q&T medium-C steels (Figure 3). The
dendritic structure of the weld overlay (second pass) is evident in Figure 4.

N

: ,S‘et:oﬁ'd péss @

) LN A Nt N

, Fll"St »pas‘s Fig. 3 Steel A substrate (Q&T material)

Fig. 2a Detail of CGHAZ (2% Nital etching) (LM image)
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Examples of indentation array adopted to evaluate HVi, hardness thickness
profiles are reported in Figure 5. The hardness profiles (Figure 6) report hardness
peaks (e.g. 250 to 270 HVyp) in steel A steel in proximity of the fusion line in the
coarse grained heat affected zone.

~AISI316 L

Fig. 5 Interface indentation through thickness profiles

AISI 316L i Steel A
eel
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Fig. 6 Interface hardness profiles

Since such hardness peaks are not desired in such kind of products (brittle
interface), different heat treatments (as reported in Table 2) were performed
aimed to investigate their effect on interface hardness.

SR effect

Measured hardness profiles on the clad material after SR at 640 and 660 °C are
reported in Figures 7 and 8. The hardness peaks in the coarse grain heat affected
zone (e.g. 255 to 260 HVyy) are still present after SR, close to the fusion line even
if a bit reduced in comparison to the as-received material. This means that SR is
not effective to remove hardness peaks in the CGHAZ.

280
AISI 316L Steel A
270

+ Profile |
= Profile Il
260 - ~+-Profile Il
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240 ta
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Fig. 7 Interface hardness profiles after SR@ 640 °C
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Fig. 8 Interface hardness profiles after SR@ 660 °C
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Specimens were quenched and tempered: three different austenitizing lower than 220 HVi,. Microstructures at interface, after quenching and
temperatures (920 °C, 980 °C and 1000 °C) were exploited aimed to put in tempering, show a austenite grain size refinement, if compared to as-received
evidence the effect of prior austenite grain size; one tempering temperature material (Figure 10). Such grain refinement reduces the local steel hardenability,
(670°C) was analyzed, based on results from SR treatment effect, reporting about thus favoring the formation of lower hardness microstructure.

a poor sub-critical temperature effect. The austenitization temperatures were
chosen aimed to reproduce the standard (unclad) medium-C plates
austenitizzazione (920 °C), recommended annealing temperatures for AISI 316L
stainless steel (980°C and 1000 °C). Such temperatures were also chosen since
still practicable in furnaces during an industrial process. The measured hardness
profiles on the clad material after quenching and tempering are reported in
Figures 9.

280
AlISI 316L Steel A
270

+ Profile |
= Profile Il
260

250
240
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HVyo

210
- .
200 .

190
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280

AlISI 316L Steel A

270 + Profile | ‘
| = Profile Il |

260
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220
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.

180
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i
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270 - + Profile |
= Profile Il
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~N
g

4 3 -2 414 0 1 2 3 4
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c
. ) Fig. 10 Interface microstructure. a) as received material; b) 920 °C/670°C; c)
Fig. 9 Interface hardness profiles after Q&T at 920 °C/670 °C (a), 980 °C/670 °C 980°C/670°C: d) 1000 °C/670°C
(b) 1000 °C/670 °C (c)
. . The above result suggest that an alternative process route should be followed for
The hardness peaks in the coarse grain heat affected zone of the carbon steel, manufacturing clad plates, consisting in the weld overlay of as-rolled plate, to be
close to the interface, disappeared: as a matter of fact all the measured values are only subsequently quenched and tempered. The experienced temperature
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allowing the hardness peak reduction, as compatible to those of industrial Q&T
processes.

CONCLUSIONS

From the results above reported it can be concluded that:

Some hardness peaks (e.g. 250 to 270 HV10) were revealed in the carbon
steel near the fusion line in the coarse grained heat affected zone.

The hardness peaks in the coarse grained heat affected zone of the carbon
steel at 0.3 mm distance from interface, disappeared after quenching and
tempering, being all values lower than 220 HV1,. This means that the re-
austenitizing treatment, carried out at temperatures below those detected at
0.3 mm from interface, implies austenite grain size refining and that such
effect promotes hardenability (hence hardness) reduction after tempering.
This suggest that an alternative process route or manufacturing clad plates,
consisting in the weld overlay of as-rolled plate, to be only subsequently
quenched and tempered.
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ABSTRACT

The present paper is aimed at the study of the kinetics of Mn, Si, Cr partitioning in 0.2wt%C-Si2Mn2CrMoVNb TRIP-assisted steel under the annealing at 770 °C and
830 °C to be within the intercritical temperature range. The work was fulfilled using SEM, EDX, dilatometry, and hardness measurements. It was found that under
heating a redistribution of the alloying elements between ferrite and austenite took place. Specifically, silicon partitioned to ferrite while chromium diffused to austenite
with distribution coefficient values of 1.12-1.21 (Kg) and 0.75-0.86 (Kc,). Manganese was found to partition to a much greater extent resulting in a distribution
coefficient of Ku,=0.38-0.50 and 2.6 times higher concentration in austenite as compared to ferrite. As annealing temperature raised from 770 °C to 830 °C the
elemental partitioning was accelerated, followed by the decrease in manganese content in austenite (by 1.44 time) and ferrite (by 1.34 time) caused by an increase in
austenite volume fraction. Silicon featured uneven distribution within ferrite to be accumulated at the “martensite/ferrite” interface and near ferrite grain boundaries,

while manganese was concentrated in MC carbides. The recommendation for annealing holding was formulated based on elemental partitioning kinetics.

Keywords: TRIP-assisted steel; annealing; SEM/EDX; element partitioning; ferrite; martensite

INTRODUCTION

Low carbon Mn-Si(Al) steels with TRIP effect (TRIP-assisted steels) remain
attractive for researchers due to improved mechanical properties achieved under
the low content of alloying elements [1-3]. They belong to the group of
Advanced High Strength Steels (AHSSs) [4]. The distinguishable feature of
TRIP-assisted steels is a heterogeneous multiphase structure comprising ferrite,
carbide-free bainite, and retained austenite (RA) [5, 6]. According to adopted
technology, TRIP-assisted steels are subjected to bainitizing heat treatment with
preliminary annealing at intercritical temperature range (ITR), where carbon
partitioning between ferrite and austenite takes place [1, 7, 8]. Enriched with
carbon austenite retains after bainitizing, holding thus volume fraction of RA in
final structure and reaches up to 10-15 vol.% [1, 9, 10]. Retained austenite is the
key structural constituent of heterogeneous constructional steels due to its higher
ductility and its capability toward strain-induced martensite transformation
(TRIP-effect) [11, 12]. TRIP-effect results in enhancement of steel
strength/ductility combination [13, 14] as well as in improvement in exploitation
behaviour such as abrasive/erosive wear resistance [15-17].

A carbon partitioning between the phase constituents is a common feature of heat
processing of different steel grades (TRIP-assisted steels [1, 5], Q&P-steels [18, 19],
nanobainite steels [20]). During the intercritical annealing, carbon partitions
between ferrite and austenite in order to reach a thermodynamic equilibrium being
driven by the big difference in carbon equilibrium solubility in a-Fe and y-Fe. A
high diffusivity of carbon (as an interstitial element) under ITR makes its
partitioning very fast. In addition to carbon, other (substitutional) elements (Si, Mn,
Cr, etc.) could be involved in partitioning under ITR, affecting the stability of
austenite to phase transformations upon bainitizing treatment or cooling [21]. This
phenomenon was studied repeatedly to highlight its importance for steel
transformation behaviour [22-26]. Zhang et al. [22] found that C, Mn, and Al were
partitioning under ITR annealing in 0.05-0.15 wt% C -5 wt% Mn - 3 wt% Al dual-
phase steels, greatly affecting austenite volume fraction and stability. Specifically,
ITR annealing induced enrichment of austenite with manganese, while ferrite
enriched with aluminum. The same results for manganese were reported in [23] for
6 wt% Mn - 1.4 wt% Si TRIP-assisted steel, however no partitioning of Si and Al

was observed during inter-critical annealing. Lis et al. [24] found for 4 wt% Mn
TRIP-steel that soft annealing at 625 °C led to the enrichment of proeutectoid
cementite with Mn; besides this, a non-uniform distribution of Mn between
polygonal ferrite/bainite and austenite was detected leading to increase in Mn
content up to 10 wt% in martensite-austenite “islands” retained after water
quenching. Lee et al. [25] showed for 6 wt% Mn steel that Mn partitioning to
austenite increases the stability of retained austenite only when austenite is ultra-
fine grained with grain size less than 500 nm. Luo et al. [26] demonstrated that
austenite formation in 5 wt% Mn steel at the early stage of ITR annealing was
controlled only by carbon diffusion. Furthermore, the newly formed 20 nm-thick
austenite was formed without the Mn partitioning; however, after that manganese
segregates at the yFe/oFe interface. Park et al. [27] revealed that alloying elements
may partition in CMnSiAl TRIP steels not only under intercritical annealing, but
under tempering at 400 °C as well.

The literature analysis allows one to conclude that investigation into elements
partitioning under ITR annealing is mostly focused on medium-Mn TRIP-
assisted steels and dual-phase steels alloyed by 5-7 wt% Mn. At the same time,
the distribution of substitutional elements in low-Mn TRIP-assisted steel remains
not well studied. Therefore the objective of the present work is to investigate the
kinetics of elemental partition in low-carbon 0.2wt%C-Si2Mn2CrMoVNb TRIP-
assisted steel under annealing at intercritical temperature range.

MATERIAL AND METHODS

The TRIP-assisted steel with the composition 0.20 wt% C, 1.79 wt% Si, 1.73 wt%
Mn, 0.55 wt% Cr, 0.20 wt% Mo, 0.11 wt% V, 0.045 wt% Nb, 0.009 wt% S, and
0.013 wt% P was used in the present work. Steel was smelted in a 120-kg induction
furnace and poured in 50 mm-diameter cast ingots which then were electro-slag
remelted to produce an 80 mm diameter ingot. This ingot was subsequently forged
and then rolled to a 15 mm thick strip with further soft annealing at 900 °C before
machining. Then the specimens for dilatometric study (of 2 mm diameter and 20
mm length) and microscopic observation (of 3 mm x10 mm x10 mm size) were
prepared. The critical points Ac; and Acs were determined by optical dilatometer
under the heating with a rate of 1.0 K/s. The isothermal heating was performed in an
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electrical furnace in the air atmosphere at 770 °C and 830 °C. The holding durations
for each temperature were 10 min, 30 min, 60 min, 120 min, and 240 min. After the
holding the specimen was quenching in 20 °C water.

