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Abstract: In this study, grey cast iron (GG25) was produced via reinforcement with carbon titanium
nitride (TiNC) in different amounts (0%, 0.153%, 0.204% and 0.255%). Samples were made from this
material according to the standards for hardness, compression and wear, and then experiments were
conducted. The test conditions applied for the TINC-reinforced samples were similarly applied to
unreinforced samples. The TiNC-reinforced and unreinforced samples were compared regarding
their compression, hardness, and wear properties. The results of the hardness tests showed the
highest average hardness value of 215 HB for sample A (0% TiNC). For TINC-reinforced specimens,
the hardness values of the reinforced specimens increased with increasing reinforcement. Sample B
(0.153% TiNC) had an average hardness value of 193 HB. For sample C (0.204% TiNC), an average
hardness value of 200 HB was measured. For sample D (0.255% TiNC), an average hardness value of
204 HB was determined. Sample A’s highest compression strength value was 780 MPA (0% TiNC).
Similar to the hardness test values, the compression strength of the reinforced samples increased
with the increasing reinforcement rate. The compression test value was found to be 747 MPa for
sample B (0.153% TiNC), 765 MPa for sample C (0.204% TiNC) and 778 MPa for sample D (0.255%
TiNC). Wear tests were performed on all samples to examine changes in the wear volume loss, wear
rate and friction coefficients. Scanning electron microscopy (SEM) was used to determine the wear
mechanisms on the worn surfaces of the samples. When examining the wear condition of the samples
with the same hardness value as a function of increasing load values, increases in the wear volume
loss values were observed as the load value increased.
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1. Introduction

Cast irons are widely used materials in many fields of industry. These materials have
basic properties such as fusibility, strength and ductility. In many applications, they can
replace steel castings where high loads are applied [1]. Cast irons are highly preferred
due to their castability, ease of procurement and high compressive strength compared to
steel [2,3]. Cast irons are Fe—C alloys containing at least 2.1% C and 1-3% Si [4,5]. As the
carbon content in the casting increases, the metal becomes more brittle [2,6]. The melting
temperature of cast irons is approximately 1600 °C. This makes cast iron a useful alloy for
industrial applications [7]. Cast irons have various applications in various industries, such
as machinery, automobile parts, pipes, and kitchen equipment. Since cast irons are highly
fluid in the molten state, they have high castability [2].

Grey (lamellar graphite) cast irons (GCI) are the most commonly used cast materials
for engineering purposes. They are widely used because they have many advantages, such
as a high heat capacity, high thermal conductivity [8,9], a low melting point [10], high
vibration damping, hardness, superior wear resistance [11] and good machinability [12].
These materials have a compressive strength, dimensional stability and tensile strength
comparable to steel [11]. The presence of graphite as flakes in the iron matrix gives it a grey
color. Grey cast iron is an iron—carbon-silicon alloy with small amounts of other alloying
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elements [13]. These grey cast irons find wide application in the automobile industry,
including in casting the cylinder head for heavy fuel diesel engines [14-16], and especially
in the engine block of internal combustion engines [2,17]. The structure of these cast
irons is determined by their chemical composition, inoculants and the cooling conditions
before casting [2,18]. These grey cast irons have attracted much attention due to their
superior properties, such as good strength, low production cost [19-21], good fluidity, good
castability and high wear resistance [22]. Their microstructure comprises a metal matrix in
which graphite lamellae are dispersed [21]. The mechanical properties of grey cast irons
depend mainly on its microstructure, which consists of a matrix of flake graphite, ferrite,
and pearlite [15]. The mechanical properties of these cast irons are determined by the
size, amount, and distribution of graphite lamellae in its microstructure [21,23-26]. The
best way to increase the tensile strength of grey cast irons is to add alloying elements to
change their microstructure [27-29]. Common alloying elements in these grey cast irons
are molybdenum (Mo), niobium (Nb), vanadium (V), copper (Cu), tin (Sn), chromium (Cr)
and so on [27,30-32].

