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TemaTunka :KypHajia

MeskayHapoaHblit HayuHbIi xypHan "Materials Physics and Mechanics" nzgaetcs Cankr-IleTepOyprckiuM moauTeX HIYECKUM YHUBEPCUTETOM
Ierpa Bennkoro B corpyquuuectse ¢ MHCTHTYTOM 1pobiieM MamrHoBeqeHus Poccuiickoii akageMuu HayK B IEYaTHOM BUJIE U DJIEKTPOHHON
opme. JKypHnai my6arkyeT 0630pHbI€ M OPUTHHAIIBHBIC HAYYHbIE CTATbU HA AHIIMHCKOM SI3BIKE TI0 CJISJIYIOIIUM TeMaTHKaM:

e MexaHNKa KOMIIO3UIHOHHBIX H HAHOCTPYKTYPHPOBAHHBIX MaTEPUANIOB.

e Ou3pKa IPOYHOCTU U INIACTUYHOCTH KOMIO3HIIMOHHBIX U HAHOCTPYKTYPHPOBAaHHBIX MaTEPHAIIOB.

e MexaHuka rnpoueccoB JedopManuu 1 pa3pyiieHus B TpPaAULMOHHBIX MaTepuaax (TBepIbIX TeNax).

o Dy3KKa MPOYHOCTHU U IJIACTUYHOCTH TPAAULIMOHHBIX MaTEPHUAIIOB (TBEPABIX TE).

e Ou3pKa 1 MexaHUKa Je(eKTOB B KOMIIO3UI[HOHHBIX, HAHOCTPYKTYPHPOBAHHBIX H TPaJUIIHOHHBIX MaTepPHANIAX.

e MexaHuKa 1 GH3UKa MATEPHATIOB B CBA3aHHBIX IOJIAX.

Penkoserust npMHUMAET CTaTbU, KOTOPbIE HUT/IE paHee He OIyOIMKOBAaHBI M HE HANIPaBJICHBI IS OITyOJIMKOBAHUS B IPYTUe HAYYHbIE U3IaHUS.
Bce npencrabisiemble B pefakuuio kypHana "MexaHuka M (usnka mMaTepuanoB" cTaTbU peleH3upyroTcs. CTaTbu MOTYT OTIPaBIISITHCS
aBTOpaM Ha 10paboTKy. He mpuHATHIEC K OIMyOIMKOBAaHUIO CTATHU aBTOPAM HE BO3BPAIAIOTCSL

Kypnan "Mexanuka u pusuxa mamepuanos' (""Materials Physics and Mechanics") éxntouen ¢ cucmemy yumupoesanus Web of Science
Emerging Sources Citation Index (ESCI), SCOPUS u PUHI].
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A review on the mechanical behaviour of aluminium matrix composites
under high strain rate loading
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Abstract. AMCs (aluminium matrix composites) are commonly utilized in various structural
applications as they possess high strength, low weight, and improved wear resistance properties
in comparison to monolithic aluminium alloys. The properties of AMCs generally improve by
adding reinforcements. These reinforcements can be ceramics like Alumina, Silicon carbide, or
inorganic materials like fly ash. It was noticed that AMCs behave differently with a change in
strain rate. Additionally, failure mechanisms under dynamic loading settings are discovered to
be distinct from those under quasistatic or low strain rate loading conditions. The wide
applications of AMCs rely both on their low strain rate behaviour and high strain rate
characteristics. The emphasis of this study is to review the dynamic behaviour of AMCs where
the strain rate varies from 100-10,000 s™'. AMCs were discovered to be strain rate sensitive at
increasing strain rates, where their strength and failure strain increases with the strain rate.
Keywords: aluminium matrix composites; metal matrix composites; high strain rate; dynamic
behaviour; mechanical properties

Citation: Agarwal S, Angra S, Singh S. A review on the mechanical behaviour of aluminium
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Introduction

Composite is a combination of any two of the material types (polymer, metal, or ceramic) that
differ in chemical composition and phases [1,2]. A composite has two phases, the matrix phase,
and the reinforcement phase. Reinforcement carries the load whereas the matrix phase helps in
transferring and distributing the load to the reinforcement. The matrix phase is generally ductile
in nature and it binds the fibres together whereas the reinforcement phase is hard and brittle [3].
The classification of composites can be seen in Fig. 1. In the metal matrix composites (MMCs),
the matrix phase is necessarily a metal and the reinforcement can be a polymer, ceramic, or
even metal [4]. Aluminium, copper, magnesium, and titanium are the most commonly used
matrix material in MMC. In this review paper, the focus is on the aluminium matrix composites
(AMCs) where different aluminium alloys are used as matrix materials such as Al6061,
Al5083, Al7075, A356, A359, etc. The reinforcement material in AMCs can either be in the
form of particles (nano or micron size) or fibres (continuous or discontinuous type) [5,6]. The
ceramic type reinforcements are mostly used [7,8] like silicon carbide (SiC), tungsten carbide
(WC), alumina (Al203), titanium diboride (TiB2), zirconia (ZrOz), etc. Amongst various
ceramic reinforcements, Al>O3 and SiC are largely used reinforcement materials types due to
their easy availability and cheapness. Organic materials like fly ash, rice husk, etc. [9,10] can
also be used as reinforcement materials. The first development of MMCs with ceramic
reinforcements was in the early 1960s with Aluminium metal as matrix and graphite particles
as reinforcement material [11]. Nowadays, the focus is more on hybrid composites [12,13],
where two or more materials are used as reinforcements. The MMCs can be fabricated using
© S. Agarwal, S. Angra, S. Singh, 2023.
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either liquid state, solid-state, or in-situ fabrication techniques (refer to Fig. 2). The universally
used techniques for synthesizing of MMC:s in the liquid state are stir casting and squeeze casting
whereas powder metallurgy is preferred among various solid-state techniques [14].

| Composites
P——— I R —
Metal Matrix Polym.er Ceran?lc
: Matrix Matrix
Composites | : ;
| L Composites | Composites
|
I E—
i Particulate Fibre Laminate
Reinforced Reinforced Reinforced
L L

Fig. 1. Classification of composites

Stir Casting ‘

Liquid State | Squeeze
Processes Casting
In-situ Compo-

casting

| Fabrication | Processes
joute Powder |

Metallurgy

| Solid State | | Friction Stir ‘
Processes Process |

L

'Hot Isostatic
Process

Fig. 2. Different types of fabrication routes for MMCs

AMC:s are typically used in marine, aerospace, and automotive industries owing to their
low weight, good load-bearing capacity, better wear resistance, and corrosion resistance as
compared to monolithic metals [15—17]. Due to lower thermal strain, the wires of conductor
cables in power transmission towers are made of MMCs instead of monolithic metals like steel,
aluminium, and copper [18-20].

The AMC:s used in engineering and structural designs such as aerospace, automotive and
marine vehicles are susceptible to dynamic loads such as sudden impact due to foreign objects
(animals, birds, marine life-forms, etc.) or high-speed collision due to human error while navigating
such vehicles [21]. Even armour shields used for the protection of vehicles or any human are made
of AMC:s. Such shields must possess good anti-penetrative properties as they are prone to ballistic
incidents. Such dynamic loading may lead to localized deformation of AMC:s.

This review study concentrates on the mechanical behaviour of the AMCs under the
dynamic loading.
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Effects of reinforcement material on the properties of AMCs
With the introduction of reinforcements, there will be few changes in the mechanical, physical,
and tribological properties of the AMCs compared to that of monolithic metals or their alloys.
Some changes are beneficial and some are unwanted. The mechanical properties can be divided
into two parts based on the strain rate — (a) low strain rate (LSR) properties due to static loading,
and (b) high strain rate (HSR) properties due to dynamic loading.

LSR mechanical properties and tribological behaviour of AMCs. In static loading
conditions, the strain rates for the mechanical tests are usually less than 107 s7! [22]. Mechanical
properties like tensile strength, compressive strength, and hardness usually improve with the
addition of reinforcement particles into the base matrix as these particles act as barriers to the
dislocation movement (Orowan strengthening) which increases the value of stress required for
the same amount of plastic deformation [23-26]. Whereas properties like ductility and
percentage elongation are negatively affected as the wt. % of reinforcement is increased which
may be due to the grain refinement of particles [27-29]. The wear resistance of AMCs was also
observed to increase with reinforcement content because the addition of strong ceramic particles
minimizes material loss during wear tests [30]. The fracture toughness and creep properties
may also improve with the addition of reinforcement [31,32].

HSR mechanical properties of AMCs. Under dynamic loading circumstances, strain
rates typically range from 10?to 10* s or even above [33]. For HSR tests, the split Hopkinson
pressure bar (SHPB) test (also referred to as the kolsky bar test) is employed [34]. In the SHPB
test, the test sample is pressed between an incidence bar and a transmission bar (Fig. 3).

Striker Incident bar Transmitted bar Energy absorber

AN = A

7 =
Strain _/ L Strain

gauge gauge

Fig. 3. Schematic of SHPB test apparatus. Redrawn from [35]

An elastic wave 1s generated when the striker bar collided with the incident bar with some
velocity. This elastic wave passes through the interface between the incidence bar and the sample,
where a portion of it is transferred to the transmission bar and the remainder is reflected back to the
incident bar [36]. The reflected and transmitted wave values can be monitored using strain gauges

installed at the incidence and transmission bars [37]. Stress (o), strain rate (é), and strain (&) can
be calculated from reflected and transmitted waves [38] using the given Egs. (1) — (3):

o5(t) = 2 er (o), ()
£5(8) = "2 en(D), 2)
e(t) =[] &(0) dt, 3)

where A, E, and L are cross-sectional area, elastic modulus, and length respectively, s and o
represent specimen and bar, eris the transmitted wave signal and ¢r is the reflected wave signal,
and Co is wave speed in the incident bar which is given by Eq. (4):

Cp, = \/g )

There are mainly three types of HSR mechanical tests upon which the previous researchers
had worked, namely HSR compressive, HSR tensile, and HSR torsional test or HSR shear test. In
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this study, the behaviour of AMCs under these dynamic tests and their failure mechanism is
summarized by reviewing past research.

Behaviour of AMCs under HSR tensile test. Perng et al. [39] observed the HSR tensile
behaviour of Al,Os reinforced AMC. The HSR tensile specimens were prepared in accordance
with the ASTM ES8 standard. It was found that composites were highly sensitive to strain rate
(about 1073, 1, 140, and 400 s™') when compared to the base metal. UTS (ultimate tensile strength)
of both composite and base metal were increased with the increase in the strain rate. When tested
at room temperature, UTS of Al/15 %Al,03 was increased from 366.53 to 468.06 MPa; and UTS
for base metal Al6061-T6 was increased from 322.68 to 397.15 MPa. It was hypothesized that the
decrease in dislocation velocity increased the strain rate sensitivity (SRS). The reinforcement
particles acted as a barrier to dislocation motion thereby reducing dislocation velocity.

Chichili and Ramesh [40] studied the dynamic behaviour of Al/Al,O3 composite and also
monolithic alloy under HSR tensile test by varying the strain rates over a range of 185 to 750 s\
The failure strain was observed to be increased with an increase in strain rate which suggested high
values of dynamic fracture toughness compared to that of quasistatic one. There was no significant
strain hardening under the dynamic tensile test. The composite test samples showed brittle fracture
when viewed macroscopically but the occurrence of dimples on the broken surface of specimens
indicated ductile fracture of the matrix at the microscopic level. The failure mechanism for the
monolithic alloy was found to be ductile fracture with necking.

0,33 -
0,32 1
0,31
0,3 1
0,29 A
> 0,28 -
0,27
0,26 -
0,25

ield strength

Initial

0,002 150 500 1000
Strain rate (1/s)

Fig. 4. Relationship between Initial yield strength and strain rate under HSR tensile test. Based on [41]

Wang et al. [41] investigated the tensile dynamic behaviour of AMC with 10 % SiC patrticles
as reinforcement with varying strain rates (0.002, 150, 500, and 1000 s™'). The composite was
revealed to be rate responsive as specimen yield stress increased with strain rate (refer to Fig. 4). Li
et al. [42] monitored the deformation of A359/S1C composites under a dynamic tensile test using
Laser Occlusive Radius Detector for measuring the local strain of specimens. For this investigation,
the strain rates were 10~ and 250 s™!. The rate dependency of the composite was observed with a
change in yield stress by varying strain rates. The dynamic failure strain was found to be less than
the quasistatic strain. This was due to the fact the strain measured was local strain whereas the
previous studies measured overall strain for the specimens. The failure of the composite was mainly
due to matrix failure. Reddy [43] discovered that the yield stress of Al6061/SiC composites dropped
with increasing temperature but increased with increasing strain rate.

Wang et al. [44] performed HSR tensile tests on AI/CNT composites with a strain rate of
about 2000 s™. The composites were manufactured with CNT particles having two different aspect
ratios (AR25 and ARSS). The stress-strain diagram revealed that the flow stresses were higher for
AMCs with a lower aspect ratio (AR25) under both quasistatic and dynamic test conditions (refer
to Fig. 5). Large values of failure strain suggest increased strain rate sensitivities within AMCs. The
SEM micrographs of fractured surfaces revealed finer and shallower dimples for AMCs tested at
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2000 s™! compared to quasi-statically tested AMCs. Table 1 summarizes the variations in tensile
characteristics of various AMCs with strain rate.

0 50 100 150 200 250 300 350

B Dynamic test M Quasistatic test

Fig. 5. Flow stress under Quasistatic and HSR Tensile test conditions. Based on [44]

Table 1. Tensile properties of various AMCs at varying strain rates

AMCs Strain rate, s Tensile strength, MPa Strain, %
AI6061-T6/15 % Al,05 [39] a 2_33 22232 55,'519
AI6061-T6/20 % ALOs [40] ;(5); 328 62,'745

AVSIC [41] (1'8(())35 §?§ 7?5
A359/20 % SiC [42] = }28 o8

Behaviour of AMCs under HSR torsion test. There are very few past studies on the
dynamic behaviour of AMCs under the HSR torsion or shear test. Those investigations are
summarized in this section. Shear property is vital for composites with fibrous reinforcements [45].
Marchand et al. [46] used the HSR torsional test to investigate the dynamic behaviour of AMCs
reinforced with SiC whiskers. The specimens were made in the shape of a thin-walled tube with
flanges (refer to Fig. 6). The strain rates of 10, 900, 1300, 1600, and 3500 s were considered for
the observation. Fracture toughness was found to be improved when loaded dynamically. The shear
ductility of AMCs was also found to be increased from 29 % at a 10* s! strain rate to 40 % at a
strain rate of 3500 s”!, but there were no significant changes in UTS of composites with a change in
strain rate.

Fig. 6. Schematic of Torsional test specimen. Redrawn from [47]

Yadav et al. [48] observed that Al/Al2O3; composites were more sensitive to high strain rate
(above 1000 s') compared to the monolithic metal when samples were tested using HSR
compression and HSR torsional tests. This change in SRS of composites was attributed to 1)
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hindrance to the dislocation motion, at a high strain rate, due to adding of reinforcement and 2)
increase in the dislocation density as a result of the creation of dislocations due to varied strains.
The increase in the values of flow stresses at HSR was credited to the restrained plastic flow due to
reinforcements. Li et al. [49] investigated the dynamic torsional behaviour of newly developed
specimens, made out of A359/SiC MMC and base alloy, which helped in reducing the cost of
machining and also resulted in simpler machining of the specimen. The failure strain and yield
stress in shear of the base alloy were increased with an increase in the shear strain rate from 260 to
1420 5™ (refer to Fig. 7). The increase in shear yield stress and failure shear strain was also observed
for the composite sample. It was found that the base alloy and composite were more ductile in shear
than in tension.

0,12 1

Failure strain (shear)
o o2 2 2 2 o
& ® 8 = =

> o o o o L
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Strain rate (1/s)

Fig. 7. Failure stress (shear) vs strain rate. Based on [49]
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Fig. 8. Failure stress values of AMC composite with 10 wt. % Al2O3
under HSR torsional test. Based on [50]

Table 2. Torsional characteristics of AMCs over different strain rates

AMCs Strain rate, s’! Shear strength, MPa Shear strain, %
Al2124-T6/SiC whiskers [46] 1o? 2 m
3500 375 40
6.2x10* 385
Al6061-T6/20%Al,05 [48] 1.7%10° 465
, 260 165 6.1
A359/20%SiC [49] 1420 175 11.4
687 680 19
Al6061-T6/20%Al,05 [50] 1008 820 28
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Odeshi et al. [50] studied the dynamic shear and compression behaviour of Al6061/A1,03
composite with strain rates varying up to about 1200 s'. The strain rate caused a rise in shear failure
stress and failure strain (refer to Fig. 8). It was also observed that the AMCs were more susceptible
to shear failure than failure due to compressive loading. Nucleation of micro voids and particle
fracture were the reason for shear failure as observed from the SEM micrograph of fractured
surfaces. Table 2 highlights the variations in torsional characteristics among different AMCs
with strain rates.