The microstructure of the specimens was characterized using optical microscope
(OM) Nikon 200-M and scanning electron microscope (SEM) JEOL JSM-6510.
The specimens were prepared according to standard procedure and etched with
the 4%-nital reagent. The volume fraction (VF) of ferrite was measured by
Rosiwal lineal method [28] using the OM images of the structure. For each
holding temperature five micrographs of 440 um x 600 um area of the same
magnification were used with further averaging the results.

Phase elemental distributions were examined by the EDX method (JED-2300;
JEOL). Before EDX analysis the detector was calibrated by the standard Co
specimen. The average of five/seven measurements performed in the same phase
was considered as phase chemical composition. Since EDX quantitative analysis
of carbon in an electron microscope is difficult giving exaggerated carbon
content [28], the as-obtained EDX-microprobe results were recalculated
considering the total carbon content and its full carbon partitioning according to
Fe-C phase diagram. The coefficient of elemental distribution between the o-
phase and y-phase was calculated as [29]

K, =1l @)

[il,
where: [i]. and [i], are the content of the i-element in the a-phase and the y-
phase respectively.

The hardness was measured using Vickers hardness tester (Future-Tech) under 30
kg load. The hardness values are an average of five/seven indentations.

RESULTS AND DISCUSSION

The selection of the regime of ITR annealing implies the data on the critical
points of the steel. For this purpose, the dilatometric heating curve was analysed
and the critical temperatures were found as Ac;=760 °C and Ac;=930 °C. Further,
the specimens were heated from 700 °C to 930 °C (10 min holding) with a step of
20-30 °C. Being heated above Ac; (760 °C) the specimen acquired the
ferrite/austenite structure; under the consequential water cooling the austenite
transformed to martensite. Fig. 1 illustrates the effect of the temperature on ferrite
volume fraction and steel hardness. Increasing the temperature between Ac; and
Acs leads to alteration of the “ferrite/martensite” ratio in favour of martensite
causing the increase in hardness. The volume fraction of ferrite decreases more
intensively just below Ac; with further slowing when approaching Acs. The
hardness profile is inversely related to the ferrite VVF profile. After holding at 930
°C the microstructure was martensitic while the hardness reached its highest
value (463 HV). From Fig. 1 the temperatures of 770 °C and 830 °C were
selected for further investigation. The first one corresponded to the
microstructure of 50 % ferrite + 50 % austenite while the latter was attributed to
the microstructure of 20 % ferrite + 80 % austenite.
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Fig. 1 Effect of the ITR temperature of ferrite volume fraction and steel hardness

Annealing at 770 °C resulted in the microstructure consisting of ferrite and lath

martensite located preferentially along the grain boundaries (Fig. 2). Grainy
carbide precipitates were seen in the structure with size varied from 150 nm to 20
nm and lower. The coarse precipitates were mostly positioned in martensite areas
to be associated with grain boundaries, whereas the fine nano-scaled precipitates
were mostly found within the grains. Considering the presence of V and Nb in
steel composition, the precipitates were assumed as a complex MC carbide ((V,
Nb)C) precipitated at preliminary stages of steel manufacturing. Taking into
account the size of microstructural constituents and the spatial resolution of EDX
quantitative analysis (2-3 um), the sites for the EDX-point analysis were selected
in the inner part of ferrite grains or martensite areas to avoid the effect of the
surrounding areas (Fig. 2, b).

e o - #Fo002
Fig. 2 The microstructure after holding at 770 °C: (a) ferrite (F) and martensite
(M) with the carbide precipitates, (b) the sites of EDX-point analyzing

As seen from Fig. 3, a, with holding time increasing the silicon content in ferrite
increased from 1.83 wt% (10 min) to 2.04 wt% (60 min) with further stabilizing
at this level. It was accompanied by continuous depleting of ferrite with
manganese from 1.06 wt% (10 min) to 0.86 wt% (240 min). The chromium
content remained stable during the entire holding duration (variation in the range
of 0.58+0.03 wt%). The opposite behavior was observed for the martensitic areas
(Fig. 3, b): the manganese content gradually increased from 2.12 wt% to 2.26
wt%, while silicon content decreases from 2.04 wt% with at 1.81 wt% stabilizing
after 120 min holding. Also, the chromium content slightly increased in
martensite from 0.68 wt% to 0.79-0.81 wt%.

The above values were extracted from the EDX-point analysis made in the core
part of the ferrite/martensite areas. In contrast, the EDX observation in
“scanning” modes gives more detailed information of elements’ distribution. As
seen from Fig. 4, manganese and silicon were unevenly distributed along the line
crossing ferritic grains and martensitic areas. The Mn concentration was higher
within the martensite plots (marked by the lines in Fig. 4, a). There were Mn
“spikes” within martensite areas and ferrite grains associated with carbide
precipitates (circled by the dotted line). Manganese content gradually decreased
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from the “martensite/ferrite” interface towards the center of ferrite grain. Silicon
was more unevenly distributed as compared with manganese. The mean
concentration of silicon was higher in ferrite grains, however the spikes in Si
concentration were revealed exactly near the “martensite/ferrite” interface.
Mostly the Si-rich zones were situated in ferrite grains (Si-peaks 3, 5, and 6 in
Fig. 4, a), but Si-spikes inside the martensite area were seen as well (Si-peak 1
and 2). Also, the Si-rich zone was detected at the “ferrite/ferrite” boundary (Si-
peak 4). After the prolonged (240 min) holding at 770 °C, silicon profile retained
the above-described character with Si segregation in the vicinity of the
“martensite/ferrite” boundary and Si-depletion inside the grains (Fig. 4, b).
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Fig. 3 Effect of holding at 770 °C on Si, Mn, and Cr content in (a) ferrite and (b)
martensite

EDX-mappings for Mn and Si are presented in Fig. 5. It is clear that the Mn-
enriched areas almost completely matched the contours of martensite areas (taken
from secondary electron image (SEI) in Fig. 5, a). Only two local Mn-rich areas
in Fig. 5, b were not associated with martensite: a carbide aggregation (see
double arrows) and the ferrite grain next to the “martensite/ferrite” interface (see
the arrow). Silicon is mostly concentrated in the ferrite grains as an edging of 2-5
um thick around the martensite areas (Fig. 5, ¢). The inner zones of ferrite grains
are Si-depleted. Most of the silicon is concentrated in ferrite, however Si content
in some martensite areas is increased (see the arrow in Fig. 5, c).

The results of EDS point analysis for the annealing at 830 °C are presented in
Fig. 6. As follows from this figure, the chemical compositions of ferrite grains
and martensite areas were not significantly affected by the holding time. Only a
decrease in manganese content in ferrite was noted from 0.79 wt% (10 min) to
0.59 wt% (30 min) at the early stage of the holding (Fig. 6, a). Also, silicon
content in ferrite varied in a rather wide range (2.04-2.27 wt.%) caused by the e i
smaller ferrite grains resulting in EDS-“effect” of neighbouring martensite. Fig. 5 (a) SEI image and the cor

responding mapping of (b) Mn and (c) Si with
the superimposed martensite areas contour (770 °C, 10 min. F, M — ferrite,

martensite, accordingly)
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The comparison of Fig. 3 and Fig. 6 allowed one to conclude that an increase in
annealing temperature from 770 °C to 830 °C resulted in certain variations in
phase composition. Specifically, in martensite, a decrease in Mn content (from
2.20-2.26 wt% to ~1.65 wt%) and Cr content (from ~0.80 wt% to 0.66-0.70 wt%)
was detected, while silicon content remained approximately at the same level. In
ferrite a decrease in Mn content from ~0.90 wt% to ~0.60 wt% was revealed
while Cr content almost did not change; also there was a slight increase in silicon
content. An increase in annealing temperature considerably affected only the
manganese content which decreased in both phases.
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Fig. 6 Effect of holding time at 830 °C on Si, Mn, and Cr content in (a) ferrite
and (b) martensite

As follows from the mappings (Fig. 7), the holding at 830 °C led to more
pronounced partitioning the elements in different phases than at 770 °C.
Manganese was mostly concentrated in martensite, however some martensite
areas were depleted with this element (shown by arrows in Fig. 7, b). The silicon
distribution within ferrite grains became more homogeneous without the obvious
grain-oriented segregation noted for 770 °C (Fig. 7, c). However, EDX line-
scanning still revealed the Si-spikes near the “ferrite/martensite” interface and
grain boundaries although these “spikes” zones were much thinner than those at
770 °C (about 1 pm thick).

The data obtained revealed that ITR annealing results in partitioning of Mn, Si,
and Cr in the studied TRIP-assisted steel, whereas manganese partitioned to the
greatest extent. At the end of 770 °C-annealing the manganese content in
austenite reached 2.26 wt.%, which is 2.6 times that of ferrite (0.86 wt%) with
Kmn=0.38 (Fig. 8, a). The annealing at 830 °C led to a decrease in Mn content in
austenite to 1.57 wt.% because of the increase in austenite volume fraction. With
that, manganese-depleted zones appeared in martensite areas indicated by arrows
in Fig. 7, b. Manganese content in ferrite decreased as well, caused by the
manganese diffusivity stimulation by higher annealing temperature [30]. Thus,
the distribution coefficient Ky, at 830 °C (is 0.40) remained similar to that of 770
°C (is 0.38).