Abrasive wear is a phenomenon that occurs between two contact surfaces with differ-
ent degrees of hardness, whereby the material surface is attacked by the particle with higher
hardness. Abrasive wear causes mass wastage, damage and component failure in industry.
Industrialized countries spend an estimated 1-4% of their gross national product on losses
due to abrasive wear [33]. Grey cast iron is often used for sliding wear applications. Exam-
ples of materials subject to sliding wear are automotive cylinder blocks, brake drums and
bearings [34]. When we look at the tribological properties of cast irons with a high damping
capacity, we can see that they show good tribological properties [35]. Friction and wear
phenomena cause a decrease in the operating efficiency of both mechanical components
and electrical components. They can also lead to the early replacement of components [36].
Depending on the composition/microstructure of materials, the applied load, and the oper-
ating environment, wear can be classified into several types, including adhesive, abrasive,
fretting, and fatigue [37]. The coefficient of friction and wear rate typically characterize
the wear properties of materials [38,39]. The coefficient of friction is a crucial parameter
in measuring the friction and wear properties of materials and studying their friction and
wear mechanisms [38,40,41]. The wear rate is commonly expressed as the amount of wear
per unit volume of samples [38,42].

Cast iron materials are easy to melt and are usually produced in final sizes. Even
intricately shaped materials can be produced via casting. The grey cast iron parts of
machine elements used in industry fail over time due to sliding wear. When this happens,
there is a need to replace the defective part before using its entire service life. Replacing the
defective machine element long before it has reached its full service life causes an increase
in costs. This leads the users of the equipment to experience an economically difficult
situation. To prevent this situation, material wear can be reduced by increasing the strength
of the matrix material by adding a TiNC reinforcement material in certain ratios to the
cast iron machine element. In this study, we attempted to increase the strength values
of the grey cast iron material by adding carbon titanium nitride (TiNC). Therefore, the
compressive strength, hardness and wear behavior of the samples were investigated at
different reinforcement ratios (specimen A: 0%; specimen B: 0.153%; specimen C: 0.204%
and specimen D: 0.255%). The abrasion tests were conducted on a reciprocating abrasion
tester (CSM Instrument Tribometer, Peseux, Switzerland) at a temperature of 25 + 1 °C, a
humidity of 60 £ 2% and in dry sliding conditions in air, in accordance with the standards.
Alumina balls with a diameter of 6 mm were used as the abrasive material. The tests were
carried out under loads of 5 N, 10 N and 15 N, with a constant sliding speed of 20 cm/s, a
sliding length of 8.5 mm and a total sliding distance of 500 m. During the test, the values of
the coefficient of friction were measured and the data were immediately recorded. In this
way, the effects of load variations on the wear behavior of TiNC-reinforced grey cast iron at
different rates were investigated.
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2. Materials and Methods
2.1. Material Production

The sample materials used in the experiments were produced in Hema Automotive
Systems Inc. (Turkey), an Iron Casting Factory. The grey cast iron specimens were formed
in a metal-melting furnace using varying amounts of carbon titanium nitride (TiNC) re-
inforcement material. Four different specimens were produced: Specimen A with 0%,
specimen B with 0.153%, specimen C with 0.204%, and specimen D with 0.255%. The
chemical compositions of these samples can be found in Table 1. The specimens were cast
in separate sand molds at the temperature of 1410 °C in the casting ladle. The compression,
hardness, microstructure and wear of these grey cast iron samples were investigated. Grey
cast irons are classified according to the ASTM A 48 standard [43]. The carbon titanium
nitride (TiNC) reinforcement material used in the study was provided by Nanography
Nano Technology (Ankara, Turkey). TINC powder with a chemical composition of 76-79 Ti,
10.0-12.0 N, 9.0-11.0 C, 0.3 free C, 0.5-1.0 O, and 0.08 Fe (wt.%) was used. The purity and
size of the TINC powder were 99.95% and 1.05-3.05 um, respectively.

Table 1. Chemical compositions of samples (wt.%).