Behaviour of AMCs under HSR compression test. Li and Ramesh [21] analyzed the
dynamic compression behaviour of AMC with help of numerical modelling. The effect of shape,
aspect ratio, and volume fraction of reinforcement particles on AMC under dynamic loading was
investigated. With the increase in volume fraction of reinforcement, the strength increased even at
high strain rates. Yield stresses of AMC at high strain rates were higher for cylindrical-shaped
reinforcement particles as compared to spherical-shaped particles. Thus, SRS is higher for AMC at
high volume fractions and also for cylindrical-shaped particles. Lee et al. [51] examined the HSR
compressive properties of AMCs reinforced with 10 vol. % carbon fibres (Cs). The strain rates of
1300, 2300 and 3300 s were used for HSR tests. The composites were manufactured with both
longitudinal and transverse fibre orientations. The HSR compressive strengths of composites with
both fibre orientations at different strain rates and temperatures are mentioned in Table 3. The
compressive strength increased with strain rate; however, it decreased as the temperature increased
from 25 to 300 °C.

Table 3. HSR compressive strengths of Al7075-T6 based AMCs reinforced with Cr at different
temperatures [51]

Test Sample Strain rate, s™! Temperature, °C Compressive strength, MPa
1300 25 654.3
AMC with longitudinal 300 288.3
fibre orientation 25 692.8
3300 300 277.1
1300 25 832.8
AMC with transverse 300 332.0
fibre orientation 25 899.4
3300 300 367.2

Guden and Hall [52] performed HSR compression tests for three different AMCs —
(a) Al-1.25 % Cu alloy reinforced with 20 % Al>Os short fibres, (b) Al2124-T6 reinforced with
25 % SiC whiskers (SiCw), and (c) Al12024 reinforced with 15% SiC particles (SiCp). The strain
rate was varied from 107 to 3000 s"'. Composites showed higher SRS which resulted in an
increase in yield or flow stress at higher strain rates. Whisker reinforced AMCs were least
sensitive to strain rate compared to fibre and particle reinforced AMCs. Lee et al. [53] explored
the HSR compressive behaviour of the A17075-T6 AMCs reinforced with varying grain sizes
of SiC particles (10 and 20 pm). A strain rate of 2800 s™' was used for compressive HSR tests
of composites. The increase in yield stress was observed when AMCs were loaded under
dynamic conditions. The compressive strength of AMCs with SiC particles of grain size 10 pm
was higher than AMCs with particle size 20 um. The strain percentage also increased with the
increase in strain rate. A similar improvement in strain percentage with strain was observed by
Li et al. [54] when Al2124/SiC composites were tested under dynamic compressive loading
(refer to Fig. 9).
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Fig. 9. Relation between strain and strain rate for AMC under HSR compression test. Based [54]

Tan et al. [55] tested the SRS of Al2024 composite reinforced with 50 % SiC particles. The
quasistatic (0.001 s') and dynamic compression tests (1250 to 2500 s') were performed
at 3 and 5 % strain for the study. There was an increase in flow stress when the strain rate was
increased up to 2000 s The flow stress was increased by increasing the strain% from 3 to 5 %
indicating strain hardening but the increase in flow stress by changing the strain rate was larger in
magnitude. Thus, the hardening due to the change in strain rate is more significant than hardening
due to the change in strain percentage. When the strain rate was increased from 2000 to 2500 s,
the value of flow stress dropped which was due to softening of the sample as a result of adiabatic
heating during HSR compression. Zhu et al. [56] performed quasistatic (or LSR) and HSR
compression tests on Al2024/60 %TiB, composite with strain rates of 0.0007, 1100, 1400, and 1850
s1. The flow stress values were increased by increasing the strain rate up to 1400 s, At the strain
rate of 1850 s°, there was a reduction in flow stress and an increase in elongation due to the thermal
softening of the specimen during compression. For strain rates up to 1400 s, there was brittle
fracture of samples; but the failure mode for samples examined at a strain rate of 1850 s! was ductile
fracture due to softening of the composite because of heating during HSR compression.

Similar findings were observed by Ye et al. [35] by testing SiC reinforced AMCs with SiC
having average particle size (APS) of 10 and 50 pm under quasistatic compression test and dynamic
compression test with strain rates spanning between 2200 and 5200 s’'. Figures 10 and 11
demonstrate the increase in the value of flow or yield stress and fracture strain under compression
with strain rate.

700 «
650 o
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550 o

500 1

Yield strength, MPa

450 A

400 * v v v v v .
0 1000 2000 3000 4000 5000 6000

Strain rate (1/s)

Fig. 10. Variation of Yield stress (compression) with strain rate for AMC reinforced with 10 pm
SiC particles. Based on [35]
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Fig. 11. Variation of fracture strain (compression) with strain rate for AMC reinforced with 10
um SiC particles. Based on [35]

Changes in compressive strength and strain percent of numerous AMCs with the strain rate
at room temperature are mentioned in Table 4.

Table 4. Compressive properties of AMCs at varying strain rates

AMCs Strain rate, s’! Compressive strength, MPa Total strain, %
AlI2024/15 % SiC 4.2x10* 380 16
[52] 2200 420 28
A17075-T6/SiC (10 pm) 0.001 886168 6.4+0.8
[53] 2800 1309+108 8.4+0.8
Al2124/SiC 1000 543 15
[54] 3000 569 30
Al12024/50 % SiC 0.001 580 7.2
[55] 2000 775 13
Al/AL,O3 (4.5 pm) 10 340 18
[57] 1600 480 11.5
A16092/30 % SiC 1600 535 19
(58] 4300 605 54

Table S. Summary of HSR compression tests performed on AMCs

MMC composition Strain rate Findings
Al17075 AMC reinforced 0.1t03300s"' | 1. Flow stress increased with strain rate but decreases with
with laminated at 25, 200 temperature.
carbon fibre [34] and 300 °C 2. High-temperature results in an increase in ductility.
. 100 1. AMC was sensitive to reinforcement % and strain rate.
A3S6/A1,0; composite [36] to 1200 s™! 2. Strength of samples was increased at strain rates.
AMC reinforced with 700, 1400, 1. Threshold Stres.s and frapture strain increase.s with strail} rate.
and 3000 s! 2. Energy absorption also increases at HSR with the maximum

nano-particles of Al,O3

(2.5 t0 12.5 wt. %) [38] at 5 wt. % SiC.

3. SSR increases with strain rate and deformation strain.

AI6092/B4C varied up 1. Strquth of corpposites increased with strair} rate abgve 1000 s:‘.
composite [59] to 10* s 2. Strain hardening of AMCs reduced at high strain rates with
an increase in reinforcement content.
800 1. AMCs were sensitive to HSR.
to 5200 s! 2. Dynamic Strength increases with a decrease in APS.

Al/SiC with APS of 12 and

45 um [60] 3. SRS decreased with a decrease in APS.

4. Strain softening region was observed above 3400 s™! due to
thermal softening.

about 1200- Increased strength of composite at dynamic loading.
1500 57!

A356/SiC [61]
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The strength and fracture strain of the composites under dynamic loading (HSR) were found
to be more than the strength of composites when tested under static conditions (LSR). The
composite with a smaller particle size had higher values of yield strength and energy absorption
compared to a composite with a larger particle size.

A summary of the composition of AMC:s, strain rates used in the HSR compression test, and
the findings of a few other previous investigations can be found in Table 5.

Conclusions

The review paper has discussed the dynamic behaviour of AMCs under different HSR tests. The
following conclusions are made from a review of the earlier investigations done on various AMCs
under dynamic loading conditions:

1. The quasistatic mechanical properties like tensile strength, compressive strength, hardness, and
fracture toughness are generally improved with the addition of reinforcement into the matrix of
AMCs.

2. AMCs were discovered to be extremely sensitive to variations in strain rate.

3. Athigher strain rate (HSR) values, flow stress or yield stress, energy absorption, and deformation
strain are more sensitive and their values are increased at HSR.

4. The impact of strain rate hardening is greater than the impact of strain hardening in the increase
of flow or yield stress of AMCs.

5. At very high strain rate values, some thermal softening phenomena were observed which caused
a decrease in flow stress and an increase in elongation.

6. With the increase in temperature at HSR the values of flow stress decrease.

7. The particle size of reinforcement also affects HSR mechanical properties.
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Abstract. Aluminum alloys are lightweight, castable, machinable, and have good mechanical
and physical properties. Aluminum alloys are used in aerospace, automotive, defense, and
structural sectors because of their promising qualities. This work examined how stirring speed,
preheating temperature, and particle size affect the mechanical characteristics of stir-cast
hybrid aluminum nanocomposites supplemented with GNPs and CeO> at 0-3 wt. %. The
microstructural investigation was done using SEM. EDAX confirmed components in
nanocomposite samples. Increased reinforcing percentage improved physical and mechanical
properties. The (3 % GNPs and 3 % CeO) hybrid nanocomposites have 1.06 % porosity. The
highest hardness, tensile strength, and yield strength were 104.3, 347.01, and 215.13 MPa.
SEM micrographs indicated that hybrid composite samples had a more uniform distribution of
reinforcements and defects-free morphology.
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Introduction

The aerospace and automotive sectors, in particular, have expanded their need for sophisticated
materials in recent years. In this case, you need a specially formulated combination of materials
exhibiting novel and advanced characteristics. [1]. Advanced composite materials can satisfy
these requirements. Currently, hybrid composites are being replaced by traditional composites.
Hybrid composites have considerable potential in engineering applications owing to their
enhanced reliability and performance [2]. The combination of two or more different
constituents has distinct physical and chemical characteristics at the microscopic level and
possesses better characteristics than the base material, which is termed a hybrid composite
material. The hybrid composite has excellent strength-to-weight ratio, stiffness, wear
resistance, and corrosion resistance [3—5]. As we are very much aware of the fact that the
accessibility of aluminum in Earth’s crust is abundant, it is also the second prime metal in the
core. Since 1990, aluminum and alloys have been traditionally employed in all engineering
sectors, including aerospace, marine, automotive, and structural sectors. Metal matrix
composites (MMC) are also made from aluminum by adding very small quantities of
reinforcement [6]. Aluminum or aluminum alloys are combined with two or more reinforcing
particulates in varying ratios to create hybrid aluminum metal matrix composites (HAMMC).
If the reinforcements are nanoparticles, they are termed as nanocomposites. Stir-Cast Hybrid
aluminum nanocomposites (HAIMNCs) are popular in various industries because of their
enhanced customized mechanical and tribological properties. HAIMNCs also provide a

© D. Kumar, S. Singh, S. Angra, 2023.
Publisher: Peter the Great St. Petersburg Polytechnic University
This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.org/li-censes/by-nc/4.0/)


https://orcid.org/0000-0003-1885-2431
https://orcid.org/0000-0002-5648-6113

Qualitative and quantitative interdependence of physical and mechanical properties of stir-casted hybrid 15
aluminum composites

versatile, attractive, and technological platform for value-added applications such as lithium-
ion batteries, superconductors, lightweight structures, and photovoltaic cells [7]. William
Hume-Rothery, a metallurgist scientist, described the solubility limits of elements in metals.
The enhancement of the characteristics of hybrid nanocomposite materials is greatly dependent
on the selection of reinforcements and their distribution throughout the matrix material [8]. A
wide range of ceramic and non-ceramic nano-particulates is available for use as reinforcements.
Carbon nanotubes, alumina, titanium boride, and silicon carbide have been used as
reinforcements [9]. The next most significant factor is the selection of suitable fabrication
techniques. The inherent process capability and process-oriented defects are the limitations of
traditional casting methods. The overall quality of the fabricated material is also affected by
these traditional casting processes. Shrinkage, blow-holes, and dendritic structures are casting
defects that affect the mechanical properties of the casted components [10]. To avoid such
defects and problems during casting, advanced casting techniques can be used, such as stir
casting, friction-stir processing, spray decomposition, and powder metallurgy. The stir casting
technique is highly effective in achieving uniform dispersion and strong bonding of
reinforcement particles [11]. In this study, nano-powder of graphene and ceria were used as
reinforcements owing to their high melting temperatures and low densities, respectively.
nanoparticles were also found to enhance the characteristics of the hybrid nanocomposite
material. Al-6061 is used as a matrix material because it is lightweight, low-density, has a low
melting point, and is applicable in tripartite and quadruple engineering applications. In the
course of this investigation, measurements were taken to determine density, porosity, hardness,
and tensile strength. The microstructural behavior was also studied to validate the enhancement
of the aforementioned properties.

Materials

Matrix material. The matrix used was Al-6061 alloy, and with purity of 98.0 %.
A spectrophotometer was used in order to discover the precise chemical components of
the Al-6061 alloy, and the alloy contained the following elements and percentages: Si (0.51 %),
Fe (0.257 %), Cu (0.219 %), Mn (0.043 %), Zn (0.094 %), Mg (0.797 %), Ni (0.001 %),
Cr (0.157 %), Ti (0.027 %), and Al (balance).

Reinforcement materials. GNPs (graphene nanoplatelets) and CeO> (cerium
oxide/ceria). The purity of the CeO2 powder was 99.5% and the mean particle size was 3-6 nm.
The melting temperature of CeO> was 3670 °C, and its density was 7.2 g/cm?®. The purity of
GNPs was 99.9 % and the mean particle size was 24-28 nm. The melting temperature of GNPs
was 2400 °C, and their density was 2.3 g/cm®. The nano-reinforcement particulates were in the
range 0-3 wt. % to prepare the test specimens.

Fabrication method

Stir-casting procedure. Hybrid aluminum composite specimens were fabricated using a stir-
casting approach, as outlined in the flow diagram (Fig. 1). The electric furnace of the stir-casting
machine was superheated at 800 °C and then AA-6061 was added to the electric furnace. Next,
graphene and cerium oxide nanoparticles wrapped in aluminum foil were added to the electric
furnace. The nano-reinforcements were already preheated at 300 °C for half an hour. This
preheating operation was performed to limit the amount of moisture and absorbed gases in the
reinforcements, as well as to minimize the temperature differential caused by the addition of
particles to the molten metal after it had already been heated. It also reduces the temperature
difference of the molten metal after the addition of particulates.
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Fig. 1. Flow diagram stir casting methods for fabrication of HAIMNCs

Hexachloroethane (CClg) tablets were used to degases the molten metal. A temperature
of 750 °C was maintained, with adequate viscosity. An appropriate vortex was created using a
diamond-coated impeller by stirring at 350 rpm for 15 minutes. The high stirring speed created
a powerful vortex in molten metal, which mixed the nano-reinforcement particles uniformly.
This was performed to ensure that the nano-reinforcements were mixed evenly in the base
material, which is essential for achieving the desired properties of the produced composites.
The addition of 2 % of magnesium was performed to enhance the wettability of the
reinforcement particulates. A stirring speed of 100 rpm was maintained for the next 15 min,
followed by a decrease to 80 rpm for the next 5 min to ensure uniform mixing of the particulates.
In the end, the liquid metal was poured into the mould, and then it was left to cool and harden
at normal temperature. Four specimens with different compositions were prepared by the stir-
casting method, as listed in Table 1.