Fig. 7 (a) SEI image of microstructure and the corresponding mapping of (b)
manganese and (c) silicon with the superimposed martensite contour (830 °C for
30 min. F, M — ferrite, martensite, accordingly)
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Fig. 8 (a) Phase content of Mn, Si and Cr (annealing time is 240 min) and (b) the
effect of annealing time on the distribution coefficients Ky, Ker, and Kg;
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The ferrite-stabilizing element silicon partitioned preferentially in ferrite,
performing the same distribution coefficient Kg (1.12-1.13) for both
temperatures. Cr partitioning behavior is similar to Mn although its distribution
coefficient K, (0.75 for 770 °C and 0.83 1.20 for 830 °C) is much higher than
that of manganese. Thus, the distribution coefficients for silicon and chromium
were close to 1.0, meaning that Si and Cr are distributed approximately equally
between the phases with a slight excess for the specific phase (Fig, 8, b). In
contrast, the coefficient Ky, (0.38-0.40) shows that. The greater part of
manganese was accumulated in austenite (martensite).

The partitioning of Mn and Cr at 770 °C proceeded with a low rate through all
annealing holding (up to 240 min), which is consistent with the data of De Moor
et al. [34] reported for medium-Mn “Third Generation” AHSSs subjected to
intercritical annealing. However, in contrast to the observation of Luo et al. [26]
and some other researchers [34, 35], we did not note the manganese segregation at
the austenite/martensite interface.

The partitioning of Si at 770 °C took place between 30-120 min holding. The
distinctive feature of silicon partitioning is Si segregation at austenite/martensite
interface (the same Si profile was observed by Nouri et al. [30] in dual-phase
steels after annealing at 740 °C). Noteworthy, that after 240 min holding silicon
partitioning retained its uneven character while spikes of Mn concentration were
associated only with carbide precipitates (Fig. 4a). The possible reason is the
lower diffusivity of silicon as compared to manganese. In [30] the Si diffusion
coefficient for dual-phase steels at 740 °C was reported as D,s=3.64-107 m?/s
for ferrite and D,s =2.50-10* m?/s — for austenite. A big difference in Ds; for
different phases causes an accumulation of silicon atoms at the yFe/oFe interface.
In contrast, S. Sun and M. Pugh [35] found the diffusion coefficient of
manganese in austenite for 0.1wt%C-2.67wt% Mn steel to be 7.12-10* m?/s (at
680 °C) which is an order of magnitude larger than above for silicon. Therefore
manganese is evacuated faster from the boundary inward the grain, reducing its
spike at the yFe/aFe interface. At 830 °C the redistribution of manganese
proceeds much faster to finish within 30 min.

Based on the above, ITR annealing at 770 °C should not exceed 60 min. This
holding time allows an increase in Mn content in austenite to stabilize it to phase
transformation ensuring an increased volume fraction of retained austenite. On
the other hand, the short holding will prevent the depletion of austenite by
silicon. The decrease in silicon content may lead to carbide precipitation from
austenite during bainitizing treatment, preventing the enrichment of austenite
with carbon. This may decrease the VF of retained austenite thus negatively
affecting the mechanical properties of steel [31]. ITR annealing at 830 °C can be
fulfilled with a holding of 10 min. The longer holding at 830 °C may result in
surface decarburization of the studied steel promoted by high Si content [32].

The obtained results for elemental partitioning allow predicting the volume
fraction of austenite (fra) which may retain in the studied steel after bainitizing
treatment:

fra=fa—fa— fu, (2)

where f, is the volume fraction of austenite at annealing temperature, fg, is the
volume fraction of bainite, fy is the volume fraction of martensite formed after
cooling from bainitizing treatment, respectively.

The volume fraction martensite can be calculated by Koistinen-Marburger
equation [36]:

fu= fa—exp(—am (Ms—T0Q)), @)

where M is starting temperature of martensite transformation, Tq is quenching
temperature, an is fitting parameter (0.011).

Ms temperature can be found by Andrews equation [36] based on the chemical
composition (wt%) of austenite:

Ms=539-423C-30.4Mn-17.7Ni-12.1Cr-11.0Si-7.0Mo. 4.

To the end of 770 °C-annealing (240 min) carbon content in austenite (Ca) should
be almost 0.4 wt% (assuming that fa=0.5 with full equilibrium carbon
partitioning) while contents of Mn, Si and Cr are shown in Fig. 8a (molybdenum
content is taken to be partitioned like chromium). For this case, M temperature is
270.8 °C. According to equations (2) and (3) after the direct quenching from 770

°C RA volume fraction should be 2.5 vol% only. However, fza can be increased
in the course of bainite transformation which follows after intercritical annealing.
Bainite transformation implies the rejection of carbon from bainitic ferrite into
austenite causing the carbon enrichment of the latter [37]. Under silicon control
the carbon is accumulated in austenite thus its concentration may reach high
value, up to 1.1 wt%, as shown in [38] for 0.11 wt%C-1.5wt%Si-1.53wt%Mn
steel. Presuming that bainite transformation will involve 70% of initial austenite
(i.e. 1s=0.35) then carbon content in remaining austenite will increase to 1.17
wt% and M; will decrease to minus 54.9 °C resulting in 15 vol% of RA after final
cooling.

The same calculations for 830 °C-annealing (fa=0.2, CA=1.0 wt%) allow to get
Ms=39.5 °C and fza=15.6 vol% after direct quenching. Considering the high
amount of carbon in austenite one can presume that this austenite will resist
bainite transformation, completely retaining in the structure.

Thus, the studied steel may acquire about 15 vol.% of retained austenite as a
result of elemental partitioning during intercritical annealing. This value is
consistent with that previously reported in [1, 39] justifying the obtained results.

CONCLUSIONS

Based on the results obtained for 0.2wt%C-Si2Mn2CrMoVNb TRIP-assisted
steel, major conclusions were drawn from this research:

1. During the annealing at 770 °C manganese and chromium partitioned from
ferrite to austenite with distribution coefficients of 0.38-0.50 and 0.75-0.86,
respectively. Manganese partitioned in a greater extent resulting in manganese
content in austenite to be 2.6 times that of ferrite. Silicon partitioned from
austenite to ferrite with K5=0.9-1.12. An increase in annealing temperature to
830 °C decreased the manganese content in austenite (by 1.44 times) and ferrite
(by 1.34 times) whereas the content of Si and Cr remained the same to 770 °C
level.

2. Silicon is distributed unevenly within the ferrite grains, creating segregation
zones near the ferrite/martensite interface or ferrite grain boundaries. As
annealing temperature increased the width of these zones decreased from 2-5 um
to about 1 um. Sharp “spikes” of manganese were associated with dispersed
carbides MC.

3. At 770 °C partitioning of Mn and Cr proceeded slowly during 240 min
holding, while Si partitioning was completed after 120 min holding. At 830 °C
the elemental redistribution was finished within 30 min holding. The ITR
annealing holding is recommended as 10 min for 830 °C, and not higher than 60
min for 770 °C.
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ABSTRACT

As the use of the thermoplastic materials becomes conventional in numerous parts and various applications, incidence of various types of failure becomes inevitable.
Failure of injection molded parts can be a cause of economic and legal problems, as well as causing health damage or death. Public perception of plastics is adversely
affected by their failures, such as the bad reputation that early plastics earned with toys that broke too easily. As the injection molding process is very complex, finding
the cause of failure is very complicated. In industrial mass scale production, determining the cause of failure is key point in customer-supplier relationship. In the
presented study, a type of injection molded product from HDPE affected by occurrence of cracks was investigated by mechanical, thermal testing and spectral analysis.
Mechanical properties were evaluated by the uniaxial tensile test and the SHORE hardness test. Thermal properties of the samples were evaluated by DSC/TGA
analysis and for the spectral analysis a Raman spectroscopy device was used. Obtained results provided information about fluctuating quality of used material, coupled
with non/stable molding conditions and small molding window. All those aspects caused molded in stress, which was released in the form of crack during the

installation.

Keywords: molding failure; DSC; Raman Spectroscopy; tensile test

INTRODUCTION

High-Density Polyethylene (HDPE) is one of the most widely used thermoplastic
material and probably the most valuable polymer in our daily life. It is used for
production of various types of products, ranging from make grocery bags,
shampoo bottles, children’s toys, up to bullet proof vests [1-2]. Despite its
versatility, PE polymer has the simplest structure of all commercial polymers,
and the performance of the PE can be further improved by creating various
composites with PE matrix [1-4].

As the utilization of the HDPE and HDPE composites becomes conventional in
numerous parts and various applications, incidence of various types of failure
becomes inevitable, ranging from cosmetics defects [5]. Failure of injection
molded parts can be a cause of economic and legal problems, as well as causing
health damage or death. Public perception of plastics is adversely affected by
their failures, such as the bad reputation that early plastics earned with toys that
broke too easily [6]. As the injection molding process is very complex, finding
the cause of failure is very complicated. In industrial mass scale production,
determining the cause of failure is key point in customer-supplier relationship. It
is necessary to determine, whether the problem was caused by the selection of
inappropriate material, design error, variance in material quality or the actual
processing. That is why sophisticated testing methods are applied in such cases
[6-8]. Methods determining the properties and cause of failure of HDPE part are
mostly focused on laboratory testing of mechanical properties, thermal properties
and the structure of the polymer with different level of crystallinity [9, 10].

In the presented paper, a type of injection molded product from HDPE (Fig.1)
affected by occurrence of cracks was investigated by mechanical, thermal testing
and spectral analysis. Cover (outside diameter = 218 mm) made of commercial
HDPE grade DOW HDPE KS10100 UE exhibits crack occurrence and
propagation through central part of molding (Fig.2), before, during or short after
installation and therefore could not meet the desired service lifetime. Suspecting
not stable molding condition at the producer molding shop and the material
quality issues a set of analytical tests was necessary to find out the cause of crack
occurrence, as some batches of cover did not have any problem.
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Fig. 1 Molded cover Fig. 2 Crack propagation/ cut location of tensile test
(inside) samples

Numerous studies were focused on investigation of properties and crack causes in
products made of HDPE, especially piping made of HDPE due to its wide use
and application. To determine cause of failure of predict service lifetime
standardized tests [11, 12], custom experiments [13] or FEA numerical modeling
[14-16] were applied.