No. C Si Mn P S Cr Ni Cu Mg Nb Ti \' Sn B Zr TiNC
A 313 209 073 0.0337 0.0941 0.313 0.0382 0.518 0.0032 0.0060 0.0198 0.0115 0.135 0.0025 0.0086 -

B 322 197 078 0.0490 0.0771 0.336 0.0303 0.0494 0.0031 0.0076 0.0236 0.0115 0.146 0.0021 0.0086 0.153
C 315 201 074 0.0374 0.0817 0.316 0.0368 0.0508 0.0031 0.0056 0.0213 0.0095 0.133 0.0024 0.0094 0.204
D 323 205 072 0.0318 0.0807 0.285 0.0364 0.0515 0.0032 0.0058 0.0200 0.0084 0.128 0.0023 0.0077 0.255

2.2. Preparation of Sample Materials

The cast samples were taken out of the sand mold at room temperature after casting.
12 mm x 32 mm X 42 mm samples with four different TINC reinforcement ratios (A, B, C,
and D) were prepared for hardness tests from these samples.

For compressive strength test samples, it is recommended that the dimensional ratio
(initial height (ho)/initial diameter (do)) is 1.5 < (ho/do) < 10. The most commonly
used ratio for pressure tests is (ho/do) > 2. This ratio is usually taken as (ho/do) = 2
in compressive strength tests of metallic materials. When the ho/do ratio of samples
is too large, bending and inhomogeneous stress distributions may occur in the samples
during the test. If the ho/do ratio is too low, the friction between the sample and the
compression plates significantly affects the test results [43]. This study was prepared in
12 @11 mm x 22 mm cylindrical samples, using 3 samples of each reinforcement ratio
for compressive strength tests. In the study, the compression ratio was determined as
(ho/do) = 2. The compressive strength of the grey cast irons was approximately 3-5 times
higher than their tensile strength [43]. These high compressive strengths are one of the most
important properties of grey cast irons. In terms of procedure, compressive strength tests
are considered to be the inverse of tensile strength tests. Compressive strength tests are
usually applied to brittle materials subjected to compressive loads. Since the compressive
strength of metal materials such as bearing alloys produced from grey cast irons is higher
than their tensile strength, they are used in places where they are subjected to compressive
stresses [43].

For wear tests, 12 mm X 32 mm x 42 mm samples of each reinforcement ratio (A, B,
C and D) were prepared using machining methods. The surfaces of these samples were
polished before the wear tests.

3. Results and Discussion
Microhardness Test Results

The hardness tests were performed according to standards using the Ernst AT250DR
Brinell hardness tester. The measurement results were compared with previous GCI studies.
In their study, Kuzmanov et al. [44] determined the hardness value of GG25 grey cast iron
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produced without reinforcement to be 219 HB. In our study, the average hardness value
of the GG25 grey cast iron produced without reinforcement was found to be 215 HB for
sample A (0% TiNC). This average hardness value agrees with the hardness value found in
the earlier study by Kuzmanov et al. [44]. In the hardness measurements, the lowest value,
with an average of 193 HB, was measured in sample B with 0.153% TiNC reinforcement.
For sample C, with 0.204% TiNC reinforcement, the hardness value increased with the
increasing reinforcement ratio and was measured as 200 HB on average. For sample D, with
0.255% TiNC reinforcement, the average hardness value with an increasing reinforcement
ratio was 204 HB. Collini et al. [18] thought that this varied depending on the chemical
composition, inoculants or cooling conditions. The Brinell hardness values of the samples
at different reinforcement ratios are shown in Figure 1.
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Figure 1. Brinell hardness measurement values.