Table 1. Fabricated sample’s nomenclature

Sample Nomenclature Composition
1 HAIMNCI1 100 % Al-6061 + (0 % CeOz+ 0 % GNPs)
2 HAIMNC2 96 % Al-6061 + (3 % CeO2+ 1 % GNPs)
3 HAIMNC3 96 % Al-6061 + (1 % CeO2+ 3 % GNPs)
4 HAIMNC4 94 % Al-6061 + (3 % CeO2+ 3 % GNPs)
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Characterization techniques

The developed HAIMNCs sub-surface was observed using field-emission scanning electron
microscopy (FESEM). Examination of the fabricated HAIMNCs revealed the dispersion nature
of the reinforcement in the matrix material. The mixture's experimental density was measured
using Archimedes' rule and ASTM B 962-13. The mixing rule was utilized to compute theoretical
density. The predicted and experimental densities were used to determine the mixture's porosity.
The theoretical density of the hybrid composite can be derived as Eq. (1) [12]:

PHaiMNcs = PAl-6061 WAl-6061 + pGraphene WGraphene + Pceria WCeria- (1)
Relative densification (%) can be derived from Eq. (2) [13]:

Relative densification (%) = (E;‘,f;:r":fl’i‘l”dii';fgy X 100). )
The porosity (%) of the specimens was calculated using Eq. (3) [14]:

Porosity (%) = (1 __ Relative dleorz)sification). 5

Before putting the test specimens through the Vickers hardness tester, they were
rigorously wiped and buffed. On each of the 10 places, a load of 200 g was applied for a period
of 20 seconds during the dwell time, after which the average was taken and noted. The tensile
and yield strengths were determined based on the Vickers hardness values in MPa by applying
Cahoon’s Eqgs. 4 and 5, which were recommended and suggested by Cahoon et al. [15] and
acknowledged by various researchers [16—18].

m
Tensile strength (MPa) = % X (%) , 4)
Yield strength (MPa) = —~ x 0.1™, (5)

where VHN and m are the Vickers hardness (MPa) and the strain-hardening exponent,
respectively. In this study, m was set to 0.02, which should be less than unity, as reported by
Callister and Rethwisch [19].

Results and Discussions

Physical properties. Figure 2 shows a graphical representation of the theoretical and
experimental densities of the HAIMNCs samples. The analysis showed the dense nature of the
stir-cast HAIMNCs owing to their high theoretical densities compared to the experimental
densities. To calculate the theoretical densities of different HAIMNCs samples, Equation (1)
was used, and the values after calculations are as follows.

Table 2. Densities of HAIMNCs samples

Samples / Nomenclature Theoretical densities, g/cm? Experimental density, g/cm?
HAIMNCI 2.71 2.68
HAIMNC2 2.78 2.76
HAIMNC3 2.68 2.67
HAIMNC4 2.88 2.87

Table 3. Densification and porosities of HAIMNCs samples

Samples / Nomenclature Relative densification, % Porosity, %
HAIMNCI1 98.89 1.11
HAIMNC2 99.05 0.95
HAIMNC3 99.32 0.68
HAIMNC4 99.42 0.58

A graphical representation of the physical properties, such as the experimental and
theoretical densities in Table 2 and the densifications and porosities are presented in Table 3.
The densities increased linearly with an increase in the nano-reinforcements, as shown in Fig. 2.
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Figure 3 illustrates relative densification (%) and porosity (%) of developed HAIMNCs
samples. The theoretical data (Table 2) revealed certain decrement in porosity and increment in
densification as nano-reinforcement wt. % increased. Both physical characteristics are
inversely proportional in nature. The hybrid composite's relative densification increased when
CeO2 and GNP weight percentages increased. The uniform dispersion of both nano-
reinforcements could be the reason for the decrease in the porosity. A decrease of 69.5 % in
porosity was observed in HAIMNC4 sample compared to HAIMNCI. The effect on the porosity
was observed with the addition of CeO> to Al6061-SiC-Al,Os; using a stir-casting route.
Furthermore, the porosity decreases with increasing CeO> content (0.5, 1.5, and 2.5 wt. %) in
the hybrid composites [20]. MMCs made of A356-15 % ZrO> were produced by Abdizadeh et
al. using a stir casting process at 750 °C. Within the same composition of the MMCs, an
increase of 10 % in density and a hardness increase of 52 % were also found [21]. Leo et. al.
prepared Al-8090/2 % SiC/x % B4C hybrid composites, where x = 2, 4, and 6 %, using the stir
casting method. The results showed a decrease in density with the reinforcement percentage in
the HMMCs. The 2.53 g/cm?® actual density was observed in as-casted Al-8090 alloy and lowest
density 2.51 g/cm® was found in A1-8090 /6 % B4C/2 % SiC specimen [22]. Similarly, Tamuly
et al. observed that an increase in the weight percentage increases the density of the fabricated
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material owing to grain refinement after the fabrication of a cast aluminum composite [23].
Stir-cast AMCs strengthened with SiC and Mo were prepared by Kumar et al. The findings
showed that the AMCs samples with a higher volume percentage of reinforcements had higher
densities. [24]. The current study strictly followed the trends of previous studies, and the
porosity values were within the acceptable range. The relative densification (ratio of theoretical
to experimental density) increased with increasing reinforcement wt. %. This can be attributed
to an enhancement in the wettability of the HAIMNCs as the reinforcement weight percentage
increased in the matrix material, which was the result of proper dispersion of the reinforcement
particles in the base alloy [25].

Mechanical properties. The microhardness, tensile strength, and yield strength of the
test specimens are presented in Fig. 4. An increase of 53.85 % (from 53 to 80 VHN) was
recorded when Al-6061 was reinforced with 3GNPs and 1CeO». Further, 86.35 and 100.58 %
increment was observed as compared to base alloy with addition of (3CeO2 + 1 GNPs) and
(BGNPs + 3Ce0O») wt. % reinforcement to matrix material. An enrichment in hardness values
was observed with reference to previous findings. Prakash et al. stirred a composite of AI-6061
alloy reinforced with multi-walled CNTs with various wt. %. The increment of 18.6, 11.93, and
66.6 % in hardness, tensile, and impact strength, respectively, in the MMCs by 1.5 wt. %
addition of MWCNTs. The proper distribution of MWCNTs particles in the Al-6061 alloy
matrix was also determined through microstructural investigation [26]. Vipin Kumar Sharma
et al. [27] observed the effect of cerium oxide (CeOz) on hybrid composites. The 2.5 wt. % of
CeO, gives the optimum values for mechanical properties like; hardness increased by 17.02 %,
tensile strength increased with 80 and 78 % increment gain in flexural strength of fabricated
hybrid composite. The wear behavior was also observed to enhanced by 87.28 % with the same
composition in fabricated hybrid composite [27]. Table 5 presents the theoretical mechanical
properties of the fabricated HAIMNCs samples.
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Fig. 4. Theoretical mechanical properties of HAIMNCs samples

Tensile Strength and Yield Strength
M
Hardness in VHN

Table S. Mechanical properties of HAIMNCs samples

Sample Number Hardness, VHN Tensile Strength, MPa Yield Strength, MPa
HAIMNC1 52.00 173.00 107.26
HAIMNC2 80.00 266.16 165.01
HAIMNC3 96.90 322.39 199.87
HAIMNC4 119.60 397.90 246.68

The highest tensile strength (347.01 MPa in the HAIMNC4 specimen. The HAIMNCI1
specimen exhibited the lowest tensile strength (173 MPa). The contribution of various stir-casting
parameters enhanced the tensile strength. Senthil Kumar et al. [28] cast A356 alloy/6 % TiB:
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The highest tensile strength (347.01 MPa in the HAIMNC4 specimen. The HAIMNCI1
specimen exhibited the lowest tensile strength (173 MPa). The contribution of various stir-casting
parameters enhanced the tensile strength. Senthil Kumar et al. [28] cast A356 alloy/6 % TiB:
MMC:s at various temperatures. Three levels of pouring temperature were chosen: 750, 780, and
810 °C. The effect on hardness was observed at these pouring temperatures. It has been noted that
hardness increases linearly with increasing pouring temperature [28].

Shayan et al. [29] examined the effects of TiO; as a reinforcement particle in a molten
matrix AA2024. According to the research conducted, ductility in terms of elongation increased
by 163 % and hardness increased by 25 % compared to base alloys. A 28 % increase was
observed in ultimate tensile strength, and 4 % growth was seen in modulus of elasticity when
compared to matrix alloys [29]. Gireesh et al. [30] fabricated the stir-cast HAMMC reinforced
with SiC and Al>Os; particulates at a constant weight fraction (5 %). The aim of this study was to
improve the hardness and strength of the fabricated Al-6061/SiC/ Al,03 HAMMCs. A 10 %
increase was observed in hardness, 15 % improvement in terms of tensile strength, and 6 %
growth was seen in yield strength of the produced HAMMC s [30]. Amouri et al. [31] also reported
that the tensile and compressive strengths were enhanced in a composite material with 1.5 wt. %
of nano SiC particles to the A356 aluminum alloy fabricated through stir casting method. The
tensile strength of 232 MPa was achieved with stir-cast MMCs of A356-15 % ZrO; composites
produced at 750 °C. An increment of 10 and 52 % in density and hardness was also observed for
the same composition of the MMCs [21]. HAIMNC4 specimen exhibited a maximum yield
strength of 215.13 MPa, which was 100.57 % that of Al-6061 alloy (107.26 MPa). The present
study attributes uniform dispersion to the enhancement of mechanical characteristics.

Microstructure analysis. SEM and EDAX micrographs of the stir-cast HAIMNCs samples
are shown in Fig. 5. Four regions were observed in the SEM images: Grey represented the Al-6061
alloy, white represented CeO>, and black represented GNPs in the SEM images, respectively.
Finally, the porosity of the HAIMNCs sample is represented by darker shades of grey.
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Fig. 5. Specimens SEM Images: (a) HAIMNC?2; (b) HAIMNC4;
(c) HAIMNC4 EDAX spectrum, and (d) HAIMNC4 EDAX with element wt. %
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A change in the microstructural behavior was observed owing to the addition of the nano-
reinforcements. A uniform dispersion and defect-free morphology can be observed in the
HAIMNCs specimens compared with the base material. EDAX analysis verified the
incorporation of nano reinforcement particles into the hybrid composite with the inclusion of
Mg for enhanced wettability. Hexa-chloro-ethane tablets were also used to avoid the harmful
reactions observed in the HAIMNCs specimens. Strong contact between the matrix material
and reinforcements improves the mechanical characteristics of the manufactured composites,
as was also observed in previous investigations. Anandaraj et al. [32] utilized a liquid
metallurgical method to create AAS5083-MoOs; composites and investigated their
characteristics. Molybdenum trioxide (MoOs3) has been investigated as a reinforcement to
improve the performance of metal-matrix composites (MMCs). Composites were prepared by
incorporating varying amounts of MoO3 into an AAS5083 matrix. In this study, we compare
AA5083 to AA5083 with 4 wt. % MoOs, AA5083 with 8 wt. % MoO3, and AA5083 with
12 wt. % MoO3. Composites with 12 wt. % MoO3 had the highest tensile strength
(207 MPa) [32]. Raja et al. [33] produced hybrid aluminum surface composites. Reinforcing
particles consisting of boron carbide (B4C), silicon carbide (SiC), and calcium carbonate
(CaCOs) were combined at a 1:1:1 ratio to create a hybrid mixture. The fabrication procedure
involved three different hybrid reinforcement weight percentages: 5 (T1), 10 (T2), and 15 %
(T3). Sample T3, with 15 % reinforcement content, outperformed samples T1 and T2 in
Ultimate Tensile strength (UTS) by 62.63 and 15.17 percent, respectively. However, when
comparing these samples, T3's Elongation (%) was lower by 38.46 (T1 sample) and 15.38 %
(T1 sample), respectively. Sample T3 exhibited a more brittle reaction, as evidenced by its
higher hardness in the stirred zone compared to the other two samples. The microstructural
investigation verified the presence of reinforcements and their distribution in the stir zone [33].
In keeping with these developments, the current study demonstrates that including GNPs and
CeO: in the melting process enhances the metal fluidity and, in turn, the mechanical properties
of the resulting HAIMNCs. The porosity of the manufactured HAIMNCs samples was shown
to increase inversely with their reinforcement content, as validated by scanning electron
microscopy [34-36].

Conclusions

The physical, mechanical, and microstructural characteristics of the fabricated nanocomposite
were examined, and the following conclusions were drawn.

1. An aluminum nanocomposite was successfully fabricated and reinforced by the addition of
GNPs and CeOz nanoparticles using a stir-casting route.

2. A hybrid aluminum composite containing GNPs and CeO: nanoparticles (1-3 wt. %)
possesses improved physical and mechanical properties compared to as-casted sample.

3. The experimental and theoretical densities increased with the addition of the reinforcement
percentages, and the porosity decreased for identical percentages of GNPs and CeOs. The
density and porosity were inversely proportional to each other.

4. Vickers hardness, tensile strength, and yield strength were all maximised at 104.3, 352.01,
and 207.98 MPa, respectively, when reinforcing nanoparticles proportions of 3 % CeO, and
3 % GNPs were added to Al-6061 alloy.

5. The microstructural study confirmed the uniform dispersion and defect-free morphology of
the hybrid aluminum nanocomposite specimens. No cracks or pores are observed in the
fabricated nanocomposites. This is because of the refined grain size and the bonding action of
the reinforcements in the HAIMNC's sample with 3 % GNPs and 3 % CeO: proportions.
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Abstract. Mechanical and tribological tests of aluminium 7075 alloy, mono-composite
(A17075 + 1 % Alx0O3), and hybrid composite (Al7075 + 1 % Al,O3 + 1 % SiC) have been
performed in this study according to ASTM standards. Through the stir casting process, mono
and hybrid composite materials were prepared. It was discovered that adding more hard
ceramic particles improved hardness and strengthened tensile strength. In contrast to Al7075
alloy, hybrid MMCs enhanced tensile strength and superior hardness. The obtained results
indicate that highest hardness of 78 VHN and tensile strength of 126 MPa were achieved for
developed hybrid composites. A pin-on-disc wear test rig was used to conduct wear
experiments. The Taguchi approach was used to optimise the wear parameters. The findings
showed that the load had a greater impact on the wear behaviour of Al7075 alloys than did
sliding distance and speed. The wear behaviour in mono composites and hybrid composites
was improved by the addition of nano sized Al2O3 and SiC particulates to Al7075. Improved
wear resistance for monolithic, mono and hybrid composites was achieved at 5 N of load,
100 rpm of speed and 250 m of sliding distance. Abrasion and adhesion-related damages were
discovered by micrograph studies. Flows with the deep grooves were observed on the worn-
out surface of mono composite. It provided the evidence of the mono composites' abrasive
mechanism. Comparing the hybrid MMCs to the monolithic and mono composite MMCs it
was seen that, the hybrid composites (Al7075 + 1 % AlO3 + 1 % SiC) exhibited better wear
resistance.

Keywords: A17075; Al,03/Al203-Si1C; mechanical behavior; wear behavior; fracture analysis;
Taguchi technique

Acknowledgements. The authors are very thankful to Dr. R Suresh, Professor, Department of
Mechanical and Manufacturing Engineering, M S Ramaiah University of Applied Sciences for
continuous support in completion of this research work.

Citation: Ravikumar M, Naik R, Vinod BR, Chethana KY, Rammohan YS. Study on
nanosized Al2O3 and Al20O3-SiC on mechanical, wear and fracture surface of A17075 composites
for soil anchoring applications. Materials Physics and Mechanics. 2023;51(6): 24-41.
DOI: 10.18149/MPM.5162023_3.