As the degree of crystallinity has significant influence on properties and
performance of HDPE parts [2, 9], determining the degree of crystallinity in the
part can provide important information about properties and structure of the
material. One of the most applied method to determine the degree of crystallinity
in the HDPE is the DSC. Although the sample size is very small, the sample
destruction is inevitable. In cases where the sample destruction is not allowed,
more detailed information about material structure is needed or to compare the
DSC obtained crystallinity results a Raman spectroscopy is applicable [17-19].

MATERIAL AND METHODS

In this study totally six samples of injection molded part made of DOW HDPE
KS10100 UE (supplier information) compound were investigated. Two of the
samples with no quality issue and crack occurrence (sample no. 33 and 34) and
four samples with crack (sample no. 35,36,37,38).

To evaluate mechanical properties of the samples material standardized uniaxial
tensile tests according 1SO 527-1 were performed and determination of samples
surface Shore D hardness was determined according ASTM D2240. For structure
and crystallinity observation the DSC testing method (ASTM D3418) on TA-
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Q600 device and Raman spectroscopy with DeltaNu Rapid ID spectrometer were
applied.

As presented in fig.2 a test sample for tensile test was cut out from the central
part of the molding, that was not affected by crack. Obtained samples were
analyzed before the tensile test with Raman spectrometry and the Shore D
hardness. Samples for the DSC analysis were cut out from the molding, at the
center of hole edge that remained after tensile test sample cut.

Three measurements were performed on each test sample. Average values of the
hardness of individual samples were recorded. During the Shore D hardness
testing, both sides of samples were measured. This approach was chosen, to
capture eventually not uniform mold temperature resulting in different degree of
crystallinity leading to differences in surface hardness.

RESULTS AND DISCUSSION

Tensile test

Table 1 shows the evaluated data from tensile test. The samples no. 33,34 without
crack, meet the supplier tensile yield strength of 25 MPa and so the sample no.37
with crack do. Other samples with crack had the yield strength slightly below the
supplier declared value. Standard deviation of tensile strength yield is 0.715.

Table 1 Results of tensile test

64

63
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33 34 35 36 37 38
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Fig. 3 Shore D results comparison for both sides of molding

Ye]

DSC analysis

Data from DSC analysis are listed in Table 3. The results show that the melting
temperature for individual samples is in the range from 133.93°C up to 135.37°C
(Fig.4) and that corresponds to the HDPE polymer and no further peaks up to
200°C were observed. For samples no.33 and no.34 a higher degree of

Evaluated values crystallinity was measured at level 71.92%, resp. 72.73%. Other samples taken
Sample Tensile strength yield [MPa] Tensile elongation [%] from the moldings with crack achieve the measured crystallinity in the range
33 2550 614 from 67.19% up to 70.02%.
34 26.15 652 Table 3 Results of DSC analysis
35 24.80 344 S | Evaluated values
36 24.29 389 ampe Melting temperature [°C] Degree of crystallinity [%]
37 25.35 400 33 135.37 71.92
38 24.04 351 34 134.70 72.73
Mean 25.08 35 133.93 67.19
St. Deviation 0.715 36 134.98 70.02
37 134.92 68.13
Markedly differences are visible when comparing the value of tensile elongation. 38 135.09 68.90

None of the samples reached the supplier declared value (1600%) , but the
samples without crack have approximately 2 times higher tensile elongation.
This could explain their resistance to crack building. All values of tensile
elongation below material datasheet value can lead us to a conclusion that either
extensive application of recycled material was used, or the molding condition
(shear rate) were so high, that they lead to material degradation.

Shore D hardness

Shore D hardness measurement was performed on samples No. 33, 34, 35, 36,
37, 38 and 38 (Table 2). Measurements of samples showed differences in
hardness values depending on which side of the sample was measured. The top
side of the samples (as received and marked) on which the sample number was
placed is "blue" and the reverse side “green”. The measured values listed in Table
2 do not show significant differences in hardness between the samples but the
mean value on the outside 59.72 is lower than the Shore D hardness 61.08
observed on the inside of the molding. The calculated mean values of Shore D
hardness (tab.2), and the graph (Fig.3) with standard deviation show difference
trend between the "blue" and "green" side.

Table 2 Results of Shore D hardness test

Shore D hardness Shore D hardness
Sample blue /outside green /inside

33 59,9 60,3

34 59,8 60,5

35 59,5 62,7

36 59,8 61,3

37 59,8 60,8

38 59,5 60,9
Mean 59,72 61,08

St. deviation 0,172 0,864

Obtained crystallinity results from DSC analysis shows strong correlation
between degree of crystallinity and tensile elongation.
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Fig. 4 DSC curves of measured samples

Raman spectrometry
Raman spectra of tested samples is presented in Fig. 5. Raman spectrum shift for

samples in the range 1020-1550 cm™ was measured. The peaks of spectral shifts
at 1065 cm™,1130 cm* and 1280 cm™ distinguish clearly the samples 33 and 34
with higher crystallinity level. Spectral peaks of samples 33 and 34 at 1065 cm
resp. 1280 cm* are highest among tested samples, whereas their peak at 1130
cmis the lowest. In Fig.5 are the spectral peaks of sample 34 with crystallinity
of 72.73% marked with arrow.

These result of Raman spectral analysis show that this method is suitable for
quick comparison of HDPE crystallinity degree between samples although not
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exact value is obtained. The results from Raman spectroscopy match well to the
results of the DSC analysis.

A‘j\ sample 33—
~ i sample 34

f{M“ - - sample 35
M sample 36
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Fig. 5 Raman spectrum shifts of measured samples

CONCLUSION

Utilization of the HDPE as versatile material is nowadays present in wide variety
of products. The wide variety of applications leads to occurrence of defects and
failures of injection molded parts. Complexity of the injection molding process
causes difficulties on the understanding of the failure cause. In mass scale
production, determining the cause of failure is crucial factor in customer-supplier
relationship. In practice there is high demand for methods that can quickly
determine whether the problem was caused by the selection of inappropriate
material, design error, variance in material quality or the actual processing.

In presented study four types of methods for analyzing HDPE material properties
were applied to compare six molding. Two of them that meet the customer
quality criteria (33,34) and four of them with failure (crack) (35,36,37,38).

e From the tensile test it was determined that yield strength of all samples fit in
range 24.04-26.15MPa. The significant difference appears in the values of
elongation. Samples 33,34 from good moldings exhibit approximately 2
times higher elongation at break (614%,652%) that samples from failure
moldings (344-400%)

Results from hardness measurement shows slightly difference and trend on
all samples when comparing the inside and outside of the moldings.
Difference between molding inside and outside is probably attributable to
different mold temperatures during injection molding. However, this
assumption could not be verified by processing data from supplier and
further tests were considered unnecessary by the customer.

DSC analysis provided values of melting temperature and degree of
crystallinity. While the melting temperature remain in narrow range 133.93 -
135.37°C and no correlation between failure and melting temperature was
observed, the influence of degree of crystallinity is obvious. Samples 33 and
34 have the crystallinity above 71.92% and samples from failure moldings
have crystallinity lower than 70.02%.

Data from Raman spectroscopy and analysis of Raman spectra shifts show
that a correlation between degree of crystallinity determined by DSC
analysis and spectrum peaks at 1065 cm™, 1130 cm™ and 1280 cm? is
observable.

Based on obtained results it can be stated that material used to produce the
moldings was the same, although the amount of virgin material is questionable
due to low elongation at break. The degree of crystallinity was key factor that
distinguishes the moldings with good quality and the molding with crack, and
this factor was affected by not stable molding conditions. Taking into account the
easy and non-destructive way to obtain Raman spectra, the method seems as ideal
way for customer to quickly compare injection molded part and predict their
quality.
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ABSTRACT

In this research paper, dry sliding (unlubricated), corrosion and abrasive wear behavior of ZA27/ Graphene/ B,C hybrid nanocomposites were studied. The hybrid
nanocomposite samples were fabricated by powder metallurgy technique. Tribological tests were performed by employing a ball-on-disc type in the unlubricated
situation and different loads (1, 2, 5 and 10 N). The examination of the worn and corroded surfaces, the powder characterization was performed using scanning electron
microscopy (SEM). The findings indicated that the increase in B4C nano-particle content can positively effect on the corrosion and wear behavior of the hybrid
nanocomposites. The electrochemical polarization measurements showed that increasing of the nano B4C content causes high corrosion resistance in the hybrid
nanocomposites. The corrosion tests showed that the corrosion rate value of the ZA27/Graphene/B,C hybrid nanocomposites decreased from 59.02 mpy to 16.77 mpy

with increasing the nano B,C content from 0.25% to 2%.

Keywords: ZA27, Graphene, B4C, Hybrid nanocomposite, Wear, Corrosion

INTRODUCTION

Reinforcement of ZA27 alloys, with different materials, improve the strength of
these alloys through better mechanical and physical properties. As a result, in
recent years, Zn-Al based metal matrix composites (MMCs) have been used as
alloys with lighter weight and high wear resistance [1-4]. In recent studies, B,C
ceramic particles are used to improve mechanical strength and increase thermal
stability. The most important reason for using B,C particles instead of SiC and
Al,O; ceramic particles is that B,C particles have a relatively low density
compared to SiC and Al,O; particles and therefore the nanocomposites to be
produced using B4C particles have a higher specific strength value [5].

In recent years, graphene has emerged as a promising reinforcement material to
advance wear resistance in hybrid nanocomposite materials. In this regard, many
researches have been reported in the area of hybrid nanocomposites where the
addition of graphene as a second phase leads to the development of the
tribological and mechanical properties [6,10].

Graphene, as a very rigid material with low friction, is a perfect choice of
material for bearing applications and nano-sized objects, including friction
reduction and wear protection [7]. Mitrovi¢ et al. [8] have studied the wear
behaviors of ZA27/Graphite/SiC hybrid nanocomposites manufactured by
compo-casting. Their study showed that the ZA27/SiC/Graphite hybrid
nanocomposites had greater wear resistance than ZA27 for all the sliding speeds
and loads. In a recent study, the abrasion and corrosion behavior of
nanocomposites produced by using in the range of 0.125 wt %-3 wt %
nanographene reinforcement in ZA27 matrix alloy was investigated. According
to the results, the hardness values of the samples decreased with increasing
nanographene supplementation while increasing the abrasion resistance. In
particular, 3 wt% nanographene reinforcement significantly improved the wear
and corrosion properties. The corrosion rate for ZA27 was 2.719 mpy and the
ZA27-Graphene nanocomposite supplemented with 3 wt% nano-graphene was
1.745 mpy [9]. Girish et al. [10] studied the wear behavior in the dry sliding
environment by reinforcing the ZA27 matrix with graphite for tribological
applications. In that study, 0%, 4%, 6%, 8% by weight graphite was added to the
ZA27 matrix and it was found that the resistance to abrasion was best achieved
with 4 wt % to 6 wt % graphite reinforcement.