Compressive strength tests are generally applied to brittle materials that are expected
to have higher values than tensile strength. The compressive strength values of grey cast
irons vary depending on their matrix structure and graphite flake size, type and distribution.
Their tensile strength is taken into account when determining the compressive strength of
grey cast irons. The tensile strength values of grey cast irons typically range between 100
and 350 MPa. Since the compressive strength values of grey cast irons are approximately
3-5 times those of the tensile strength, the expected compressive strength values are
300-1050 MPa [43]. When the compression test results were compared with previous
studies, the results were found to be appropriate. Compression tests were carried out with a
Zwick Roell Z600 universal testing machine produced by ASTM E9 standards. The average
compressive stress values of the 0% TiNC A (unreinforced) sample and 0.153% TiNC-
reinforced B sample were 780 MPa and 747 MPa, respectively. The average compressive
stress of the 0.204% TiNC-reinforced C sample was found to be 765 MPa, according to
expectations, as the reinforcement ratio increased. In the 0.255% TiNC-reinforced D sample,
the compressive stress values increased with the increase in the reinforcement ratio, and
the average compressive stress was 778 MPa. The compressive stress values were expected
to increase as the reinforcement ratio increased. However, although the compressive
stress values increased with the increase in the reinforcement ratio, it was found that the
unreinforced A sample had higher values than the reinforced B, C and D samples. This can
be explained by the possibility that the lamellae in grey cast irons create an unpredictable
notch effect, decreasing the strength values [43]. The compression test values of the samples,
depending on the reinforcement ratio, are shown in Figure 2.
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Figure 2. Compression test values.

When examining the stress—strain diagrams of the compression tests, it was found that,
although the curves were comparable, deviations occurred at the points with the highest
stress. Fracture damage occurred in the materials due to the stresses generated during the
compression loads (Figure 3). When we examine the damage from the compression tests,
we can see that the fractures occurred at an angle of approximately 45 degrees. Figure 4
shows the stress—strain diagrams for the compression tests.

Figure 3. Cont.
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Figure 3. Compression load fracture damage appearance. (A): %0 TiNC; (B): 0.153 TiNC; (C): %0.204
TiNC; (D): %0.255 TiNC. 1-3 each represent three samples with the same addition ratio of TINC.
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Figure 4. Compression test stress—strain plots. (A): %0 TiNC; (B): 0.153 TiNC; (C): %0.204 TiNC;
(D): %0.255 TiNC. 1-3 each represent three samples with the same addition ratio of TINC.
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The wear tests were conducted under similar conditions in order to compare the
samples. The wear rates, wear volume losses and friction coefficients obtained during the
wear tests were compared for different TINC reinforcement ratios. In the study carried
out on the CSM Instrument Tribometer brand pin-on-disk wear device, when the applied
load and additional rates were examined, the highest wear volume loss for the 5 N load
was determined to be 1.24 x 107! mm? in the D (0.255% TiNC) sample. For the 5 N
load, the highest wear rate of 4.95 x 107> mm?/Nm was found in the D (0.255% TiNC)
sample. For the 10 N load value, the highest amount of wear volume loss was measured as
1.98 x 10! mm? in sample A (0% TiNC). For a load value of 10 N, the highest wear rate
of 3.95 x 107> mm?®/Nm was observed in sample A (0% TiNC). When a load value
of 15 N was used for the wear test, the highest wear volume loss was found to be
2.93 x 107! mm3 for sample B (0.153% TiNC). For a load value of 15 N, the highest
wear rate of 3.90 x 10> mm?®/Nm was found in the B (0.153% TiNC) sample. In the
wear test, the amount of wear volume loss in the B (0.153% TiNC) sample with the lowest
hardness value was 0.55 x 10~ mm3 for a 5 N load, 1.22 x 10~ mm3 for a 10 N load
and 2.93 x 10~! mm? for a 15 N load. According to this, it can be said that the amount of
wear increases as the load value increases in sample B (0.153% TiNC), where the hardness
value is the lowest. At aload of 5 N, the highest average coefficient of friction was 0.493
for sample A (0% TiNC). The lowest average coefficient of friction was 0.429 for sample C
(0.204% TiNC). At a load of 10 N, the highest average coefficient of friction was 0.434 for
sample C (0.204% TiNC). The lowest average coefficient of friction was 0.377 for sample D
(0.255% TiNC). At a load of 15 N, the highest average coefficient of friction was 0.429 for
sample D (0.255% TiNC). The lowest average coefficient of friction was 0.284 for sample
A (0% TiNC). When evaluating the coefficients of friction, it was found that a general
downward trend with increasing load value was observed for grey cast iron with the same
reinforcement ratio. In Miyake’s study [45], he found that the coefficient of friction tended
to decrease as the load increased [45]. Metallic materials’ sliding wear resistance is often
estimated using their hardness [46]. Liu et al. [47] stated that the hardness values of materi-
als are the most important factor in determining the wear resistance of that material, and
according to Archard’s law, wear resistance is inversely proportional to hardness. The hard-
ness of a material is a crucial factor in determining its wear resistance [48]. Additionally,
the microstructure of the matrix, types and properties of carbides (such as size, distribution,
orientation and morphology [48]), as well as the fracture toughness, volume fraction and
hardness of the alloys, also influence the wear resistance. Moreover, the wear resistance is
affected by loading conditions, tribological media properties, the relative movement of the
contact area, and the type and size of abrasives [49]. Zambrano et al. [50], who tested steels
with similar hardness but varying microstructures, demonstrated this. Wear losses [46]
were calculated from the profilometer traces of the wear track. The wear volume losses,
wear rates and average friction coefficients of the study are given in Table 2.