Introduction

From the last few decades, due to their superior mechanical properties compared to the basic
materials, light metal matrix composites (MMCs) materials with ceramic reinforcement
particles have drawn a lot of focus in recent years [1]. The aluminium (Al) alloy composites
are mainly used for several functional applications like agriculture mechanization, soil
anchoring and building structures due to their high strength, lightweight design, high wear
resistance, better thermal and electrical conductivity, excellent castability, and strengthening
using precipitation hardening [2]. These alloys restrict the materials' ability to be used for
© M. Ravikumar, R. Naik, B.R. Vinod, 2023.
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functional purposes because of their moderate hardness, low elastic modulus, and low
temperature properties. By incorporating various ceramic strengthening particles into the
matrix of the Al alloy, it is saturated. The Al metals used in soil anchoring applications is
Al7075. Increased stiffness, strength, better wear resistance, and excellent thermal
conductivity were all added by the hard particulate reinforcement. Al,Os, SiC, B4C, TiB,,
TiOz, ZrO2, SizNy, Gr, TiC, and MgB: are used as supports. Al2O3, ZrO», SiC, and Gr [3] are
the most frequently used reinforcing materials. Composites made from silicon carbide and
aluminium oxide could be used in a variety of engineering disciplines. Al203-SiC is now
particularly well suited for ballistic protection equipment, rockets engine nozzle throats, space
shuttle surface tiles, piston crowns and cylinders, nose cones of hypersonic re-entry vehicles,
and the harp shaped structures of hypersonic rocket engines. Because SiC dispersoids prevent
the AlOs matrix's grain development, the reinforcement of SiC particles in the Al matrix
produces better mechanical, wear, physical and interfacial properties. The pre-processing,
post-processing, and production techniques, in addition to the reinforcement, significantly
improve the properties. In their study of the mechanical and tribological properties of
Al-Al,O3 composites, Kumar et al. [4] found that while elongation decreases, alloy
composites' tensile strength, toughness, and wear resistance increase. In their analysis of the
wear characteristics of AA356/A1,03 composites, Alhawari et al. [5] found that the wear rate
reduces as the weight fraction of AlOs3 particulates rises. The physical and mechanical
properties of AA356/A1>03 composites with the inclusion of micro and nanosized Al2O3
particulates were investigated by Sajjadi et al. [6]. They noticed that porosity and hardness
increased with weight percentage and decreased with Al,O3 particulate size. Al2O3; has a
significant influence on the tensile strength and hardness of the welded joint, according to
research by B.M. Nagesh et al. on the effects of weld parameters on AA 6082 reinforced with
AlOs at three different weight percentages (5, 10, and 15 wt. %) [7]. Reddy et al. [8] analysis
of the tensile properties of AA356/SiC nanocomposites revealed a notable rise in performance
with increasing SiC nanoparticle content. The microstructural, mechanical, and tribological
properties of Al/SiC alloys were investigated by Ghandvar et al. [9]. They discovered that
adding 25 wt. % SiC particulates increased hardness, whereas adding 20 wt. % SiC
particulates increased wear resistance in metal composites. The mechanical properties of the
AA356 alloy reinforced with nano and micro SiC particulates were researched
by Amouri et al. [10]. When nano-SiC particles up to 1.5 wt. % were added, they discovered
improvements in the mechanical properties. Using pin-on-disc equipment, Shivmurthy et al.
[11] investigated the tribological behaviour of AA356/SiC composites. They discovered that
compared to other proportions, 10 vol. % SiC particles exhibit a lower rate of wear. The
survey that was previously described shows the mechanical and tribological characteristics of
composites with various ceramic particles. However, little attention has been paid to the wear
and mechanical properties of composite reinforced with hard ceramic particles under the
various process circumstances. In this investigation, the mechanical characteristics and wear
patterns of mono and hybrid MMCs made of Al7075 alloy were examined. The findings of
the present study demonstrate how two distinct reinforcements influence mechanical
behaviour. In order to analyse the wear behaviour of MMCs, numerous parameters and
factors, such as speed (rpm), load (N), and sliding distance (m), were taken into account. The
results were then compared to the optimized values. In order to evaluate the worn surfaces of
test materials, SEM analysis was used.

Materials and Method

As the base material, Al alloy 7075 was utilized. It has superior fracture toughness, wear, and
corrosion resistance. It is widely employed in automobiles and aerospace field. Al7075's
material compositions are shown in Table 1 as a weight percentage. Nano sized (50 nm) SiC
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and Al,Os; with a pH value of 6.5 to 7.5 were used as reinforcing materials. In this study, two
different MMC types such as mono composite (Al7075 + 1 % Al>O3) and hybrid composites
(A17075 + 1 % AlOs + 1 % SiC) were produced and compared to Al7075. Both types of
composites, mono and hybrid MMCs, were produced utilising stir casting method in a coke
furnace. To prevent particle aggregation, stirring was carried out using a 4-blade stirrer for a
total of 5 minutes at an average speed of 250 rpm. A graphite crucible was used to melt the
base alloy. The pre-heated nano sized Al2O3 and SiCp were mixed into the ready molten melt
while stirring. Inert gases existing in the molten metal were removed using a degasifying
tablet. The pre-heated mould box was filled with molten composite melt. Finally, a CNC lathe
was used to machine the composite materials. Composite specimens with various cross
sections were constructed for the microstructure analysis, and they were polished with
diamond paste on emery paper with a 400 grit size. Finally, in accordance with the procedure
for a metallographic examination, test specimens were then polished by using velvet cloth
disk polishing apparatus to provide a satisfactory finish on the test sample surface.

Table 1. Composition of Al 7075 with wt. %

Content | Zn Mg Cu Si Fe Ni Mn Sn Cr Al

Wt. % 542 2.30 1.48 0.06 0.25 0.05 0.05 0.01 0.28 Remaining

Result and the Discussions

Microstructural analysis. The microstructure of Al7075, mono-composites
(A17075 + 1 % Al20O3), and hybrid composites (A17075 + 1 % Al2O3 + 1 % SiC) is depicted in
Fig. 1. The monolithic micrograph image shown in Fig. 1(a) demonstrates the presence of
intermetallic complexes. A mono composite with a uniform Al,O; particle dispersal in
the Al alloy matrix material is shown in Fig. 1(b). Typically, this is attributable to the precise
stirring method used during production. The micrographs in Fig. 1(c) show homogeneous
dispersion of Al2O3-SiC particles in hybrid composites. We can see that the alloy's reinforced
particles are dispersed at random. However, at several locations the particulates are seen to be
clumping together. Other researchers also got comparable outcomes [12—15]. Due to a rise in
the weight percentage of hard particles in the hybrid MMC:s, particle aggregation increased in
several areas.

Hardness. According to ASTM-E92 standards, the microhardness of Al7075, mono
MMCs (Al7075 + 1 % AlxO3), and hybrid MMCs (AI7075 + 1 % Al,O3 + 1 % SiC) were
examined. Under a steady load of 2 kg, a diamond shaped 10 mm indenter was used. Three
separate locations on the test samples were evaluated for their hardness. The average hardness
value was then noted. Figure 2 shows the microhardness for each composition. When
compared to monolithic, the hardness values of the mono composites and hybrid composites
are higher, as can be shown in Fig. 2. The base matrix's base matrix is more tightly coupled
and evenly distributed with the hard ceramic particles. Therefore, as the dislocations come
into contact with these tough ceramic particles, additional tension is necessary for movement.
Therefore, better dispersion strengthening through proper particles dislocation interaction may
be responsible for the uniform distribution of hard ceramic particles [16—18]. Since Al2O3 and
SiC are two separate hard ceramic particles, the MMCs reinforced with them have improved
hardness.
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Fig. 1. Micro-structure of (a) monolithic, (b) mono MMCs (A17075 + 1% Al>,Os) and
(c) hybrid MMCs (A1-7075 + 1% Al,0O5 + 1% SiC)
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Fig. 2. Microhardness of base alloy, mono and the hybrid MMCs

Tensile behavior. Tensile tests trials were carried out utilising UTM at a maximum
loading capacity of 450 KN in accordance with ASTM-ES regulations. In the current study,
three test samples with comparable compositions were examined to determine the average
tensile strength. The values' fluctuation in this instance was under 5 %. Figure 3(a) displays
the tensile strength findings for each mixture. When compared to monolithic and mono
MMCs, the hybrid MMCs have higher tensile strengths. Results show that the tensile strength
is enhanced by adding more hard ceramic particles. Enhancement in tensile strength is due to
the addition of hard nano sized Al2Os particles in mono composites and nano sized
AlO3 + SiC in hybrid MMCs, which enhanced the tensile strength. Enhancement in tensile
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strength could also be attributed to the uniform particle dispersion and reduced porosity found
in composite and hybrid MMCs. This finding is consistent with the outcomes of the majority
of Al composites reinforced with hard ceramic particulates [16,17,19]. In Fig. 3(b), the stir
casting method's composite samples' tensile stress-strain curves are displayed. For monolithic,
mono-composites, and hybrid-composites, a stress-strain diagram is drawn. The primary
characteristics of this graph are that the fracture strain decreases with increasing particle
content, and the tensile strength rises in response. In comparison to mono-composite and
hybrid-composites, the monolithic alloy is found to have the largest plastic strain and the least
resistance to plastic deformation due to its relatively lower flow stress. It has been found that
all MMCs offer increased strength above the basic alloy. The grain refining and particle
strengthening are the main reasons for this development. Al>O3 and SiC, two hard ceramic
nanoparticles, strengthen the composite to enable it to endure greater stresses. The graph of
the stress-strain curve shown in Fig. 3(b) also shows that a hybrid composite containing
1 % nanoscale AlO3 and 1 % nanoscale SiC particulates can bear the highest stress. The
stress-strain curve shows that in addition to strong tensile strength, the toughness has
improved. This matters a lot. Meanwhile, ductility is reduced by the majority of ways for
increasing strength.

— Base Allocy — Mono MMCs (A17075 + 1% AL03) Hybrid MMCs (AI7075 + 1% AL03 + 1% SiC)
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Fig. 3. Tensile strength (a) and stress-strain curves (b) of base alloy, mono and hybrid MMCs

A Scanning Electron Microscope (SEM) is used to examine the newly formed crack
surface that was produced by the fracture test. After conducting the test, Fig. 4(a) depicts the
shattered surface of the base material, Fig. 4(b) the fractured surface of mono composites, and
Fig. 4(c) the fractured surface of hybrid composites. Surface analysis showed that the fracture
occured in both transgranular and intergranular types of fracture, combining broken particles,
pulled regions, and tiny plastic dimples to produce mixed mode fracture, which has high
strength prior to fracture. Fracture surfaces for the composites and hybrid MMCs containing
nano sized AlbO3 and SiC particles displayed various topographies. The majority of the
dimples on the shattered surface, according to a close inspection, were connected to the
matrix material. Large dimples and a significant degree of plastic deformation were found as a
result of shattered surface analysis performed on fracture toughness specimens of FCC
structured Aluminum alloy samples, indicating ductile fracture (ref Fig. 4(a)). The fractured
surface shows that the matrix material is primarily represented by the fractured particles,
which indicates ductile fracture. Due to the presence of too many nanoparticles, the fracture
surface of mono composites (ref. Fig. 4(b)) reveals mixed mode fracture, while hybrid
composites (ref. Fig. 4(c)) reveals cleavage type fracture. Also, it should be highlighted that
clustered particles are vulnerable to early composite degradation, and large particles appear to
be more likely to fracture, which resulted in a decrease in the fracture toughness
value [20,21].
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Fig. 4. Fracture surface of (a) monolithic, (b) mono and (c) hybrid MMCs

Based on the literature review and preliminary experimentation conducted by the authors,
the research work is carried out on the effect of monolithic, mono and hybrid reinforcement on
mechanical and wear properties in AI7075 were studied. The obtained results indicated that, the
effect of nano sized 1 % AlOs; + 1 % SiC reinforcements on mechanical and wear properties in
Al7075 hybrid composites is more when compared to the monolithic and mono composites. So,
the strengthening effect in hybrid composite is more compared to monolithic and mono
composites because of synergistic properties were obtained more in hybrid composites.

Experimenting with wear behaviour using the Taguchi method. This method is a
potent design concept that is frequently used in many different industries [22,23]. It is
frequently developed to provide superior goods at a lesser price. It is typically used to analyse
the effects of varrying the parameters. Testing was carried out on the test samples utilising
Taguchi evaluation of the .27 orthogonal array at room temperature (27 °C) (OA). Wear test
specimens were produced using the ASTMG99 size of 6 mm in diameter and 30 mm in
length. During the wear tests, the test specimens were firmly pressed against the hard rotating
steel disc. After every trial, the disc and test samples were carefully cleaned with an organic
chemical (acetone) to ensure the correctness of the results. The current experiment evaluates
the wear behaviour as a loss of weight (gm) of a test material. The specimens were frequently
cleaned with acetone solution before being weighed on a digital scale to ensure an accuracy of
0.0001 gm throughout the studies. The test specimens were cleaned, and the final weight was
accurately measured. Wear loss was evaluated by considering the difference between initial
and final weight of the test samples. Test trials were conducted on the basis of factors that
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were selected and respective levels, which are shown in Table 2. Using samples of Al7075,
mono MMCs (Al17075 + 1 % Alx03), and hybrid MMCs (AI7075 + 1 % ALOs3 + 1 % SiC),
27 orthogonal array (OA) tests were performed. The findings are given in Table 3.

Table 2. Process parameters and levels

S1. No. Parameters Levels Levels Levels
1 Load, N 5 7.5 10
2 Sliding Speed, rpm 100 300 500
3 Sliding Distance, m 250 500 750
Table 3. Taguchi .27 Orthogonal Array and their outcomes
Wear loss, g
Trial Slidin Slidin ;
No. Load, N Speed, rf)m Distance% m M . Mono MMCs Hybrid MMCs
onolithic (1 % ALOs) (1 % A1%03 +
: 1 % SiC)
1 5.0 100 250 0.030 0.020 0.010
2 5.0 100 500 0.040 0.025 0.015
3 5.0 100 750 0.050 0.035 0.020
4 5.0 300 250 0.040 0.020 0.010
5 5.0 300 500 0.040 0.023 0.015
6 5.0 300 750 0.060 0.035 0.025
7 5.0 500 250 0.056 0.030 0.010
8 5.0 500 500 0.065 0.037 0.020
9 5.0 500 750 0.070 0.040 0.030
10 7.5 100 250 0.050 0.025 0.012
11 7.5 100 500 0.070 0.045 0.033
12 7.5 100 750 0.075 0.055 0.040
13 7.5 300 250 0.060 0.047 0.020
14 7.5 300 500 0.070 0.055 0.037
15 7.5 300 750 0.075 0.060 0.045
16 7.5 500 250 0.055 0.035 0.021
17 7.5 500 500 0.065 0.040 0.030
18 7.5 500 750 0.065 0.050 0.032
19 10.0 100 250 0.050 0.035 0.015
20 10.0 100 500 0.050 0.035 0.025
21 10.0 100 750 0.070 0.045 0.030
22 10.0 300 250 0.070 0.050 0.040
23 10.0 300 500 0.075 0.060 0.030
24 10.0 300 750 0.079 0.065 0.055
25 10.0 500 250 0.081 0.070 0.045
26 10.0 500 500 0.085 0.075 0.060
27 10.0 500 750 0.089 0.080 0.065
Table 4. ANOVA outcomes of monolithic material
Parameters | DoF | Seq.SS | Adi.SS | AdiMS | th'leS P-Values bft‘i’g:’l}% Observation
Load, N 1 0.0021780 | 0.0021780 | 0.0021780 | 34.8894 | 0.0000051 36.89 Significant
Sliding 1 | 0.0011842 | 0.0011842 | 0.0011842 | 18.9700 | 0.0002321 20.06 Significant
speed, rpm
Sliding 1 | 0.0011045 | 0.0011045 | 0.0011045 | 14.6930 | 0.0003367 18.71 Significant
distance, m
Error 23 | 0.0014358 | 0.0014358 | 0.0000624 24.32
Total 26 | 0.0059025 100

R-Sq =75.67 %
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Table 5. ANOVA outcomes of mono MMCs

. . F- Contri- .
Parameters | DoF | Seq.S S Adj.S S Adj. M S Values P-Values bution, % Observation
Load, N 1 0.0034722 | 0.0034722 | 0.0034722 | 46.7095 | 0.0000006 48.17 Significant
Sliding 1 | 0.0010427 | 0.0010427 | 0.0010427 | 14.0270 | 0.0010567 14.46 Significant
speed, rpm
Sliding
distance, 1 0.0009827 | 0.0009827 | 0.0009827 | 13.2199 | 0.0013828 13.63 Significant
m
Error 23 0.0017097 | 0.0017097 | 0.0000743 23.72
Total 26 | 0.0072074 100
R-Sq =76.28 %
Table 6. ANOVA outcomes of hybrid MMCs
. . F- Contri- .
Parameters | DoF | Seq.S S Adj.S S Adj. M S Values P-Values bution, % Observation
Load, N 1 0.0024500 | 0.0024500 | 0.0024500 | 37.2366 | 0.0000032 40.31 Significant
Sliding 1 | 0.0007094 | 0.0007094 | 0.0007094 | 10.7817 | 0.0032566 11.67 Significant
speed, rpm
Sliding
distance, 1 0.0014045 | 0.0014045 | 0.0014045 | 21.3464 | 0.0001199 23.11 Significant
m
Error 23 | 0.0015133 | 0.0015133 | 0.0000658 24.90
Total 26 | 0.0060772 100
R-Sq=75.10 %

The ANOVA method, main effect plots, surface plots, linear regression, and normal
probability graphs were used to examine the effects of process parameter changes. The
"smaller is better" criteria was used for the study of wear loss in developed composites.
Tables 4-6 show the results of the ANOVA for wear loss. P-values with a confidence level
lower than 0.05 were deemed to have a substantial impact on performance [24, 25]. The main
effects graph shown in Fig. 5 were used to verify the parameters' relevance. Table 4 displays
the results of an ANOVA analysis of the wear parameters of the alloy Al 7075.