The previous reports showed that nanoparticles reinforced with hybrid
nanocomposites exhibit good tribological and mechanical properties. Because the
unwished phases between the alloy and nanoparticles are inhibited at low
increase the hardness of composite to uniformly dispersive in the matrix [11].

Dalmus et al. investigated the mechanical and physical properties of ZA27-B,C.
Their experimental data indicated that nano B,C can be used to enhance the
mechanical and physical properties of the ZA27 matrix alloy. The increase in
nano-sized B,C ratio can cause the formation of agglomeration in grain size
boundaries, which explains the decrease in tensile strength, density, and hardness
values [12]. Dou et al. studied the wear behavior of Al6061 alloy matrix
composites reinforced with 20% B4C ceramic particles and stated that the wear
loss was high at the beginning of the wear process and this loss was decreased as
the wear rate increased and the oxide formation had a significant effect on the
wear behavior [13]. In a study by Rajkumar and Aravindan, 5% to 30% by
weight of graphite-reinforced and copper-based composite materials used in
bearing materials were produced and density and hardness values of the produced
materials were investigated. According to the results of this study, increasing the
graphite amount and density caused a decrease in hardness values. The sintered
density values decreased from approximately 7.6 g/cm® to 6.6 g/cm® and the
hardness value decreased from 85 Hv to 55 Hv. The reason for the decrease in
density values was attributed to the increasing amount of graphite and the
increase in the number of aggregation regions formed by graphite particles in the
structure and the decrease in hardness to the low hardness of graphite [14]. Seah
et al. examined the acidic corrosion values of the composites they produced by
adding 0%, 1%, 3%, 5% of graphite in the Zn-Al alloy matrix. Corrosion tests
were performed at room temperature for 12 to 60 hours. They found that the wear
decreases in HCI solution, while it increases with the addition of graphite [15].
Bobic et al. investigated the corrosion behavior of composites produced by the
casting method by adding 1-3-5% SiCp particles to ZA27 alloy. In the corrosion
tests, 3.5% NaCl-(pH 6.7) was used as the test solution. After electrochemical
polarization measurements, it was seen that increased SiCp rate decreased the
corrosion resistance of composites [16]. Morphology has a significant effect on
the corrosion properties of metallic materials and alloys used in the industry.
However, the physical and mechanical resistance of materials and alloys
determine the amount of homogeneity in the distribution of the second phase [17-
19].

Recent studies, showed that the form and content of the reinforcement material in
the ZA27 matrix, the production technique of reinforced ZA27 and its hybrid
nanocomposites play a very important function on the wear properties of
nanocomposites. Nevertheless, to the author’s knowledge, the effect of the
reinforcement content on the corrosion and wear behavior of ZA27-based
nanocomposites reinforced with nano-size graphene and nano-size B,C has not
been studied using powder metallurgy method. It should be also noted that
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previous researches were just focused on the use of different reinforcement
materials into the ZA27-based matrix. However, in this research, the effect of
ZA27-based hybrid nanocomposites on the distribution of the nanoparticles in the
ZA27 alloy was also studied. Hence, the aim of this research is graphene and B,C
reinforced zinc-aluminum based ZA27 matrix and hybrid nanocomposite
materials; production by combining with powder metallurgy and mechanical
alloying techniques, which have an important place in the production of
materials. Also, the physical, morphological, and mechanical (hardness, abrasion
resistance, and corrosion resistance) properties of the new materials produced
were investigated.

MATERIAL AND METHODS

In this research paper, ZA27 powders (iki EI Metal Co.) with average particle
size 40 nm and a theoretical density of 5 g/cm® were used as the matrix alloy.
B4C and graphene powders (Alfa Aesar) with an average particle size of 50 nm
and 55 nm were employed as reinforcement materials. The nominal composition
of the ZA27 alloy listed in Table 1 [20,21]. Table 2 shows the coded of hybrid
nanocomposites and their reinforcement content. ZA27 matrix alloy and its
hybrid nanocomposites with different content of B,C nanoparticles (0.25, 0.5, 1
and 2 wt. %) and graphene nanoparticles (3 wt. %) were produced by mechanical
milling. Retsch PM 100 planetary ball-mill (high energy ball milling) is used in
the milling process of hybrid nanocomposites. Powder mixing was carried out for
1 hour at room temperature in an argon atmosphere. The milling process was
made of a tungsten carbide mill chamber with a volume of 250 ml, balls of 10
mm diameter. The ball: powder weight ratio was selected as 5:1. Mechanical
mixing was carried out at Argon atmosphere, at room temperature and at a
grinding speed of 400 rpm. The addition of zinc-stread was made at a rate of wt.
1% to prevent agglomeration during mechanical milling. Hot pressing was used
for the preparation of the ZA27 matrix alloy and its hybrid nanocomposites.
ZA27 matrix alloy and its hybrid nanocomposites powder were manually put
consecutively in the steel die, and then the powders were uniaxial cold-pressed in
a die up to 200 MPa for 2 minutes. The green compacts of ZA27 based hybrid
nanocomposites in the die were hot-pressed for 3 hours at 435 °C and 500 MPa in
an argon atmosphere. The density of the sintered samples was determined by the
Archimedes method. Morphology and internal structure analysis of hybrid
nanocomposite powders were investigated by using a ZEISS LS 10 scanning
electron microscope (SEM). Distribution of reinforcements in the matrix,
porosity and surface investigations were made in detail by SEM analysis. After
the wear and corrosion tests in SEM, the type of wear and surface condition and
corrosion damage on the surface were examined. Rigaku Corporation, Japan
brand X-ray diffractometer (XRD) was used for phase identification of
ZA27/Graphene/B,C hybrid nanocomposite samples. This was carried out at
40kV and 30mA and under Cuka (1,54059 Ao) radiation. XRD patterns were
performed between 10-80 ° and 26.

Wear behavior of the ZA27 and its hybrid nanocomposites were examined by
using a ball on disc (DUCOM) tribology tester. The tests were performed in dry
sliding and 60 % relative humidity at room temperature. On account of wear test,
ZA27 and its hybrid nanocomposite samples were ground with a 1500-2000 SiC
grinding paper and further cleaned in ethanol. Before wear tests, the initial
weights of the samples were measured. Balls made of H11 hot work tool steel
with a diameter of 10 mm were used as abrasives. Before the wear tests, the
surface roughness (Ra) values of the samples were measured as 0.2 um. Wear
test specimens were produced with a diameter of 30 mm and two different loads
were used on one surface and a total of four loads were used on both surfaces.
The applied loads were 1, 2, 5 and 10 N at 100 rpm (sliding speed range) and the
sliding distances were chosen as 300 m. GAMRY reference 3000 brand corrosion
device was used in corrosion tests. Corrosion samples were first drilled to a
diameter of 2 mm. A copper wire was contacted with the sample to provide the
electron current. The samples were ground with 600, 800, 1200 and 1500 grit and
polished with alumina. The surface of each sample was washed with methanol
and dried before starting the corrosion tests Potentiodynamic polarization tests
were performed to determine the corrosion resistance of ZA27 / Graphene / B,C
hybrid nanocomposite samples. Potentiodynamic polarization measurements
were started with a cathodic potential of 500 mV and continued to the anodic
potential of + 500 mV at a scanning rate of 1 mV/s. In the experiments, a 3.5%
NaCl solution was used as the electrolyte. To determine the corrosion resistance
of ZA27 matrix alloy and hybrid nanocomposite samples, two potentiodynamic
polarization tests were performed and averaged.

Table 1 Chemical composition of ZA27 alloy (wt.%)
Al Cu Mg Zn
258 24 0,012 Bal.

Table 2 The samples produced by mechanical alloying and then hot pressing

Sample Milling Time | ZA27 (wt. | Graphene (wt.
Number (h) %) %) B4C (wt. %)
ZA27 1 100 0 0
ZGB-0.25 1 96.75 3 0.25
ZGB-0.5 1 96.5 3 0.5
ZGB-1 1 96 3 1
ZGB-2 1 95 3 2

RESULTS AND DISCUSSION
Subtitle of results and discussion

In this study, nanocomposite and hybrid nanocomposites were produced by using
the powder metallurgy method by reinforcing ZA27 matrix material with nano-
size graphene and B,C. The effects of nano-size graphene and B,C on hardness,
microstructure, wear and corrosion behavior of the ZA27/Graphene/B,C hybrid
nanocomposite were investigated. The main results obtained from experimental
studies are discussed below.

XRD Analyses

XRD patterns of ZA27 matrix alloy and ZA27/Graphene/B,C hybrid
nanocomposites which have different graphene nanoparticle contents are
presented in Fig. 1. The peaks of Zn, Al, and CuZns, besides that graphene, can
be seen in the XRD pattern. When compared with the ZA27 matrix, newly
produced phases such as the graphene phase were observed for
ZA27/Graphene/B,C hybrid nanocomposites, while the diffraction peaks of B,C
phase were much low for ZGB-0.5 hybrid nanocomposite. The increase in
diffraction peak intensity of B,C was observed for the ZGB-2 hybrid
nanocomposite (Fig. 1). As shown in Fig. 1, the amount of CuZns intermetallic
phases increased for the hybrid composites. It should be noted that the CuZns
phase can be formed in the Zn-Al-Cu phase diagrams at a reaction temperature
of 450 °C [22-23]. This result can be attributed to the positive effect of graphene
on the formation of intermetallic phases and the densification process. As known,
carbon-based materials such as graphite, graphene, and carbon nanotube have
high thermal conductivity and the high conductivity of graphene particles
increases the diffusion ability between Cu and Zn elements during the hot
pressing process. Therefore, CuZns phase content increases with increasing
graphene content. A Similar result has been observed in a previous study [24].
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Fig. 1 XRD patterns of ZA27 alloy and ZA27/Gr/B4C hybrid nanocomposite for
different B,C content

Microstructure

The SEM images of B4C, graphene, and ZA27 matrix alloy powders are given in
Fig. 2. ZA27 matrix powders were in ligament and irregular structure while B,C
powders were in a polygonal and angular structure. Graphene powders were
hexagonal structure. (Fig. 2. and Fig. 3). Fig 3 also shows the morphology of
hybrid nanocomposite powders with different reinforcement content after milling
time of 1h. After 1 hour of milling, B,C was embedded into the ZA27 powders
surrounded with nano-size graphene particles The nearly flaked morphology of
particles proposes that the 1 h milling time was enough to reach the desired
condition.