When examining the friction coefficient changes for the samples in Table 2 and Figure 5,
we can observe that sample A (0% TiNC) has the highest friction coefficient value of 0.493
at a load value of 5 N. For a 5 N load value, the lowest coefficient of friction value was 0.429
in sample C (0.204% TiNC). For a 10 N load value, the highest coefficient of friction value
was 0.434 in the C (0.204% TiNC) sample. For a 10 N load value, the lowest coefficient
of friction value was 0.377 in sample D (0.255% TiNC). Sample D (0.255% TiNC) had the
highest friction coefficient value of 0.429 at a 15 N load. For a 15 N load value, the lowest
coefficient of friction was 0.284 in sample A (0% TiNC). The grain size, microhardness,
film/substrate adhesion strength, surface roughness, etc., determine the wear performance
of ductile iron (DI) and austempered grey cast iron (AGCI). Wear behavior is categorized
according to microhardness and the coefficient of friction [51].
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Coefficient of friction

Table 2. Wear volume, wear rates and average friction coefficients.
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0.1+

0.04

Sample Load (N) Volume Loss Wear Rate Coefficient of
(x10~1 mm>3) (x10~5 mm3/Nm) Friction (COF)
A (%0 TiNC) 5 0.97 3.89 0.493
B (%0.153 TiNC) 5 0.55 2.18 0.449
C (%0.204 TiNC) 5 1.07 4.29 0.429
D (%0.255 TiNC) 5 1.24 495 0.479
A (%0 TiNC) 10 1.98 3.95 0.411
B (%0.153 TiNC) 10 1.22 2.43 0.416
C (%0.204 TiINC) 10 1.32 2.64 0.434
D (%0.255 TiNC) 10 1.48 2.96 0.377
A (%0 TiNC) 15 2.38 3.18 0.284
B (%0.153 TiNC) 15 2.93 3.90 0.416
C (%0.204 TiNC) 15 1.45 1.94 0.334
D (%0.255 TiNC) 15 2.23 2.98 0.429
06+
o
5
3
2
§
= (A) %0 TiNC a— (A) %0 TINC
= (B) %0.153 TiNC 014 = (B) %0.153 TiNC
= (C) %0.204 TINC e (C) %0.204 TiNC
= (D) %0.255 TINC 0.04 = (D) %0.255 TiNC
(I) 1 (I)O 2[‘)0 3[‘)0 ' 4[‘)0 5[‘)0 (I) 1(‘)0 2(‘)0 3(‘)0 ' 4[‘)0 5(‘)0
Sliding distance (m) Sliding distance (m)
0.6 L L L L L L
-

Coefficient of friction

0.1+

0.0

—(A
—(B
—(C
—(D

%0 TiINC

%0.153 TiINC
%0.204 TiINC
%0.255 TiNC

T T
100 200

T
300

Sliding distance (m)

T
400

T
500

Figure 5. Friction coefficient changes: 5N, 10 N and 15 N.