According to an ANOVA finding, the load (36.89 %) has a greater impact on wear loss
than sliding speed (20.06) or distance (18.71). In contrast, the wear loss shown in Table 5 for
Al7075 + 1 % Al>Os is significantly influenced by load (N) (48.17 %), sliding speed (rpm)
(14.46 %), and sliding distance (m) (13.63 %). However, the wear loss shown in Table 6 for
developed hybrid Composite (A17075/1 % Al,Os/ 1 % SiC) is significantly influenced by load
(48.17 %), sliding distance (23.11) and sliding speed (14.46). The results show that the load is
the most important relevant parameter for wear loss for all the developed composites,
followed by the other two parameters. According to the outcomes, hard particles enable
hybrid composites to have a lower wear rate than Al alloy and mono composite. Similar
findings have been reported by several investigators [26]. The hard ceramic particulates
protruding from the surface of the composites generate sharp asperities and produce uneven
interaction between the counter-face and samples, which leads to increase wear rate. With the
presence of secondary hard ceramic reinforcement, the distances between the particles in
MMC s are close, resulting in the existence of more reinforcement phase. Hard reinforcing
particles have been demonstrated to boost toughness in previous studies. It has been
demonstrated that wear behaviour, material hardness, and wear loss are related [27]. When the
increases in wear factor led to an increase in the wear loss, as can be observed in Fig. 5(a-c).
Usually, the primary factor behind the outcomes is the formation of an oxide film on the
matrix surface, which leads to increased wear. Hence, both a rise in temperature and a
weakening of the composite surface lead to excessive wear. On the other hand, adding tough
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particles makes mono MMCs more resistant to wear. As can be seen, the rapid sliding speed
frequently increased wear loss and led to the delamination. Developed hybrid composites
have better wear resistance than mono composite and monolithic materials [28, 29].

(
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Fig. 5. Main Effects graphs for (a) monolithic, (b) mono MMCs and (c¢) hybrid MMCs
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Based on rank given obtained to the mean points as depicted in Tables 7-9, the mean
answer has been assessed. The variables are significant, and it is also clear that the load (N)
which the delta of mean value placed as rank 1 and was followed by speed (rpm) and
the sliding distance (m) for the aluminium alloy and developed composites is a significant

factor.

Table 7. The response data for monolithic material

Levels Load Sliding speed Sliding distance

1 0.05011 0.05389 0.05467

2 0.06500 0.06322 0.06222

3 0.07211 0.07011 0.07033
Delta 0.02200 0.01622 0.01567
Rank 1 2 3

Table 8. The response data for mono composites

Levels Load Sliding speed Sliding distance

1 0.02944 0.03556 0.03689

2 0.04578 0.04611 0.04389

3 0.05722 0.05078 0.05167
Delta 0.02778 0.01522 0.01478
Rank 1 2 3

Table 9. The response data for hybrid composites

Levels Load Sliding speed Sliding distance

1 0.01722 0.02222 0.02033

2 0.03000 0.03078 0.02944

3 0.04056 0.03478 0.03800
Delta 0.02333 0.01256 0.01767
Rank 1 3 2

Regression analysis uses a linear regression equation to illustrate the correlation
between two or more predictor variables. The relationship between the wear factors and their
interactions is established via a regression equation. Egs. (1), (2), and (3), respectively,
represent the regression analysis equations for matrix, mono, and the hybrid MMCs materials.
Wear rate of monolithic alloy = 0.00157407 + 0.0044 Load +

+ 4055566 Sliding speed + 3.13333¢%%5 Sliding distance, 0
Wear rate of mono MMCs = -0.023713 + 0.00555556 Load + )
+ 3.80556¢% Sliding speed +2.95556¢%% Sliding distance, 2)
Wear rate of hybrid MMCs = -0.0328241 + 0.00466667 Load + 3
+ 31388965 Sliding speed + 3.53333¢"%5 Sliding distance. 3)

The regression analysis has typically been employed to investigate the responses
between the parameters. Test trials have been run to ensure that anticipated values are
accurate, and graphical representations are used to compare experimentation results with
predictions. In Fig. 6, the wear behaviour of base material, mono MMCs, and hybrid
composites is depicted in response to expected and experimental values.
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Fig. 6. Experimental vs. predicted values of wear loss for (a) monolithic alloy, (b) mono
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The regression model's contour plots, are drawn and utilised to display the combined
impact of the parameters used in the current inquiry. These graphs are typically used to show
how the two parameters interact with one another. The optimal values of each parameter
could be anticipated by analysing these plots [30]. Figures 7-9 display the contour graphs for
the wear loss based on the independent factors for all the developed materials.

The results of wear behaviour in variations of wear factors with different material
composition are shown in Fig. 7-9. It has been found that when load, speed and sliding
distance are increased, wear loss also increases. Higher loads and faster speeds revealed
considerable friction. As a result, a higher temperature was developed on the test sample
surface. Brittleness has caused materials' hardness to decrease as a result, and the wear loss
was increased. When there is increase in temperature, the link between the reinforcement and
matrix gradually weakened, and the material softened [31]. The primary goal of the
confirmatory trials was to determine the ideal ranges for the various process parameters that
were chosen. Based on the Main Effects Plot (MEP) optimal values, confirmation tests were
carried out (Fig. 5). Table 10 shows the parameters at the chosen levels. The results of the
confirmatory experimental trials are reported in Table 11 and compared to experimental data
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from OA. The outcome shows that for all composite materials, the computed errors are fewer
than 10 %. This falls inside allowable bounds.

Table 10. Confirmatory test parameters with optimized values

Factors Load, N Sliding speed, rpm Sliding distance, m
Optimized values for. all the 5 100 250
developed materials

Table 11. Confirmation test outcomes for all developed materials

. OA
Configuration Parameters Confirmatory experimental | Error, %
test results
results
Base alloy
(A1-7075) Load (N): 5 0.030 0.029 3.33
Mono composite Sliding speed (rpm): 100
(10 % ALOS) Sliding distance (m): 250 0.020 0.019 >.00
Hybrid composite
(10 % ALOs + 5 % SiC) 0.010 0.011 9.09
Contour Plot of Wear Loss (Gm) vs Load (N), Sliding Speed (rpm) Contour Plot of Wear Loss (Gm) vs Sliding Speed (rpm), Sliding Distance (m)
10 500
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Fig. 7. Contour Plot of monolithic alloy
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Fig. 10. Worn-out surface of (a) monolithic alloy, (b) mono MMCs and (c) hybrid MMCs

SEM analysis of the worn-out composites samples was done to analyse the wear
characteristics of the MMCs. Typically, the MMCs' worn-out surface's properties will have an
impact on the wear behaviour. Figure 10 shows a SEM image of a worn-out surface from
matrix, mono, and hybrid composites that were evaluated under conditions of 10 N load,
500 rpm speed, and 1000 m sliding distance. The wear track that forms on the surface of the
Al 7075, mono, and hybrid MMC:s is clearly visible in the SEM pictures. Figure 10(a) depicts
the basic alloy Al7075's worn-down surface. The image shows plastic deformation caused by
the monolithic becoming less rigid at the interface temperature. A17075 exhibited an adhesive
wear mechanism at greater levels of stress, speed, and sliding distance. Without
reinforcement, the image demonstrates with clarity how intense the wear is. It is concluded
that the absence of reinforcements typically results in extensive plastic deformation of the
matrix. Thus, the worn surface exhibits more material losses. Figure 10(b) shows a SEM
image of an Al7075 composite with 1 % AlO3 and more shallow grooves. Generally
speaking, the wear resistance will be very high due to the existence of hard reinforcement.
Moreover, the worn-out surface is rough due to ceramic particles that were exposed while the
composite was being worn down during sliding on the steel disc. The abrasion on the
composite surface caused by the hard particles being pulled out resulted in plastic
deformation of the particles. It demonstrates that when Al,O3 particles were added, wear loss
in the monolithic composite was reduced to a minimum. The SEM picture of the composite
made of Al7075 with 1 % AlxO3 and 1 % SiC is shown in Fig. 10(c). Al203 and SiC particles
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in this area boost wear resistance. When it is compared to the mono composite and base
material, the image demonstrates that hybrid MMCs has a significantly rougher surface. The
wear surfaces of the composite show many, deep grooves and voids. High reinforcement
weight percentages result in high wear resistance. The addition of hard ceramic particles has
been researched for its impact on the wear process, which provides a number of explanations
for the exceptional wear resistance of hybrid MMCs. Due to the hard SiCp reinforcement
undergoing chemical interactions during sliding, typically acts as a lubricant. This is
especially true at high sliding speeds. MML's protection is seen to improve as the
reinforcement content is increased. Several researchers [32—35] noted comparable results.

Figure 11 displays the results of an EDS analysis of base material, mono-composite, and
hybrid composites. An EDS analysis of the mono composite surface depicted in Fig. 11(a)
indicated the existence of oxygen ("O" peak) as a result of an oxidised layer, suggesting that
the composite contains Al2O3; (aluminium oxide). Together with the mono reinforcing, the
presence of a "Si" peak was noted in the developed hybrid composite (Fig. 11(b)). This
demonstrates that SiC particles are present in the hybrid composite. The carbide particles have
a significant impact on the wear behaviour of composite materials because, in contrast to
mono composite and base materials, wear loss is decreased due to the existence of hard
ceramic particulates. Several researchers [36—39] have reported similar results.
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Fig. 11. EDS analysis of (a) mono composites (Al17075 + 1% Al,03) and (b) hybrid
composites (Al7075 + 1% Al,Os + 1% SiC)

Conclusions
The evaluation of Al-7075, mono composites (Al7075 + 1 % AlxOs), and hybrid MMCs
(A17075 + 1 % AOs + 1 % SiC) revealed several significant aspects.

Using the stir casting technology, the monolithic alloy, mono, and hybrid composites
were effectively produced in the current experiment. It was observed that adding more tough
ceramic particles increased the material's hardness and tensile strength. In contrast to mono
composites and aluminium alloy, hybrid MMCs exhibited improved tensile and hardness
strength. It has been revealed that the inclusion of SiCp reinforcement produces hybrid
MMCs materials that have excellent wear resistance when it is compared to base materials
and mono MMCs. ANOVA study revealed that the applied load had a stronger influence on
wear rate than sliding speed and the sliding distance. The correlation between the parameters
and wear properties has been studied using Regression Analysis. R-Sq (R2), the coefficient of
determination, was calculated and found to be within acceptable limits. According to the
results of the confirmation test, the error associated with base material, mono, and hybrid
MMCs is less than 10 %. In comparison to mono-composite and monolithic surfaces, worn-
out hybrid composite surfaces exhibit high levels of abrasion wear, as shown by a SEM
image. It's because the developed mono composites and hybrid composites contain strong
ceramic reinforcement like nano sized Al>O3 and SiC content. According to EDS data, mono
composite materials include nano sized Al>O3, while hybrid composite materials contain nano
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sized Al203-SiC. According to the results of the confirmatory experiment test, the maximum
error for hybrid MMCs was 9.09 %, but it was significantly lower for the other two
compositions. This falls inside allowable limits.
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Abstract. It investigates the function of Si content at lower level on the precipitation
behaviour in terms of hardness, resistivity, impedance, X-ray diffraction analysis, differential
scanning calorimetry along with structural transformation of Al-based automotive alloys.
Conventional metal cast alloys are subsequently allowed to T6 thermal treatment at
progression of homogenizing, solutionizing, quenching and ageing. Solution treated samples
are aged naturally and artificially, including isochronal and isothermal for different time and
temperature. The results suggest that the formation of clusters and GP zones together with
metastable phases leads to considerable hardening in aged alloys. As a result, electrical
resistivity also increases but decreases at higher ageing temperature for stress relieving
followed by metastable phase dissolution and coarsening of fine precipitation. DSC and XRD
study confirms the formation of such phases, showing the different peaks. The Si addition
entirely changes the precipitation peak of the base alloy for its increasing properties of
heterogeneous nucleation and diffusion kinetics in concert with the Si-rich intermetallic.
Microstructural observations confirm that solution treatment improves grains distribution and
Si additions creates the eutectic phases and coarsens the alloy grain boundaries. Both alloys as
well attained more or less entirely re-crystallized after ageing at 350 °C for 60 minutes.
Keywords: Al-alloys; T6 heat treatment; intermetallic; resistivity; activation energy;
microstructure

Acknowledgments. The corresponding author would like to express his gratitude towards
Prof. Selina Nargis, the Treasurer & Director Administration at IUBAT, for her valuable
support and encouragement in promoting research activities at the university. Her efforts in
fostering collaborations with other institutions have also been commendable.

Citation: Kaiser MS, Hossain AK. On the precipitation behavior of Al-based automotive
alloy with low Si content. Materials Physics and Mechanics. 2023;51(6): 42-53.
DOI: 10.18149/MPM.5162023_4.

Introduction

The 4xxx series aluminum-silicon alloys have a wide selection of properties used in the
manufacture of automobiles, aircraft and electronic components [1,2]. Outstanding castability
property, it is suitable for manufacturing of these complex and heavy parts. Binary Al-Si
alloys have no special mechanical properties other than castability. To improve the different
properties Cu, Ni, Zn, Mg, etc. as minor elements, Ti, Zr, Sc, B, etc. grain refiner and Fe, Pb,
Sn impurity elements are also considered into this alloy [3—6]. Common alloying elements Cu
and Mg are most of the cases added in this alloy to enhance the higher strength. These two
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alloying elements not only improve the strength but also responsive to precipitation hardening
of the alloys. To get the superior properties of this Al-Si automotive alloy, Cu well-thought-
out 1.0 to 4.0 wt. % and Mg vary from 0.3 to 1.0 wt. % [7,8]. As silicon the major alloying
element, so the high strength to weight ratio is the most attractive feature of this alloy. In this
Al-Si system, 5 to 23 wt. % Si is used in most of the cases, but the eutectic level is attained at
12.6 wt. % Si [9]. It is well established that Si doping in aluminium alloys increases the
fluidity and castabilty, better corrosion resistance, mechanical properties, and machinability.
It also forms intermetallics with Mg and other trace elements. As the alloy content different
elements, the quantity of the elements presents into the alloys play an important role on every
process along with the properties. So, application of heat treatment can change the character
and distribution of metallurgical elements in these alloys. The properties of alloys under age-
hardening depend entirely on the applied temperature and the duration of the aging process. In
the course of ageing process various kinds of coherent aggregates such as solute-rich clusters,
GP zones and precipitates can be formed. The presence of these fine intragranular dispersion
particles all through the grains promotes high levels of strength of these alloys [10,11].

The investigated work is portion of a general study on precipitation behaviour of Al-Cu-Mg
automotive alloy system doped by lower level of Si. Specifically, this investigation involves
changes in hardness that occurs during natural and artificial ageing and supplemented by
resistivity, impedance, X-ray diffraction (XRD), differential scanning calorimetry (DSC) as well
as microstructural study. From the experiment, obtained results will be helpful in future alloy and
process development and modelling work of this type of Al-based automotive alloy.

Materials and Methods

Al-based automotive alloys with low level of Si was the most important concern of this study,
other than without Si also tried to consider for comparison the property. Commercial purity
aluminum, copper and magnesium along with Al-50 wt. %Si master alloy ingot were used to
prepare the two experimental alloys. The alloys were cast using a pit furnace of natural gas-
fired. Degasser like borax also used for the period of melting in the clay-graphite crucible.
The furnace temperature was monitored with the help of Laser Temperature Gun and always
maintained the temperature of 750 + 10 °C. The melt was stirring at 700 °C for homogenizing
and then poured into 250 °C preheated mild steel mould of 20 x 200 x 300 in millimeter. The
chemical compositions of both alloys, obtained by Shimadzu PDA 700 optical emission
spectrometer, are as follows in Table 1.