Fig. 2 SEM images of the initial matrix powders and reinforcement particles, (a)
nano B,4C particles, (b) nano graphene particles, (c) ZA27 alloy powders.
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Fig. 3 SEM images of ;a) ZA27, b) ZGB-0.25 hybrid nanocomposite powders, c)
ZGB-0.5 hybrid nanocomposite powders, d) ZGB-1 hybrid nanocomposite
powders and ) ZGB-2 hybrid nanocomposite powders ball milled for 1h
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Fig. 4 SEM mapping images of ZGB-2 hybrid nanocomposite.

Fig. 4 shows SEM-EDS element distributions belonging to ZGB-2 hybrid
nanocomposites. According to these internal structures, the red, green, blue, and
yellow regions indicate the elemental distribution of C, B, Al, and Zn, respectively.
Red regions show the distribution of nano-size graphene particles, while the green
points indicate the nano B,C particles into the ZA27 alloy matrix. The mapping
confirmed that the distribution of nanoparticles in the matrix was nearly
homogenous. As can be seen in the C-K mapping that showing with red point,
agglomerated graphene particles are only located within the boundaries between
neighboring ZA27 alloy matrix particles. While the B,C particles are embedded in
the matrix particles.

Porosity and Harness Measurements

The density decreased with increasing reinforcement. ZA27/Graphene/B,C
sample has a lower density than ZA27 due to its lower densification ability and
the more agglomeration. The porosity of hybrid nanocomposites increased with
the increase in the B,C content. This can be attributed to the effect of hot pressing
during the densification. The increase in the B,C content from 1wt% to 2 wt%
resulted in a decrease in the density of hybrid nanocomposites, nevertheless an
important increase was obtained at a porosity of ZGB-2. Folorunso and Owoeye
studied that the effect of SiC content on the physical, mechanical properties and
tribological behavior of stir cast ZA27 alloy based hybrid composites. They
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reported that the density of the composites decreased with an increase in the SiC
content while slight voids exist as compared to the unreinforced alloy [25]. The
results of Brinell-hardness measurements of all composites are shown in Table 3.
It can be concluded that there was a dramatic decrease in hardness values. The
decrease in the B4,C content resulted in higher hardness values for the hybrid
nanocomposite. The results showed that B,C content harmed on the porosity of
hybrid nanocomposites during hot pressing. Moreover, ZGB-2 hybrid
nanocomposite contains a high proportion of Graphene and B4C supplements, the
ZA27 matrix powders produced more plastic deformation and increased stresses
between the matrix and the reinforcement. Yalgin et al. [9] achieved the best
tribological properties in 3wt% graphene-reinforced ZA27 composites produced
under similar conditions. They found the optimum performance at the composite
mixture of ZA27 / 3 wt% Graphene porosity 4.05% with a Brinell hardness value
of 62.67 HB.

Table 3 The porosities and hardness value of ZA27 alloy and composites

ZGB-1 0.0013 0.0025 0.004

ZGB-2 0.0012 0.0023 0.0032

Sample Number Porosity content | Relative Density | Brinell Hardness
(%) (%) (HB)
ZA27 0.36 89.9 120
ZGB-0.25 10.02 88.1 71.9
ZGB-0.5 11.89 87.6 70.1
ZGB-1 12.34 87.2 68.9
ZGB-2 12.7 86.6 60.3

Wear Mechanism

For a better understanding of wear properties of ZA27/Graphene/B,C hybrid
nanocomposites, the B,C content, and reinforcement distribution into the ZA27
matrix as well as bonding and interface interactions between ZA27/Graphene or
B,C reinforcement alloys should be further investigated. For the
ZA27/Graphene/B,4C hybrid nanocomposites, the very critical parameter is the
reinforcement content due to in the fact that microstructure changes from ZA27
alloy to hard ceramic with increasing B4C content (wt.%). The capability of
burden holding increases with an increase in B,C content although the bonding
strength between the ZA27 alloy and reinforcement materials decreases
conspicuously. The result of the B,C content on the wear loss of the ZA27 and
hybrid nanocomposites are given in Table 4. As the B,C content increased from
0.25 to 2 wt%, the wear weight loss decreased. A decrease in wear loss with
increasing B4,C content was observed. Between the samples codded as ZGB-1
and ZGB-2 demonstrated lower wear loss at each load when compared with the
ZA27 matrix alloy. This can be attributed to the presence of graphene
nanoparticles in the matrix released to wear track of the disc during performing
the wear tests. Fig. 5 shows both the lubrication of graphene and the hard
nanoparticle property of the B,C supplement showed a significant reduction in
weight losses. Furthermore, it was shown that the relation between wear
resistance and hardness is nearly linear in very advanced alloys. Girish et al.
investigated the effect of graphite particles on mechanical, wear, and thermal
behavior of ZA27 alloy composites. According to their results, the addition of
graphite particles to the ZA27 zinc alloy matrix improves the wear resistance of
the composite, the benefit of reinforcement is found more at 4-6% compared to
higher values. It should be noted that a good indication that the graphite
reinforcement will certainly help the designers to develop a suitable bearing
material which gives better performance at elevated temperatures. However,
hardness, thermal properties of composite such as thermal conductivity,
diffusivity, and mechanical damping values at higher temperatures reduces with
an increase in reinforcing percentage [10].

Table 4. The effect load on the wear loss of ZA27 alloy and hybrid
nanocomposites at constant sliding distance (300m) and sliding speed (100 rpm)

Weight loss | Weight loss Weight loss Weight loss on

Sample on 1N Load on 2N Load on 5N Load 10N Load (mg.)

(mg.) (mg.) (mg.) '
ZA27 0.36 14 76.6 250
ZGB-0.25 0.002 0.003 0.006 0.028
ZGB-0.5 0.0014 0.0028 0.005 0.023
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Fig. 5 The effect load on the wear loss of hybrid nanocomposites at constant
sliding distance (300 m) and sliding speed (100 rpm)

Investigation of wear surfaces

Fig. 6 shows the SEM views of the worn surfaces of the ZA27 matrix alloy and
hybrid nanocomposites. As seen in Figure 6, the wear mechanism includes the
adhesion and delimitation mechanisms. SEM analysis of the worn surfaces shows
that less damaged areas were obtained after wear testing on the ZGB-2 sample
(Figure 6e) compared to that of the other hybrid nanocomposites and ZA27
alloys. The increasing agglomeration can be explained by the increased B4,C
nanoparticle ratio. Wear marks were found on all wear surfaces in the same
direction as the wear direction. In high magnifications, strips, plastic
deformations, and cracks on wear surfaces were observed. As can be seen in
Figure 6d-e, layer and cold tears are more common. This is because, in the
experiments carried out at low loads, the particles that are detached from the
sample surface have partially adhered to the surface of the sample during the test.
As shown in Fig. 6, the tribological mechanism contains the abrasion and
adhesion wear. The adhesion and abrasion wear that are essential tribological
mechanisms describe fretting, pitting, spalling, scuffing, scoring, abrasion, and
others. The increase in the B4C particle content from 0.5 to 1 results in a change
of adhesion wear mechanism to abrasion. This can be attributed to the
distribution of B4C particles in the ZA27 matrix. As seen in Fig. 6.b and c, even
more particles have been severed, the more often the particles are bonded to the
surface and the cold source has occurred. Hard B4C particles eliminate the
softening of the graphene particles in the structure. Kumar stated that the
microstructure of wear surfaces of ZA27-graphite composites show deep and
coarse grooves on the worn surface. The addition of SiC nanoparticles and Gr
particles into the alloy increased the hardness of the ZA27 matrix alloy. Also, the
SiC nanoparticles hinder the plowing during wear. The grooves became
shallower as the content of graphite particles was present in the ZA27 hybrid
composite [26].
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The polarization curves of hybrid nanocomposites showed an increase in the
current density with the increase in the applied polarization. The corrosion
resistance of ZGB-2 hybrid nanocomposite in the environment was higher than
other hybrid nanocomposites. In determining corrosion behavior, the particle
content and the passive and active state of the environment were also important.
Since ceramic particle causes a reduction in corrosion resistance in an active
environment, it increases the corrosion resistance in a passive environment. Also,
composites with low B4C content with a Ex, value more than others were more
passive. So, the tendency to ionization was higher. The other composites are
known to corrode more quickly when activated [27]. Hybrid nanocomposites
have high corrosion rates. This may be due to galvanic corrosion.

Fig. 6 SEM images of worn surface of a) ZA27, b) ZGB-0.25, c) ZGB-0.5,
d)ZGB-1 and e) ZGB-2 ball milled for 1 h

Corrosion

Fig. 7 shows the potentiodynamic polarization curves of ZA27 matrix alloy and
ZA27 | Graphene / B4,C hybrid nanocomposites (Exor). The current density (lor)
values decreased by the increase in B,C contents. Eyor and low Iy Values close to
the positive indicated that the corrosion resistance of the hybrid nano composite
was higher.