The worn surfaces under dry sliding conditions were examined using a TESCAN
MAIA3 XMU Scanning Electron Microscope (SEM) to determine the wear mechanisms.
An (0% TiNC) unreinforced sample showed increased wear volume loss with increasing
load. At a5 N load, the C (0.204% TiNC) and D (0.255% TiNC) samples showed deep
pits and cracks. At a 10 N load, sample C (0.204% TiNC) showed wear without particle
breakage on the wear surfaces. Also, at a 10 N load, deep pits and cracks were observed in
sample D (0.255% TiNC). At a 15 N load, deep pits and cracks were observed in samples
C (0.204% TiNC) and D (0.255% TiNC). The wear surfaces parallel to the sliding direction
were observed to have significant scratches. The post-wear scanning electron microscopy
(SEM) microstructure images are presented in Figure 6.
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4. Conclusions

Grey cast iron, used in many machine elements, fails due to sliding wear. Therefore,
there is a need to replace the failed parts without using the entire service life. This study
evaluates the compression, hardness and wear behavior of grey cast iron reinforced with
TiNC at different ratios. The results obtained in this study are given below:

e  The hardness measurements obtained the highest average reading for sample A
(0% TiNC) at 215 HB. The average hardness values were 193 HB, 200 HB and 204 HB
for samples B (0.153% TiNC), C (0.204% TiNC), and D (0.255% TiNC), respectively.
Although the hardness values of the reinforced samples were lower than those of
the unreinforced sample A, the average hardness values increased as the degrees of
reinforcement increased.

e In compression tests, sample A’s highest value was 780 MPa (0% TiNC). The compres-
sion test value was determined to be 747 MPa in sample B (0.153% TiNC),
765 MPa in sample C (0.204% TiNC) and 778 MPa in sample D (0.255% TiNC). When
the compression test results are evaluated graphically in general terms, they show
similarities with the hardness tests.

e  When the wear condition of the samples with the same hardness value is examined
depending on the increasing load values, it can be said that the wear volume loss
values increase with the increase in the load value. The wear volume losses of sample
A (0% TiNC) were 0.97 x 107! mm3 at a 5 N load, 1.98 x 107! mm?3 ata 10 N
load and 2.38 x 10~! mm? at a 15 N load. The wear volume losses of sample B
(0.153% TiNC) were 0.55 x 107! mm? at a 5 N load, 1.22 x 107! mm?® ata 10 N
load and 2.93 x 107! mm? at a 15 N load. The wear volume losses of sample C
(0.204% TiNC) were 1.07 x 10~! mm?3 ata 5N load, 1.32 x 10~ mm?3 at a 10 N load
and 1.45 x 10~! mm? at a 15 N load. The wear volume losses of sample D (0.255% TiNC)
were 1.24 x 107! mm?® ata 5 N load, 1.48 x 10! mm® at a 10 N load and 2.23 x 10! mm?
ata 15 N load.

e  When evaluating the coefficients of friction, it was observed that grey cast iron with
the same reinforcement ratio exhibited a general downward trend as the load value
increased. The highest coefficient of friction was determined, with an average of 0.493
for sample A (0% TiNC) at a load of 5 N. The lowest coefficient of friction was found
to be 0.284 for sample A (0% TiNC) at a load of 15 N.

5. Future Research

Cast irons are easily melted and are generally manufactured in final dimensions.
Complex-shaped materials can also be produced via casting. Grey cast iron is widely used
in many machine elements used in industry. These grey cast irons suffer much damage due
to sliding wear. For this reason, there is a need to replace defective parts before they have
completed their entire service life. Replacing damaged parts leads to both high economic
costs and the loss of time. In order to prevent this, it is necessary to increase the strength
values of grey cast iron. In this study, we aimed to increase the strength values of grey
cast iron via reinforcement with carbon titanium nitride (TiNC) at different rates (sample
A: 0%; sample B: 0.153%; sample C: 0.204%; and sample D: 0.255%). Accordingly, the
prepared specimens’ compressive strength, hardness and wear resistance properties were
investigated. A similar study can be carried out for spheroidal graphite cast irons in the
future. The compressive properties, hardness, and wear properties of spheroidal graphite
cast iron and grey cast iron can be compared with TiNC reinforcement at different ratios.
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