Table 1. By wt% average chemical composition from OES analysis

Si Cu Mg Fe Ni Pb Zn Mn Ti Al
Alloy 1 0.244 2.158 0.767 | 0.211 0.199 0.163 0.076 | 0.065 0.005 Bal
Alloy 2 3.539 2.309 0.784 0.273 0.217 0.166 0.083 | 0.067 0.010 Bal

First, the oxide layer of the cast alloy surfaces was removed by machining and then
allowed to hold in a muffle furnace at 450 °C for 12 h for homogenization. To obtain a
supersaturated single-phase region of the alloys, the samples were then solutionized at 535 °C
for 2 h followed by rapid quenching in salt water. For the ageing study, the thermally treated
alloys were pieced of 18 x 18 x 5 in mm. The samples were subjected to natural ageing for
more than two months. Artificial ageing conducted as isochronal for 60 minutes up to 350 °C
and isothermal at 200 °C for 30-360 minutes. Following this, the finished surface of the
samples was produced by polishing for this measurement. Automatic Turret Micro Vickers
Hardness Tester, model: HV-1000DT was used for measuring the microhardness of the
different processes aged samples and this time 1 Kg load for 10 seconds was applied with the
Knoop indenter. Fifteen indentations were taken from different positions on every finish
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sample and the average value was considered. The electrical resistivity of the alloys was
determined using a Type 979, electrical conductivity meter, calculated from that electrical
conductivity data.

The experiment of differential scanning calorimetry was done under inert N> gas
atmosphere using DSC131 EVO Analyser. The samples weight was a lump of 34 mg. The test
was conducted with scan rate of 10 °C/min from room temperature to 600 °C. The activation
energy was calculated through the DSC heating run of the alloys using Nagasaki—Maesono
analysis [12]. The X-ray diffraction analysis of the aged samples was done using a PHILIPS
PW1830 diffractometer with Cu-Ka (0.154 nm) radiation. The operating voltage for all the
diffraction analysis was 45KV and the tube current was 35 MA respectively. The diffraction
angle scan rate was 10/mm and step used 0.02 in the range of 25 to 90 °C. At room
temperature, LCR meter and Impedance Analyzer were used for the AC electrical
measurements where the considered range of 100 Hz << 100 MHz. A 10 x 8 x 3 mm finish
surface was prepared for this study. For the metallographic studies, the heat-treated samples
were polished with alumina, etched with Keller’s reagent and observed under a Versamet-II
Microscope. SEM of the aged samples was carried out by a Jeol Scanning Electron
Microscope type of JSM-5200 with X-ray analyzer to verify the different elements present in
the experimental alloys.

Results and Discussion

Age-hardening behavior. Natural ageing. Figure 1 shows the change in average
microhardness of the solution treated base Alloy 1 and 3.5 %Si added Alloy 2 during natural
ageing condition. It is clear that both alloys gain some degree of hardness within 65 days of
natural aging. It is postulated that during natural ageing, the solute atoms form clusters or co-
clusters of Mg, Si and Cu. Such clusters are supposed to hinder the free movement of
dislocations as a result of an increase in hardness. However, the Si added alloy initially shows
higher hardness because of different alloying elements with Si are re-dissolved for producing
a solute-rich homogeneous solid solution. Higher formation of Si clusters accelerates the
ageing response of 3.5 %Si added alloy. Except it Si also refines the grain structure, so the
hardness improved as stated by the Hall-Petch equation [13,14]. A decrease in hardness is
observed for both alloys after a few days, which can be attributed to the relieving of internal
stresses due to casting and solution treatment. It is slightly higher for Si added alloys, as
higher foreign particles cause higher internal stress.

180

160 4

140 4

120

100 4

Microhardness, VHN

—=— Alloy 1
801  _e—Aloy?2

60 T T T T T T
0 10 20 30 40 50 60 70

Time, days

Fig. 1. Natural ageing behavior of two experimental alloys for 65 days
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Artificial ageing. Isochronal ageing. The effect of isochronal ageing for one hour on
the micro-hardness of the alloys is plotted in Fig. 2. The curves associated with hardness exhibit
the twice ageing peaks during the entire aging period. But Si added Alloy 2 shifts the hardness
peaks in terms of intensity and temperature than that of base Alloy 1. The first precipitates,
formed during the aging process, are usually linked with atomic clusters, and GP zones form
rapidly in the Al matrix. These precipitates are very fine and coherent with the matrix of Al, and
thus cause a strong strengthening effect by inhibiting dislocation movement. A further
metastable phase is formed following the aging process which is semi-coherence with the
matrix and can efficiently oppose the movement of dislocations, so creating some reinforcing
effect. The age-hardening effect between the two peaks is less for both alloys. During this aging
period, the GP zones dissolve to form metastable phases. Hence, the level of GP zones for
dissolution is considerably reduced, and metastable precipitates are not formed since then. So it
is effectively damaged to prevent dislocation movement. Such alloys exhibit double aging
peaks, as reported in earlier investigations [10,15]. Additionally, during aging solution treated
Alloy 1 follow the precipitation sequence formation of atomic clusters, GP zones, homogeneous
intermediate phase 0"-Al>Cu, heterogeneous intermetallic phase 0'-Al>2Cu and equilibrium phase
0-AlbCu. Alloy 2 doped with Si produces supplementary intermediate ["”-Mg>Si phase,
heterogeneous precipitation of f’-Mg>Si and rod or plate-shaped equilibrium -Mg>Si phase.
The utmost strength of the alloy is attained immediately prior to the precipitation of
incoherent 0 and, B-platelets. The S-CuAlMg> phases may be formed in case of Alloy 1 and Si-
link precipitates as Q-AlsCuxMgsSis, n-AloFeMg3Sis and -AlsFeSi etc. for Alloy 2, but this has
a minor contribution in strength than the 6’ and B’ phases [16].
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Fig. 2. Microhardness changes of two experimental alloys under isochronal ageing treatment

However, significant evidence shows that Si addition not only extends the age
hardening intensity but also provide an earlier aging response. These experiences can be
attributed to the Si-phase having a great control over the diffusion behavior of Cu in the Al-
matrix. The nucleation as well as the growth process of 0’ (Al.Cu) take place earlier because
of the heterogeneously nucleation, this contributes to amplify the aging kinetics and superior
strength via the early aging. In addition, it is associated with higher diffusion rates of Si and
Mg elements compared to Cu [17,18]. Si doped alloy leads to the formation of Si-rich
precipitates as responsible for the high strength. At the final aging stage, a sharp decline in
the hardness of alloys is observed. This is obvious, the over ageing effect on the alloys.
Metastable strengthening precipitates become coarser and grain growth occurs faster,
resulting in transformation of even stable incoherent precipitates, which are inefficient in
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limiting dislocation motion. Another point to note is that the alloy with Si addition at higher
aging temperature shows lower hardness since higher diffusion rate of Si.

The changes of the average values of electrical resistivity with the aging temperature of
the experimental alloys is put on show in Fig. 3. The early fall in resistivity during ageing is
related to stress relieving of the alloys. The transition materials attach the vacancies into the
alloy strongly. Therefore, the concentration of scattering centers decreases, hence the
resistivity drop off. The following increase in resistivity is due to formation of fine
intermetallic precipitates. The sharp fall in electrical resistivity of the alloys is associated with
recovery of strain and dissolution of metastable phases already present in the alloy matrix.
The initial resistivity of solution treated Alloy 2 containing 3.5 Si shows higher values than
base Alloy 1 due to higher Si-rich intermetallic in the alloy. During ageing higher amount of
Si forms different intermetallic with different elements, dissolution also occurs as a result
some variations are there. Dissolution of 3 precipitate and hence strain recovery is the factor
responsible for the above drop in resistivity [15,19]. These resistivity values depend on two
things, as the GP zone and various precipitation formations increase the resistivity and stress
relieving and recovery decrease the resistivity of the alloys. So the sum of these results is
displayed in the graph. The Si added alloy demonstrates the higher rate of decreasing because
of higher stress reliving behaviour as it contents the higher fraction of intermetallic in solid
solution. Alloys with Si addition at intermediate stages also show signs of early precipitation
peaks.
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Fig. 3. Electrical resistivity changes of the two alloys under isochronal ageing treatment

Isothermal ageing. Figures 4 and 5 show the values of average hardness and the
resistivity of the alloys when aged isothermally at 200°C for varying timelines. For both, the
alloys first increases with ageing time due to fine high density GP zones formation which
have the capacity to strengthen, and then the hardness decreased due to dissolution of GP
zone (Fig. 4). As the GP zone dissolves, the precipitates then grow to a stable phase, which
has a relatively weak strengthening effect. Following this, a subsequent strengthening effects
are observed as associated with nanoscale metastable precipitates [20]. Ageing for a long
time, the hardness decreases due to continuously precipitates coarsening and even start
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transforming to stable 6 precipitate. In case of Si doped alloy, early aging reaction is visible
due to increase in nucleation characteristics [18].
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Fig. 4. Microhardness changes of the two alloys under isothermal ageing treatment

Both alloys exhibit a general trend of decreasing of resistivity with aging time (Fig. 5).
However, Si added Alloy 2 at early stage of aging offers a higher reduction in resistivity
compared to base Alloy 1. It is already point out that GP zone and different precipitation
formation increase the resistivity of the alloys, and stress reliving and recovery decrease the
resistivity of the alloys. So the summation of these results is displayed in the graph. At extend
ageing time, the decrease of resistivity fully related with precipitation and grain coarsening of
the alloys. Fine precipitates make the alloy defects which obstruct the electron movement and
coarsen precipitates losses the efficiency, hence the higher and lower resistivity [15].
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Fig. 5. Resistivity changes of two alloys under isothermal ageing treatment

Impedance behavior. At room temperature, the frequency dependence impedance
behaviour of Al-based automotive alloys are plotted in Fig. 6. It is observed that both
solutions treated alloys exhibited higher impedance at low frequencies and decreases with the
higher frequency. According to Drude Lorentz model, capacitive effects are higher at low
frequencies because there are scattering effects of electrons colliding with the lattice as well
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as electric polarization of bound electrons not in the conduction band. A number of interfacial
polarization may be occurred. At lower frequencies it leads to high impedance because
grouping of both effects capacitive and purely resistive [21]. The graph also demonstrated that
3.5Si added Alloy 2 attain the higher impedance followed the base Alloy 1. The impedance
properties of any material depend on different factors. These are microstructural defects like
porosity, microcracks, dislocations, vacancies, along with impurities, dopant atoms etc.
Normally, addition of impurities significantly increases the impedance characteristics of the
metal.
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Fig. 6. Comparison of impedance behaviour of both alloys with applied frequency

Thermal analysis. Figure 7 represents the DSC heating curve of both alloys at solution
treated condition. Two alloys each consists of the similar number of four exothermic and one
endothermic peak, but the happening temperatures are different. Four consecutive exothermic
peaks indicative formation of GP zones, B” phase, B’ phase and P phase followed the
endothermic peak corresponds to the dissolution of B phase. It may be supposed that
dissolution of previous phases occurs only to form a later phase [22,23].

From Fig. 7 along with Table 2, it is put on show for Alloy 1 that GP zones form at
130 °C with an activation energy 64 kJ/mol of the process. But corresponding to Alloy 2, it
occurs earlier as at 115 °C and 60 kJ/mol respectively. It is inferred that Si added alloy forms
Mg-Si phases which perform as heterogeneous nucleation site for formation of Al>Cu and Si
phase subsequently devoid of any particular crystal orientation. As a result, the peak occurs
earlier along with lower process activation energy. Similarly, for Alloy 1, the activation
energy of the heterogeneous precipitation ' and stable equilibrium phase P phase are
calculated as 283 and 203 kJ/mol, corresponding temperature at 285 and 435 °C respectively
whereas Alloy 2 demonstrate at 265 and 185 kJ/mol at 273 and 335 °C. Intermediate " phase
for Alloy 1 forms at 205 °C with an activation energy of 115 kJ/mol, other than Alloy 2 form
this phase at 247 °C with 126 kJ/mol activation energy [24]. Intermediate phase occurs
homogeneous as a result no symptom of early on. Again, the lastly endothermic peak in
course of heating associated with dissolution of stable  phase, form at 534 °C with an
activation energy of 240 kJ/mol for Alloy 1 and a sharper exothermic peak at 510 °C with an
activation energy of 222 kJ/mol for Alloy 2. Similar nature is observed earlier regarding the
occurrence of the peak. In case of dissolution of B phase, there is a tendency to occupy the Cu
atoms by blocky Al>Cu and not dissolved in Al matrix easily, so the higher both values. The
diffusion rates of Si and Mg elements are higher compare to Cu as a result earlier formation
of dissolution peak with lower activation energy of the Si doped alloy [18].
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Table 2. Results of DSC study
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Alloy Transformation Peak temperature (°C) Activation energy (kJ/mol)
GP zone 130 64
B" phase 205 115
Alloy 1 B’ phase 285 283
B phase 435 203
Dissolution of B phase 534 240
GP zone 115 60
B" phase 247 126
Alloy 2 ' phase 273 265
B phase 335 185
Dissolution of B phase 510 222
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Fig. 7. DSC heating curve of the solution treated two alloys
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The XRD data analysis of both alloys at T6 heat-treated state is presented in Fig. 8. The
base Alloy 1 shows the peak Al phase along with the Al,Cu. As the silicon is doped,
additionally Alloy 2 creates the peak of the silicon phase Mg>Si. It is also noted that Alloy 2
produces the Si peaks and reduces the level of Al resulting in a decrease in the peak position
of Al compared to Alloy 1. These two intermetallics play the important role on the
strengthening of the alloys as stated earlier. At the T6 heat treatment condition other peaks are
not clearly observed, as the associated intermetallics are in an extremely narrow range, which
is untraceable by X-ray analysis [25].

Optical microscopy. After solution heat treatment at 535 °C for 2 h, the microstructure
of the tested alloys are shown in Fig. 9 to illustrate the effect of Si. The microstructure of base
Alloy 1 consists mainly of primary Al dendrites with minor elements like Cu, Mg, Fe in solid
solution (Fig. 9(a)). These are consistently spread into Al-matrix since the solidification under
fast cooling [26]. Silicon added by 3.5 wt. % Alloy 2, to some extent, refines the
microstructure and coarsens the grain boundaries (Fig. 9(b)). The microstructure also displays
eutectic silicon clearly fragmented with more spherical.

Fig. 9. Solutlon treated microstructures (a) Alloy 1, (b) Alloy 2 and ageing treated at 350 °C
for 60 minutes (c) Alloy 1, (d) Alloy 2

After an ageing treatment at 350 °C for a timeline of one hour, both alloy
microstructures are found to be more or less entirely recrystallized (Fig. 9(c,d)). Dendrites
appear to be dissolved as well as precipitates coarsening occurred that are uniformly
distributed in the matrix [27]. Consequently, the microstructure consists of equiaxed grains.
Whereas the microstructure background is not very clear as the prior solution treated alloys.
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This is due to the presence of intermetallic aggregates in growth a-Al phase of the base alloys.
Moreover, for alloy containing Si, the elongated Si particles are well seen in the
microstructure diffused from the aluminium matrix as it does not dissolve in this ageing
condition.

Scanning electron microscopy. SEM micrographs along with EDS spectra of the two
alloys in Fig. 10 are performed to complement the optical microstructural studies. The typical
micrographs are in T6 heat-treated condition as solutionizing, rapid cooling and then aged at
200 °C for 150 minutes. No symptom of crystallization in the microstructure of the two alloys
is observed at these ageing conditions. As usual in base Alloy 1 exists various intermetallic
particles uniformly distributed in the a-Al phase and at grain boundaries also (Fig. 10(a)).
When Si is doped by 3.5 wt. % Alloy 2, a number of rough as well as elongated eutectic
phases turn to visible, which separate the alloy a-Al matrix (Fig. 10(b)). These plate-like
eutectic Si distributes at the grain boundaries, causing coarsening of the grain boundaries
[15,28]. The corresponding EDX of the SEM indicate the following elements by wt. % in
Alloy 1, 97.28 %Al, 0.03 %Si, 1.94 %Cu, 0.64 %Mg, 0.05 %Fe and 0.06 %Ni similarly Alloy
2 are 92.08 %Al, 4.81 %Si, 2.26 %Cu, 0.57 %Mg, 0.15 %Fe and 0.13 %Zn. The results
obtained from the analysis satisfy the elements composition of the experimental alloys, as
presented in Table 1.
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Conclusions
The precipitation behavior of low Si doped Al-based automotive alloys is addressed and
conclusions can be drawn based on the above investigations:
1. Two consecutive hardening peaks are generated in both the aged alloys. Ageing sequence
consists of different phases, but GP zones and the metastable phases are associated to these
ageing peaks. The main strengthening phases are 0-AlCu, [-Mg:Si and
Q-AlsCuxMgsSis. The Si rich intermetallics make the difference of strengthening properties
when Si is alloyed to this alloy. Adding up of Si showed earlier ageing peaks with higher
intensities by its increasing properties of heterogeneous nucleation and diffusion kinetics. The
optimum hardness of the alloys can be achieved after aging around at 200 °C for 150 minutes.
2. Electrical resistivity of the alloy increases with Si addition to form the higher Si-rich
intermetallics along with others that hinder the movement of electrons and phonons. But it
increases throughout ageing for precipitates formation and decrease due to internal stress
relieving, metastable phase dissolution and the precipitates coarsening in to the alloys.