Table 5 Electrochemical parameters derived from polarization data

| Corrosion rate
Sample o Ecor (MV
P (Aem?) wor (M) (mpy)
ZA27 1.23 -1000 2.719
ZGB-0.25 41.7 -1070 59.02
ZGB-0.5 194 -1150 57.6
ZGB-1 75 -968 20.8
ZGB-2 16.9 -1200 16.77
Fig. 8 SEM images after corrosion a) ZA27, b) ZGB-0.25, ¢) ZGB-0.5, d) ZGB-1
and e) ZGB-2 ball milled for 1 h
200 Fig. 8 shows the post-corrosion SEM images of ZA27 alloy and hybrid
nanocomposites. On the surface of the hybrid nanocomposite specimens, the
b damages were formed in different sizes after corrosion and therefore the
corrosion on the surfaces of the samples was observed. This type of corrosion
- usually occurs in neutral environments containing chlorine. The corrosion is
g known to occur in passivated materials in environments involving perchlorate,
z — 2 iodide, bromide or chloride ions when the electrode potential passing over a
3 — 2o critical value. The potential varies depending on the material and the corrosive
52000 feos structure.
a 2G8-1
ol —2GB-2
o CONCLUSION
o In the current work ZA27- Graphene-B4,C hybrid nanocomposites with 3wt%
oo nano-size graphene, and 0.25 wt.%, 0.5 wt.%, 1 wt% and 2 wt.% nano-size B,C
were efficiently fabricated by the hot pressing method. According to this:
o 1. Hybrid nanocomposites that have excellent wear resistance than the ZA27
E: m 7 = " - = i ) alloy have been manufactured with supplementations graphene and B,C
Current density, A/cm? nanoparticles to ZA27 alloy.
- - - — = ) 2. According to SEM-EDS element distribution and XRD results of hybrid
Fig. 7 Potentiodynamic polarization curves of ZA27 alloy and hybrid nanocomposites; Al, Zn, CuZns, B,C and Graphene phases were encountered.
nanocomposites The amount of Al, Zn, CuZns phases increased with an increasing amount of

reinforcement.
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3. Higher porosity ratio such as 2 wt.% B,C was obtained at ZGB-2 hybrid
nanocomposite via hot sintering process.

4. ZGB-2 sample showed the best abrasion resistance without making grooves on
the surface. Other samples exhibited an abrasive and adhesive wear mechanism.
Therefore 3 wt. % nano graphene and 2 wt. % of B,C supplementation can be an
excellent choice.

5. The wear resistance of hybrid nanocomposites increased with the increase in
the quantity of B4C nano-sized particles.

6. The best corrosion resistance was obtained at ZGB-2 hybrid nanocomposites

7. Hybrid nanocomposites have high corrosion rates which are probably due to
galvanic corrosion.
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ABSTRACT

Oblique gate direction in different angles was hardly applied in centrifugal casting. The purpose of this research was to determine the effects of oblique gate direction
in centrifugal casting on density, porosity, roughness, and microstructures in the artificial lumbar disc model. The angles of the oblique gate were ranged from 30° to
150° toward to the runner. The sharp turn of the gate would cause retardations and losses friction that decreased the pressure in molten metal. This process caused the
porosity and the surface roughness decreased while the density increased. The product in which the oblique gate direction was the same with the mold rotation was
better than the one in the opposite direction. The tangential forces would increase the forces acting on molten metal when entered the mold with the oblique gate
direction that same with the mold rotation. Gate with the 6 of 90° was the most widely used, but the product was better to use the gate with the 6 of 60° than the product
with the 0 of 90°. Hence, to obtain an artificial lumbar disc model with less porosity, high density, and smooth surface, the oblique gate of 60° should be applied.

Keywords: Gating design; Porosity; Centrifugal casting; Artificial lumbar disc model

INTRODUCTION

The principle of centrifugal casting is the application of forces generated from the
centripetal acceleration of a rotating mold to distribute the molten metal into the
mold [1]. Centrifugal casting produces a product with limited gas porosity,
smooth surface, and accurate dimensions [1, 2]. These characteristics are caused
by the distribution of molten metal into the mold cavity, which uses forces
resulted from the centripetal acceleration of a mold rotation. The centrifugal force
is a function of rotational speed, metal density, and radius [1]. The pressure
distribution that controlled by rotational speed affects the shrinkage cavity. The
porosity can be reduced by adjusting the rotational speed of more than 180 rpm
[3]. Furthermore, increasing the rotational speed affects the increase in pressure,
which causes a decrease in defects [4].

Defects on casting products usually happen due to improper in the gating system
design (around 90%), and the rest is caused by the manufacturing problems [5,
6]. The product defects such as porosity cannot be avoided but can be controlled.
Shrinkage or trapped gas during the cooling process can raise the occurrence of
porosity [7-9].

The cross-section, position, and direction of the gate during centrifugal casting
are designed to generate products with minimal porosity. Gate shapes that often
used are rectangular [10-14] and circular [14-15] cross-section with
perpendicular [10-14] and oblique [14] toward the mold cavity. The circular
cross-section of the gate has a higher molten metal filling speed rather than the
rectangular one [10]. Viscosity increases rapidly in rectangular cross-section,
which has a closer gating wall distance to the center of cross-section rather than
the circular one. This condition affects porosity, which tends to be more
numerous [10]. Research on gate direction in centrifugal casting is still needed so
that molten metal enters the mold cavity with high pressure and low turbulence.
The high pressure and low turbulence can be obtained by changing geometry,
shape, and number of the gates [12, 16].

However, the products of centrifugal casting always have porosity even though
rectangular or circular cross-sections of gate shape are used. Gate direction,
which same or opposite to the mold rotation, which purpose is to increase the
molten metal filling to the mold, still needs further investigations [14]. The
rectangular cross-section gate shape with the oblique direction the same as the
rotation of the mold was suitable to be implemented in the centrifugal casting
product [14]. However, the optimum angle of the oblique gate to be applied in the
product is not yet known. The study is conducted to determine the influence of
various oblique gate directions toward porosity, density, microstructure,
hardness, and surface roughness of the artificial lumbar disc (ALD) model.

MATERIAL AND METHODS

Commercial pure titanium (CP-Ti) with composition of 99.72 wt.% Ti, 0.17 wt.%
Fe, and 0.11 wt.% gaseous element was used in this research. The composition
analysis used EDS (Quanta x50 SEM Series).

The product made in this study was an artificial lumbar disc model (ALD model).
It was produced with centrifugal casting as arranged in Fig. 1. The product was
set in a variety of oblique gate directions, which shown in 6 ranged from 30°up to
150°. The 6 was an angle formed by the axis of the gate and runner. Fig. 1.a
showed the positions of the gate with the 6 of 30°, 45°, 60°, 75°, and 90°. Then the
0 of 90°, 105°, 120°, 135°, and 150° were shown in Fig. 1.b. The gate direction of
30° up to 75° was the same as the mold rotation. The gate direction of 90° was
perpendicular toward the runner. Then the gate direction of 105° up to 150° was
opposite with the mold rotation.

The ALD model geometry was shown in Fig. 2.a. The outer diameter was 30
mm, while the radius of the ball-on-socket was 13 mm with 2 mm depth. The
gate shape (Fig.2.b) was rectangular cross-section. The cross-sectional geometry
area declined gradually, along with the process of molten metal entering the
mold. Then, the cross-sectional area of the gate declined gradually from 70 mm?
to 30 mm? with the length of the gate for about 15 mm.

CP-Ti was melted at 1700° C, then poured in an ALD model shell mold. The
zirconium-based ceramic material (consisted of 8 layers) was used to create the
shell mold. The pouring rate of molten metal was about 0.12 kg s-!. Moreover,
when molten metal was poured, the mold was rotated in a counterclockwise
direction at 60 rpm. The processes were conducted in the vacuum furnace (Flash
caster, Japan).
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a. b.
Fig. 2 The geometry of ALD model (a) and gate shape (b)

The observations in this study consisted of shrinkage porosity and
microstructures. The shrinkage porosity was observed using a stereo-zoom
microscope (SZ-PT, Olympus, Japan) after the in-depth preparation by dye
penetrant. Porosity calculations were manually counted using millimeter blocks.
Besides, the percentage of porosity was calculated by comparing the porosity
area with a total area of the product. The microstructure was observed using a
metallurgical microscope (PME3, Olympus, Japan). Specimen preparation was
done with sandpapers (grade #100 to #8000) to produce a smooth surface, then
polished by the autosol. Kroll solution was used to bring out the microstructure
(etching process).

The measurements consisted of hardness, surface roughness, and density. The
hardness was measured from the sub-surface to the inner of a cross-sectional
spanning product using a microhardness tester (HMV-M3, Shimadzu, Japan).
The distance of each point test of hardness was arranged for 50 pm. Then, the
load was set for 2 N. Profilometer (Surfcorder SE 1700, Fowler) was used for
testing the surface roughness (Ra). The density was calculated by dividing the
weight with the volume of the product. The equipment used to measure the
weight in this research was analytical balancing (Sartorius AG Gottingen LC-
12018).

RESULTS AND DISCUSSION
Results

The ALD model, which produced using centrifugal casting with the variation of
oblique gate direction is shown in Fig. 3. All oblique gate directions, (0 range from
30° up to 150°) produce a complete filling casting. Fig. 4 shows defects on the
product surface. The surface shrinkage porosities (A) and pinholes (B) can be seen
on the surface. The surface shrinkage porosities are seen with an irregular shape

that has a length and wide about 3 mm and 1 mm, respectively. The pinhole tends
to congregate with a diameter of about 0.1 mm. It is also reported in prior research
[17]. The product with 6 of 60° has the least amount of surface shrinkage and
pinholes. On the other hand, the product with 6 of 150° has the largest surface
shrinkage and pinholes, among others.

Fig. 4 The pinhole and surface shrinkage defects

Fig. 5 and Fig. 6 shows the internal porosity of ALD model products with 6 of
30°up to 150°. The porosities are found in the mid area between the thickness of
the products. The porosity with 6 of 30° up to 90° tends to congregate with a size
of about 100-200 pm. Meanwhile, the porosity with 6 of 105° up to 150° tends to
spread in size about 50-100 um.

Fig. 7 shows the enlargement of the internal shrinkage porosity of the product
with 0 of 150°. It has an irregular shape in various sizes (50-200 um). Some of
the internal shrinkage porosity has a crack tail. Several adjacent porosities are
connected by the crack tail.

Fig. 8 describes the number of porosity areas. The percentage porosity area with
0 of 30° up to 150° are 0.65, 0.47, 0.34, 0.36, 0.49, 0.50, 0.59, 0.82, and 0.92%
respectively. The porosity area tends to decrease along with the increase of the 6
(30° up to 60°). On the contrary, for the 6 that is more than 60°, the porosity area
tends to increase. The 0 of 150° has the highest percentage of porosity area
(0.92%), while the 0 of 60° has the lowest percentage of porosity area (0.34%).
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Fig. 7 An enlargement of shrinkage porosity (C in products 6 of 150°)

The microstructure consists of a morphologies and equiaxed prior B grains in all
kinds of oblique gate direction (Fig. 9). It is supported by the previous result [18].
The types of a-morphologies are known as a-case (a), prior B grain boundaries
(b), and widmanstaten o (c). The morphologies of grain have the same

Fig. 5 The shrinkage porosity on product with various oblique gate directions characteristics as the previous research [19].
(the 6 of 75° up to 90°) 150 120
160 == Porosity area

== Percentage of porosity 4 Loo
_ 140 ‘ij 9
% - s
E 120 41 0.80 %
b5 100 g
E 4 0.60 —
> 80 <
£ g
g 60 { 040 £
= s
=0} 5

4 0.20

20 F
0 0.00

30 45 60 75 90 105 120 135 150
Oblique Gate Direction, 9 (%)

Fig. 8 The porosity area of ALD model

The a-case (Fig. 9.a) is formed in the sub-surface with a thickness of about 100
pum. The thickness of a-case in the product with the variate gate direction has a
range from 50 pm to 250 pm. The thickness of a-case on the product with 6 of
30°, 45°, 60°, 75°, and 90° are 200, 150, 50, 100, and 150 um respectively. Then
the a-case on the product with 6 of 105°, 120°, 135°, and 150° are 150, 200, 250,
and 250 pm respectively. The a-case on the product with a gate direction of 120°
up to 150° has a crack for about 150-500 pum in length. Meanwhile, the a-cases
on the product with other oblique angles have no crack.

Fig. 6 The shrinkage porosity on product with various obligue gate directions
(the 6 of 105° up to 150°)

Fig. 9 The microstructures in the sub surface of product with the 6 of 75°
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The ALD density with various gate directions is shown in Fig. 10. The density
for the 0 of 30° up to 60° tends to increase from 4.514 to 4.519 g cm=3. Whereas,
for the 6 of 60° up to 150°, the density decreases from 4.519 to 4.510 g cm=3. The
density increases up to 0.11% on a product with the 6 of 60° compared with the
density on the 6 of 30°. On the contrary, the density decreases to 0.20% on the
product with the 6 of 150° compared with the density on the 6 of 60°.
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Fig. 10 The density of ALD model

The hardness of the ALD model is seen in Fig. 11. The hardness in the sub-
surface with the 6 of 30° is 766 VHN. Then on the distance of 0.2 mm, it drops to
332 VHN. Continuously on the distance of 0.05 mm, the hardness is 223 VHN.
Meanwhile, after the distance of 0.05 mm the hardness tends to stabilize in 210
VHN. In general, the hardness with 6 of 30° up to 150° from the sub-surface to
the inner has the same trend. However, some differences occur in the sub-surface
(o-case), as seen in Fig. 12. The hardness with the 6 of 30° to 60° is decreasing
from 766 VHN to 644 VHN. Meanwhile, the hardness on the product with 6 of
75°to 150°is 701 VHN to 766 VHN.

The average hardness in the sub-surface with oblique gate direction opposite to
the mold rotation (105°-150°) is higher than the average hardness with the same
direction to the mold rotation (30°-75°). The enhancement of the average
hardness is up to 7%.
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Fig. 11 The hardness of ALD model
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Fig. 12 The hardness of a-case

The surface roughness (Ra) of the product is ranged from 3.9 to 5.5 um. (Fig.13).
The surface roughness for the 6 of 30° to 60° tends to decrease from 5.5 to 3.9
pm. Then it increases from 3.9 to 5.5 um on the 8 of 60° to 150°. The Ra with 6
of 60° decreases 30% compared with Ra on the 6 of 30°.
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Fig. 13 The surface roughness of ALD model

Discussion

Gates with 0 of 30° to 75° are the gates with the same direction to the mold
rotation. Gate with 6 of 90° is perpendicular toward the runner. Moreover, gates
with 0 of 105° to 150° are the gates with the opposite direction to the mold
rotation.

Porosity area and surface roughness tend to decrease along with the 6 from 30°
up to 60° then increase for the 6 is more than 60° (60° up to 150°). Meanwhile,
the density for the 6 of 30° to 60° tends to increase, then decreases for the 6 of 60°
to 150°.

The forces acting on molten metal when entering a mold cavity with oblique gate
are centrifugal and tangential. The magnitude of centrifugal force is the same for
all oblique gates in which direction is away from the center. Meanwhile, the
tangential force is different depending on the oblique gate directions. The
tangential force at the oblique gate directions which same to the mold rotation (0:
30° to 75°), is positive. The magnitude of oblique gate directions is directly
proportional to the tangential force. It will increase the pressure and velocity of
the molten metal when entering the mold. While the tangential force at the
oblique gate directions which opposite to the mold rotation (6: 105° to 150°), is
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negative. It will reduce the velocity and pressure of the molten metal when
entering the mold.

Product with 6 of 30° up to 60° shows the increasing mechanical properties.
Product with 6 of 60° has the lowest percentage of porosity area (0.34%), the
smoothest surface (3.9 pm), and the highest density (4.519 g cm=?). It is caused
by the total of centrifugal and tangential force acting on molten metal when
entering the mold is bigger than forces on other gate directions. The pressure and
velocity of molten metal become the highest when entering the mold. Besides,
the gate direction allows molten metal to enter the mold cavity easily. It is caused
by small retardation and losses friction. The increasing pressure and velocity of
molten metal reduce the internal shrinkage porosity that automatically increases
the density. The porosity tends to congregate with a size of about 50-100 um
without a crack tail. The shape and distribution of pores have a significant
influence on the mechanical characteristics of materials [20]. The pressure of the
molten metal to the wall cavity increases due to the high pressure when pouring.
It causes a smooth surface.

Gate with 0 of 90° is perpendicular toward the runner. This direction is the most
widely used in casting [10-14]. The pressure and velocity of molten metal when
entering the mold in this direction is determined by centrifugal force. The
porosity formed in this direction is lesser than porosity in the opposite gate
directions toward the mold (the 6 of 105° up to 150°). In the pouring process, the
molten metal has less retardation and friction to enter the mold cavity because
there are no sharp turns. There is no crack in the a-case with a thickness of about
150 pm.

Product with 6 90° up to 150° shows the decreasing mechanical properties.
Product with the 6 of 150° has the highest percentage of porosity area (0.92%),
roughest surface (5.5 um), and lowest density (4.510 g cm~?). Gate with the 6 of
150° is opposite to the mold rotation. The tangential force in the gate direction is
negative. Therefore, it decreases the total forces acting on molten metal. The
pressure and velocity on molten metal at 6 of 150° is the lowest. The pressure is
the basic indicator that determines the shrinkage cavities distribution [3]. When
the molten metal’s pressure is low, it induces shrinkage porosities that directly
decrease the density. Also, this gate direction has a sharp turn that causes the
molten metal to encounter many retardations in entering the mold cavity. The
retardations generate losses of friction between molten metal and gate wall. The
greatest retardation occurs in the gate direction of 150°. Losses friction causes the
molten metal’s pressure to decrease, so it needs longer filling time to enter the
mold cavity. The sharp turn also causes a turbulent flow. The turbulent flow will
trap the air, then bring it back to molten metal [21]. It consequently induces
porosities [22]. The porosity with the 6 of 150° tends to spread in the irregular
form with a crack tail. The low pressure also causes the pressure of molten metal
to the wall cavity is less, which resulted in the roughness on the surface (5.5 um).
Besides, the low pressure causes the sub-surface of the product to have the
thickest a-case, among other directions. The thick a-case will easily bring out a
crack. The o-case is hard and brittle with a high-stress concentration [23], so
cracking happens easily.

The microstructure formed in any of gate directions tends to be similar, which
consists of equiaxed prior B grains and a types. The differences in the cooling
rate caused by the differences in gate angles do not affect the type of
microstructure. The pressure, velocity or friction also do not affect the
microstructure, nor affects the thickness of the o case. The microstructure on the
sub-surface is transformed from a bright coarse grain to become fine grains in the
inner area. This structure is similar to previous research [14].

The hardness in all products (any oblique gate directions) from the sub-surface
until the distance of more than 0.05 mm relatively have the same trend. On the
sub-surface region, an o-case is formed with a thickness of 50 up to 300 pm.
Hardness of a-case is 644 up to 766 VHN, which caused by the oxygen
contamination and finer microstructure on the surface [24]. The hardness is
particularly influenced by the kind of phase of the microstructure [25]. Oxygen
can extend the a phase region, which shows that a phase will be easily formed
with increasing oxygen content [26]. This is confirmed with the results of a study
[14, 23]. The a-case on the product with the opposite gate direction of the mold
rotation is harder and thicker than the same one. This condition happens because
the product with same direction has a high pressure and velocity, which has a
higher cooling rate compared to the opposite one during the solidification
process. A higher cooling rate prevents oxygen diffusion occurs so that the a-case
is thin [26].

CONCLUSION

The conclusions of this research are:

1. The product in which the gate direction is the same with the mold rotation
is better than the one in the opposite direction because the tangential forces
will increase the forces acting on molten metal when entering the mold
with the gate direction the same with the mold rotation.

2. The sharp turn of the gate will cause retardations and losses friction that
will decrease the pressure in molten metal, which causes the porosity and
the surface roughness decrease while the density increases.

3. Gate with the 0 of 90° (perpendicular toward the runner) is the most widely
used in centrifugal casting, but the product is better to use an oblique gate
with the 6 of 60° than the product with the 6 of 90°.

4. The oblique gate of 60° is the best direction to be implemented in the
manufacture of artificial lumbar disc model.
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