The addition of silicon led to more degree of eutectic silicon in the alloy microstructure
and makes the grain boundary coarsen. Ageing at 350 °C for 60 minutes, the alloys attain the
fully re-crystallized state and consist of equiaxed grains.
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Abstract. Slabs of low carbon bainitic steel have been subjected to various modes of fractional
hot rolling at fixed conditions of the next direct quenching and tempering. To assess influence
of such treatments, microstructures and textures of bainite are determined by EBSD on
representative areas and then analyzed with allowance for the resulting mechanical properties.
The obtained data reveal a specific effect of hot deformation as far as the tempering does not
significantly change crystallographic constitution of the quenched steel. According to the
bainite textures, all considered modes lead to deformed states of parent austenite; at the same
time, dissimilar types of the transformation product have been detected. Specifically, the softer
(granular) bainite appears at higher strains and lower temperatures of the finish rolling stage
because the work hardening of austenite increases the transformation temperature. Conversely,
the lath bainite providing the maximum steel strength corresponds to properly limited strains
of austenite at high enough temperatures.
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Introduction

Low carbon bainitic steels are widely used owing to their high strength and fracture toughness,
combined with good weldability. At the same time, it is rather hard to control the properties of
bainite because volume fractions of its various types depend on the plastic strain of parent
austenite and the cooling rate in quenching. Moreover, the problem aggravates since such steels
normally undergo the tempering that changes their properties relative to the quenched state. These
issues complicate development of industrial technologies in general and become crucial in case
of thick semi-products where both the strain and cooling rate are particularly non-uniform. To
analyze effects of them, various combinations of hot deformation and quenching have been
applied on thermo-mechanical simulators [1-3] and rolling mills [4-6]. The present paper aims
to isolate specific influence of the hot rolling modes at fixed conditions of the direct quenching
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and subsequent tempering. The last two operations and varied rolling parameters are relevant to
industrial treatments of the considered steel.

Higher strain degrees and lower rolling temperatures, which retard both the recovery and
recrystallization of austenite, generally result in increase of the transformation temperature and
hence in softer bainite of granular morphology [1,2,7-9]. Conversely, the stronger lath bainite
appears at lower temperatures if the parent phase undergoes weaker hardening due to less strains
or/and higher rolling temperature [8,9]. However, to make use of this regularity, the quenching
should be sufficiently rapid [1] as is the case in the present work. As to the tempering that
diminishes the dislocation density and results in some redistribution of carbon, corresponding
effects on the crystallographic constitution of bainite [10] are usually insignificant so that EBSD
can reveal microstructures of the quenched state.

Based on EBSD orientation data, several mutually complimentary methods are employed
to characterize the material state. Thus, along with the microstructure, the texture of steel can be
determined. Unlike the XRD method that derives the orientation distribution function (ODF) from
a number of incomplete pole figures, EBSD immediately expresses this function in terms of
measurement results at periodically arranged discrete points. Respective complete pole figures
comply with those obtained by XRD technique [11] and are often more distinct since the
underlying ODF is derived from a greater set (up to 10°) of orientations. At the same time, the
opinion is spread that representativeness of EBSD data is inferior to that of XRD. To get proper
results while avoiding a formal analysis of this issue, we employ a rather large EBSD area
covering several hundreds of prior grains and the scanning step providing in each of them
thousands of measurement points.

In case of bainitic or martensitic steels, which have pronounced orientation relationships
(OR) between the parent and product phases, the transformation texture enables assessment of
the parent austenite state because its rolling and recrystallization textures significantly differ. A
simple way to recognize them [12,13] is to make use of approximate similarity between (111)y
and (110)a pole figures. Whether reference [14—16] or measured OR are used, parallelism of these
crystal planes is kept with accuracy of about one degree. At the same time, to properly distinguish
between various bainite types by means of coupling statistics for admitted OR variants [17-19],
a specific inter-phase relationship of any steel is needed. Following [20], each OR used in the
present work is fitted to the interfacial misorientations in the final structure. Such an approach
avoids errors caused by non-uniformity of deformation in prior grains and highly facilitates
computations.

Apart from EBSD orientation maps, steel microstructures can be specified by respective
distributions of crystal curvature (orientation gradient) that depends on the dislocation density
and hence local phase constituents [10,21-23]. Among popular curvature measures [24], the grain
average misorientation (GAM) is most convenient in analyzing the transformation products as far
as it treats whole structural elements separated by closed interfaces. To properly draw the latter,
their tolerance angle 0, should correspond to the least inter-variant misorientation of the employed
OR. It is worth noting that such a non-local estimate is relevant to the average density of lattice
dislocations [25] rather than their “geometrically necessary” agglomerations with a net Burgers
vector forming low-angle boundaries. This simplification is wittingly used in the present paper
because the main contribution to strength of lath bainite or martensite is provided by the bulk
dislocation density [26,27].

Materials and Methods

Chemical composition of the considered steel (wt. %: 0.08C, 0.21Si, 0.34Mn, 2.5(Ni+Cu),
0.59(Cr+Mo), 0.034V, 0.004Nb) ensures its mostly bainitic structures by quenching in a wide
range of cooling rates. Three slabs of 300 mm thickness were reheated to 1200 °C and hot rolled
on a reversing mill. Plates subjected to various rolling modes were directly quenched in a
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sprinkler installation at the same final thickness of 18 mm and then tempered for 8.5 hours at
645 °C.

Analyzed sections normal to the transversal direction (TD) were prepared by the usual
metallographic procedures and then subjected to electrolytic polishing in perchloric acid-
ethanol solution at 0 °C. EBSD over areas of 2.25 mm? with a scanning step of 1 pm was
implemented on SEM Lyra 3-XMH at an accelerating voltage of 20 kV. Crystal orientations
were determined by Channel 5 software. Based on the obtained data, bainite textures have been
determined by means of MTEX software and then used following [28] to reconstruct textures
of parent austenite. To image morphology of bainite by the band contrast (BC), smaller areas
are rescanned with a step of 0.1 um. The related orientation data are employed to assess crystal
curvature in individual laths and derive OR from inter-lath misorientations [20]. The coupling
statistics for admitted variants of each specific OR is assessed on the section plane according
to length fractions of respective interfaces revealed with angular accuracy of one degree.

Table 1. Hot rolling modes and respective mechanical properties of quenched and tempered steel

Conditions of the last five passes

Rolling | Number of A Average Accumulated YS, UTS. | Reduction in
mode passes verage thickness thickness
temperature, °C . ) MPa MPa area, %
’ reduction, % reduction, %
A 16 913 16 58 610 690 82
B 18 977 14 53 630 710 80
C 22 953 11 44 670 720 80

Table 1 lists whole numbers of rolling passes for the three applied modes and
characteristics of finish rolling stages as well as resulting mechanical properties of steel (yield
stress, ultimate tensile strength and reduction in area prior to fracture) determined by standard
tests. First, relative thickness reductions at the last five passes are expressed by

0= (Hi.;-Hi)/Hi.1 (1)

ati=N-4, N-3, ..., N where N is the whole number of passes. The table represents average values
of these ¢; and of related temperatures as well as the relative thickness reduction accumulated
during the last passes:

A = (Hy.s-Hy)/Hy.s. (2)

It is meaningful that arrangement of steel properties follows strain degrees rather than
respective temperatures. As expected, less deformed austenite results in stronger bainite.

Note that the specific allowance for the finish rolling stage is motivated by two reasons.
First, owing to higher temperatures of the previous passes gradually diminishing from 1200°C,
the softening of austenite by its recovery or/and recrystallization in inter-pass pauses weakens
influence of related deformations on the final steel properties. That is why the hot rolling mode
is often specified by the least FRT (finish rolling temperature) [5,6]. In this regard, our
consideration of the last five passes refines the analysis. Second, the whole complex mode is
problematic to quantify by few parameters as far as averaging over too wide ranges of
temperature and strain would be hardly relevant physically.

Results

Bainite microstructures and textures by EBSD. Orientation distributions at the considered
rolling modes are conventionally represented in Fig. 1 by colors corresponding to TD with
respect to a standard triangle of the inverse pole figure (IPF). Each of these maps demonstrates
performance of EBSD on a large (2.25 mm?) area that covers about a thousand of prior grains
and presumably provides the representative texture. However, such images cannot properly
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display bainite microstructures because the employed scanning step exceeds their fine scale to
reasonably limit time of the data acquisition. To refine analysis as shown in inserted fragments,
smaller domains have been rescanned with a step of 0.1 pum.

(b)
Fig. 1. Orientation (IPF) maps of large areas of bainite corresponding to hot rolling modes
A (a), B (b) and C (¢). Inserts show microstructures revealed on small areas with a finer

scanning step

Figure 2 provides higher magnification of bainite microstructures by means of BC maps
also derived with the refined scanning step. It is worth noting that such maps are sensitive to
crystal imperfections and hence perfectly substitute metallographic images usually obtained by
the chemical etching. As expected, the most pronounced lath morphology of the transformation
product corresponds to the least deformed austenite (mode C) whereas the strongest work
hardening of the parent phase (mode A) leads to predominance of granular bainite peculiar to
higher transformation temperatures.

(a) (b) (©)
Fig. 2. BC maps of bainite corresponding to hot rolling modes A (a), B (b) and C (c¢)

Pole figures (110)q of bainite close to (111)y ones observed in the parent phase deformed
by rolling [12] are shown in Fig. 3 where RD and TD conventionally indicate the rolling and
transverse directions. Owing to the least temperatures and maximum thickness reductions,
mode A results in strong components of the rolling texture which become notably weaker at
modes B and C. At the same time, with respect to B, the latter texture somewhat sharpens. This
effect wants explanations since it takes place at the minimum thickness reductions of austenite
(Table 1) which expectedly lead to the high strength and lath morphology of the product phase.
As will be discussed in the next section, the texture and hardening of austenite may not ideally
correlate as far as they differently depend on deformation conditions.
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l24
22

(a) (b) (c)
Fig. 3. Pole figures (110)q for bainite textures corresponding to hot rolling modes
A (a), B (b) and C (¢)

To refine analysis, characteristic ODF sections ((p2=45°) are represented in Fig. 4. In all,
they comply with the above-considered arrangement of rolling modes in strength of related
textures except for a red spot at mode B. As considered in the next subsection, such maximums
of probability density, as well those at the upper right corner can appear from either parent cube
component due to recrystallization of austenite or the brass component of its rolling texture. To
exclude this uncertainty, the parent textures reconstructed from those of bainite will be further
analyzed. With the inter-phase OR kept in mind [13], Fig. 4 evidence for predominance of the
"transformed brass component" [13], though signs of the “transformed copper component” are
also displayed at modes A and, somewhat weaker, at C. It should be remarked as well that at
mode C several features of the transformed brass in the bainite texture differ from those of
mode B.

0 : ‘
30'
- L

90 M, 90
0 30 60 9%

(a) (b) (c)
Fig. 4. Bainite ODF sections (¢2=45°) corresponding to hot rolling modes
A (a), B (b) and C (¢)
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To reveal the coupling statistics for admitted variants of whatever OR, the latter should
be properly determined first. Specifically derived following [20] at the considered rolling
modes, resulting OR are represented in Fig. 5(a) by the inter-phase angles between close packed
planes (111)y & (110)« and directions [110]y & [111]a further called CPP and CPD, respectively.
According to the last quoted work, the OR very close to that by Greninger & Troyano [15] at
mode C corresponds to lath bainite whereas other two are relevant to the granular morphology
of this phase.

The least inter-variant angle corresponding to each of the considered OR is about five
degrees; therefore, we will carefully employ 6,=4° to allow for real accuracy of measured
orientations while ignoring smaller inter-lath angles within any single block (variant) of bainite.
The same 6, will be used to draw closed interfaces in determination of GAM. Coupling spectra
for admitted variants of OR are shown in Fig. 5(b-d) with respect to an arbitrarily selected
variant Vi where the dashed lines indicate the average probability of considered pairs. With the
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reference data [17] kept in mind, these bar charts confirm the above-mentioned microstructure
types. Indeed, predominance of couples V4/V; and Vs/Vi at modes A and B evidences for
granular morphology of bainite, that is, its formation at higher temperatures, whereas the
strongest V2/ Vi at mode C is characteristic of low-temperature lath bainite.

To sum up the above-considered results, the growth of steel strength with the weakened
hardening of parent austenite complies with the transition from the granular to lath morphology

of bainite.
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Fig. 5. (a) Inter-phase deviations of CPP and CPD for various OR corresponding to hot
rolling modes A, B and C; a cross indicates the Greninger-Troyano relationship. Respective
spectra in (b-d) show statistics of variant coupling with allowance for specific OR

The revealed regularity is additionally illustrated in Fig. 6 by appearance of OR variant
coupling where high-angle V»/V1 boundaries expectedly predominate at mode C according to
Fig. 5 and previous BC maps (Fig. 2).

..
AN
o

(a) O
Fig. 6. Inter-variant boundaries revealed by EBSD on bainite sections at hot rolling modes A
(a), B (b) and C (c). Blue, cyan and red correspond to couples V2/Vi, V4/Viand, Vs/V;
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GAM spectra of bainite corresponding to applied hot rolling modes are shown in
Fig. 7(a), and the bar chart in Fig. 7(b) represents respective yield stresses and average GAM
values. The two characteristics naturally prove to change in the same order. However, the
former most strongly increases at mode C whereas the latter notably grows at mode B and then
only slightly changes. In more detail, this difference related to the combined influence of
dislocation density and morphology of bainite will be discussed after.

20

Area Fraction (%)

YS (MPa)
0.44 I
047

<GAM> (9)

0.48
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GAM (°) ' A B c
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Fig. 7. (a) Spectra of GAM in bainite at the three hot rolling modes;
(b) bar chart for respective yield stresses and average values of GAM

Reconstructed textures of parent austenite. Figure 8 represents pole figures (111)y
corresponding to the reconstructed ODF of parent austenite which satisfactorily comply with
their (110)a counterparts in bainite (Fig. 3) determined by EBSD. Thus, the rolling texture at
mode A is very strong as compared to those of B and C, the latter of the two being somewhat

sharper with respect to B.
RD ald e RD ' 25
(117) (111) F (111)
2 2 3
o 15 " L5 B 15
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0.5 ol 0.5
A |
(@) (b) (c)

Fig. 8. Pole figures (111)y for reconstructed textures of parent austenite corresponding to hot
rolling modes A (a), B (b) and C (¢)

The ODF sections for bainite (Fig. 4) are supported by respective sections for the parent
phase shown in Fig. 9. They display the brass components of rolling texture (middle parts of
@ =90° sides) at all considered modes as well as the copper components (¢1~ 90°, ® = 30°) at
modes A and, to less degree, C. Besides, positions of the ODF maximums at (O = 0, @1 = 45°)
in Fig. 9(a,b) reveal the cube component indicative of austenite recrystallization [13], which
could partly transform in the maximums at upper corners of Fig. 4(a,b). However, in case of
mode A this component is rather weak with respect to the pronounced brass that apparently was
the main origin of such maximums. As to mode B, the integrated cube probability and hence
the related volume fraction are still relatively small so that even in this case the two discussed
features of bainite are mostly transformed from the rolling (brass) component of parent texture.
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Fig. 9. Reconstructed ODF sections (p2=45°) of parent austenite corresponding to hot rolling
modes A (a), B (b) and C (¢)
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Discussion

The present results indicate that strength of low carbon bainitic steel at various finish modes of
hot rolling mostly depends on thickness reductions rather than respective temperatures.
Variations of the latter in the considered range do not affect this regularity although somewhat
influence recrystallization of parent austenite and hence its texture. In particular, with respect
to mode B, the texture of bainite observed at mode C proves to be sharper and seemingly
suggests stronger hardening of austenite and, as a result, softer bainite. However, the lath
morphology and higher strength of the transformation product contradict to this assumption. To
discuss such a paradox, we will recollect results of the previous experiments [29] on a thermo-
mechanical simulator where the kinetics of static recrystallization in the parent phase of similar
steel has been recorded at various pre-strains and temperatures. Besides, as shown in the same
work, the usual conditions of fractional hot rolling exclude dynamic recrystallization which
requires an unrealistically high thickness reduction per pass.

According to [29], at an inter-pass time lapse up to 15 s the considered stages of modes
A and B admit only incomplete recrystallization involving a minor austenite fraction, whereas
mode C completely excludes this phenomenon because of insufficient partial strains. Although
Table 1 describes five rolling passes rather than a single thickness reduction employed in the
above-mentioned experiments, the same regularity is supported by the reconstructed ODF
sections of parent austenite. Indeed, the cube component (P=0, ¢1=45°) appears in Fig. 9 only
at modes A and B, being stronger at the latter owing to higher temperature. However, since the
most part of material avoids recrystallization, the average hardening degrees in both cases
should exceed that of mode C with minimum strains per pass.

Although final mechanical properties expectedly depend on strains accumulated during
finish rolling stages, a question appears of why the textures corresponding to modes B and C
so drastically weaken with respect to mode A (Figs. 3 and 8). This behavior may be ascribed to
whether lower thickness reductions or higher temperatures as well as to their combined
influence. However, to quantify the texture development in hot deformation of the parent phase
is a very hard problem that wants special efforts beyond the scope of this work.

The reconstruction method [28] deserves a special remark as follows. Though it is mostly
used to restore parent austenite structures, the corresponding textures can be also determined as
demonstrated in the present work. Moreover, in the authors’ opinion, this approach is generally
more reliable when assessing states of the parent phase in cases, when the latter is not
recrystallized. Indeed, both non-uniform deformations of prior grains and some inaccuracy of
measured orientations significantly complicate the local structure reconstruction, whereas
related random errors should be averaged out by an overall texture extracted from a
representative EBSD scan.
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Another interesting issue is the correlated growth (Fig. 7b) of average GAM and yield
stress (YS) presumably dependent on dislocation density p according to Taylor (c~p”, [30]).
This finding should be analyzed because the most distinct increases of the two characteristics
take place at dissimilar rolling modes. One can suggest that the growth of bainite <GAM> at
mode B results from the softening of parent austenite at higher temperatures, whereas the
increasing YS at mode C is related to the significant lath refinement, that is, the Hall-Petch
mechanism of hardening. As shown in [26], when the lath thickness diminishes to less than 1
um, the size effect weakens and the yield stress variations can be attributed to those of
dislocation density as well as solid solutions, disperse carbides and carbon atmospheres at
dislocations. However, at very small fractions of carbon, as is the case for our steel, the latter
three factors prove to be less significant whereas Taylor’s equation becomes relevant to the
main component of bainite strength. That is why it would be desirable to facilitate assessment
of dislocation density in refined lath structures by making use of EBSD data as follows.

The elastic rotation field of a single dislocation is inversely proportional to distance [31]
so that randomly distributed (mutually screened) dislocations with characteristic spacing L will
result in the average level of crystal curvature almost linearly dependent on p”=1/L. Therefore,
<GAM> should be roughly proportional to p*, that is, the dislocation component of yield stress
predominating at thin laths peculiar to lower transformation temperatures. Let alone
convenience of panoramic EBSD method, it will be superior to TEM in representativeness of
thus evaluated p and, unlike XRD, can apply to various structural scales. Of course, the
corresponding estimates of dislocation density should be verified by conventional
techniques [32]. Note that EBSD data are often used to quantify geometrically necessary
dislocations which form low-angle boundaries and other agglomerations of Burgers vector.
This is not the case in the proposed method aimed at the bulk dislocation density of any lath as
a whole. A low tolerance angle (6; < 4°) for boundaries and small thickness of the laths seem to
be proper reasons to ignore their inhomogeneity in the first approximation.

Conclusion

Textures and microstructures of low carbon bainitic steel have been analyzed by EBSD for
various finish modes of industrial hot rolling at the same conditions of direct quenching and
subsequent tempering. Although all these modes strongly decelerate or exclude recrystallization
of parent austenite, the mechanical properties of steel mostly dependent on accumulated strains
significantly vary. The considered data lead to the following findings:

1. To get the lath bainite providing the maximum steel strength, the thickness reduction
accumulated during the finish rolling stage should be properly limited. Thus, for example, such
a reduction by the last five passes of mode C did not exceed 45 %.

2. The overall texture of bainite determined on an appropriately large EBSD scan enables
accurate reconstruction of the parent texture and hence assessment of austenite state prior to the
steel quenching.

3. Observed at the applied hot rolling modes of low carbon steel, a correlation between its yield
stresses and average levels of crystal curvature apparently suggests a simple way to assess the
bulk dislocation density of lath bainite in terms of EBSD data.
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Abstract. Using ab-initio calculations based on density functional theory (DFT) with the
generalized gradient approximation (GGA), structural, electronic and magnetic properties of
FeoMnSn full Heusler alloy are calculated within the framework to describe the effect of
hydrostatic stress. The total system energy optimization indicates that the ground state
corresponds to the hexagonal (DOy9) structure in ferromagnetic (FM) state. The compound
undergoes a structural stress-induced phase transitions under pressure of 7 GPa. The total
magnetic moment at the optimized lattice parameters is found 7.19 uB, which does not follow
the Slater-Pauling rule. The material tends to rapidly lose its spin polarization under 10 GPa
hydrostatic stress.
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Introduction

The search for new materials with specific physical properties is a major challenge for today's
industry, depending on the field of application considered (spintronics, energy, materials, ...). In
our era, simulation makes possible to explore various properties in the quantum domain such as
the structural, electronic and even dynamic properties of matter, often far from any experimental
knowledge of the system studied. Ab-initio methods currently have the ability to perform
calculations with great precision for different quantities [1-16], such as elasticity, optical spectra,
lattice vibration frequencies, etc. Today, spin electronics is looking for new materials and
technological challenges that condition the realization of new devices. In many study subjects,
Heusler alloys attract the interest of physicists of solid-state for their remarkable physical and
magnetic properties, which are frequently encountered [17,18]. More than 3000 Heusler
compounds have been discovered to be used in many fields [19] such as the domain of electronic
and magnetic technologies (giant magnetoresistance (GMR) [20,21], tunnel magnetoresistance
(TMR) [22], and others). It is a family of materials that affects several fields of application such as
spintronic [23], superconductivity [24], shape memory alloys (SMA) [25,26] and other fields. The
first prototype of Heusler alloy was discovered by Heusler Friedrich in 1903 [27], where it was
possible to make magnetic alloys from non-magnetic components. Later, its crystal structure was
determined by Bradley and Rodgers in 1934 [28].
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Heusler alloys were classified as ternary ferromagnetic compounds with the chemical
formula X>YZ [29,30] where X and Y are transition metals and Z the main group element.
Where X atoms occupy the Wyckoff positions (1/4,1/4,1/4) and (3/4,3/4,3/4) while the Y and
Z atoms are in positions (1/2,1/2,1/2) and (0,0,0) respectively, in the cubic structure with the
space group Fm3m (SG 225) according the prototype CuxMnAl, often noted (L2;) [31,32].

This crystallographic structure can be sometimes distorted to a tetragonal structure
(D022) [33] under the band Jahn-Teller effect. Another cubic structure is often observed in
these alloys, known us the inverse structure (noted XA) where X atoms are located in
different environments. Recently, a new hexagonal structure has been confirmed as the
ground state structure for some Heusler alloys, this crystallographic structure (D019) has been
derived from the Ni3zSn prototype structure with the space group P63/mmc [34], where the
chemical formula X3Z is transformed to X>YZ, by the substitution of one of X atoms with
another transition metals Y. Non-cubic Heusler compounds used FeMnSn may exhibit large
magneto crystalline anisotropy [35], which gives them a special importance, it is a necessary
condition for hard magnetic applications [36,37]. Motivating by this property, we have
investigated the hexagonal D022 Heusler alloy Fe2MnSn, which shows a high total magnetic
moment (about 7 pg/f.u). The studied compound was synthesized experimentally [35], we
note that our theoretical calculations showed that both cubic and hexagonal phases of
FeoMnSn Heusler alloy are energetically very close.

In the present work, we focus our study on both electronic and magnetic properties of
the FeMnSn full-Heusler compound. In addition, we carry out a detailed study about the
pressure induced phase transition of the new DOj9 structure (Fig. 1), and we discuss the
anomalies of this specific Heusler material.

Fig. 1. DOyo structure for Fe:MnSn full-Heusler alloy

Computational method

In this study, electronic and magnetic structures calculations were performed using the FP-
LAPW method (self-consistent full-potential linearized augmented plane wave) [38,39], this
method was integrated into the WIEN2K code simulation [40,41] within the DFT (density
functional theory) [42]. For the exchange-correlation correction, it used the GGA-PBE
approximation (generalized gradient approximation) depending on the Perdewe-Burkee-
Ernzerhof model [43,44] and the GGA-mBJ [45], where the space is divided into the non-
overlapping muffin-tin spheres (MT), separated by an interstitial region. For these spheres,
basis functions are expanded into spherical harmonic functions, while Fourier series are
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expanded for the interstitial area. In our study, muffin-tin sphere radii are 2.10 a.u. for Mn and
Fe, 2.25 a.u. for Sn. The convergence of the basis was controlled by RmrKmax = 9 (cutoff
parameter), where the Rmr is the smallest of the MT sphere radii, while Kunax present the
largest reciprocal lattice vector used in the plane wave expansion. The Gmax parameter
(magnitude of the most significant vector in charge density Fourier expansion) was 12. The
cutoff energy (the separation of valence and core states) was chosen as -6 Ry. Energy test
convergence was selected as 0.0001 Ry during self-consistency cycles. For the Brillouin zone
integration (BZ), we used the tetrahedron method [40] with 104 particular k points (for cubic
structure), and 180 k points (for hexagonal structure) in the irreducible wedge (3000 k-points
in all Brillouin zone) in order to construct the charge density in each self-consistency step.

Results and Discussion

Structural Properties. From the first principle calculation based on the density function
theory with the generalized gradient approximation, the structural properties of FeMnSn
Heusler alloy are calculated in order to well understand the ground state properties. Basing on
the structural part, we can predict the other properties (electronic, magnetic, etc.). The
structural parameters have always been determined by minimizing the total energy, in this
procedure, we calculated and plotted the total energies versus volume for the cubic structure
in both XA and L2; prototype and for the Hexagonal DOy structure in Fig. 2, where we took
into consideration the ferromagnetic (FM) and non-magnetic (NM) orders. The structural
analysis in Fig. 2 shows that the D019 (SG: 194) structure in the ferromagnetic state makes the
ground state (i.e., the structure more stable) for the Fe;MnSn compound. In order to determine
the fundamental equilibrium parameters, we used the empirical Murnaghan equation of states
(1) (E-O-S) [46]:

E(V):i [ﬁj +B’[1—5j—1 +E,, (D
B(B -V v

where Vp is the unit cell volume of the ground state, B the bulk modulus and B' its first
pressure derivative.
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Fig. 2. Total energies vs. volume for Fe2MnSn Heusler alloy: cubic structures (XA and L21)
and D019 for non-magnetic (NM) and ferromagnetic (FM) states
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Obtained results are listed in Table 1, where a and ¢ are the equilibrium lattice
parameters, and Eo the energy of the ground state for each structure, in which the results of
the other available calculations are also indicated. It is clear that our results are in good
agreement with the others found in literature.

Table 1. Structural parameters, the lattice parameters a and ¢, Bulk modulus B and its first
pressure derivative B’ and system energy Ep for Fe;MnSn full-Heusler alloy in cubic and
hexagonal structures

Structure a, A c, A Bo, GPa B' Eo (Ry), eV
Cubic (XA) This work 6.104 114.15 3.15 | -19766.77636
Ref.[47] 6.084 110.47 6.08 | -19766.69924
Cubic (L2)) This work 6.014 125.92 3.30 | -19766.77067
Ref.[47] 5.958 178.15 523 | -19766.69677
Ref.[35] 6.027
Ref.[48] 6.010 123 -19766.6946
Hexagonal (D09) This work 5.419 4.422 129.45 3.84 -19766.77734
Ref.[35] 5.389 4.310

Magnetic properties. To describe the magnetic moment, we take into consideration the
spin magnetic moment, defined by the deference between the total occupancy of the majority
spin and the total occupancy of the minority spin.

The calculated total and local magnetic moments for FexMnSn Heusler alloy are listed in
Table 2. We can see that the values pg obtained for the three structures studied (XA, L2; and
DO019) presents a remarkable anomaly between the theoretical and experimental work carried out
on this material. For full Heusler X,YZ alloys, the magnetization M and the number of valence
electrons Z are related either by: M =Z - 18, M = Z - 24, or by M = Z - 28 [49-54]. All the
results obtained, indicates that this specific compound does not follow any rule among these
three rules, it is one of the few Heusler materials that has this particularity.

Table 2. Total and local magnetic moments per formula unit in (ug) for Fe;MnSn full-Heusler alloy

Structure Total Fe (1) Fe (2) Mn Sn Interstitial
This work (GGA) 7.65 2.25 2.54 2.93 -0.06 | -0.01
Cubic (XA) (mBJ) 7.66
Ref. [47] 8.33 2.47 2.67 3.30 -0.06 | -0.05
This work (GGA) 5.81 1.77 1.77 241 -0.06 | -0.08
(mBJ) 5.83
Cubic (L2;) | Ref. [47] 3.00 -0.20 -0.17 3.37 -0.01 0.01
Ref. [35] 6.04 1.83 1.83 2.57 -0.14
Ref. [48] 5.73 3.47 3.47 2.45 -0.07
This work (GGA) 7.19 2.23 2.23 2.79 -0.09 | 0.03
Hexagonal (mBJ) 719
(D019) Ref. [35] 6.50 2.3 2.3 2.3 -0.15

In our study, the calculated total magnetic moment M. for the ground state structure
(D019) was found to be 7.19 ug. This non-integer value also indicates a metallic ferromagnetic
behavior.

Electronic properties. The electronic properties (band structures, densities of states)
depend essentially on the distribution of electrons in both valence and conduction bands, as
well as on the value of the energy gap. In which, we can analyze and understand the nature of
the bonds formed between the different elements of the material, in order to have a better
understanding of its behavior.
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Fig. 3. The calculated total/atomic projected densities of states for FexMnSn Heusler
alloy in hexagonal D019 structure at the ground state

In this subsection, the calculation of the electronic properties such as total/partial densities
of states and band structures are shown in Figs. 3 and 4, respectively. The calculations have
been made for the equilibrium lattice parameter of the ground state (D019 structure).
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Fig. 4. The calculated band structures for FeoMnSn Heusler alloy in hexagonal D019
structure with both spin-up and spin-down electrons
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From Fig. 3, we can see that the density of state of the majority spin-up and minority
spin-down electrons show metallic intersections at the Fermi level (Er), which indicates a
metallic character for the studied compound. Below Fermi level, Mn atoms have a major
contribution in the total density of states (DOS) for majority spin-up, due to the 3d-Mn
electrons, while the DOS of the minority spin-down is dominated by 3d-Fe electrons. Above
Fermi level, Mn atoms dominate both densities of states (spin-up and spin-down). Around
Fermi level, the contributions of Mn and Fe atoms are almost identical. Unlike the DOj9
structure, the cubic structure has a gap energy. In Table 3, we give the obtained results for the
gap energy, using both GGA and mBJ approximations.
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Table 3. Gap energy and spin polarisation for FeoMnSn full-Heusler alloy

Structure GGA Eg. eV Bl
cuic o0 e ——
This work 0.30 0.35
Cubie (129 Ret 55 036
Ref.[48] 0.35
Hexagonal (DO09) Télé;\[g(;r]k 8 0

According to Fig. 4, the spin-up and spin-down band structures along the points and
directions of high symmetry in the first Brillouin zone have metallic intersections at the Fermi
level, where no band gap appears around Ef. View of the overlap between the energy bands,
this situation also confirms the metallic character of FexMnSn Heusler alloy.

Pressure effect. The second objective in this paper is the study of the effect of
hydrostatic pressure on the structural, magnetic and electronic properties, where we chose a
range of low pressures (between 0 and 10 GPa). For the structural part, we predicted a phase
transition from D019 hexagonal structure to L2y cubic structure, as is shown in Fig. 5. This
prediction was made using two methods, the first is based on the structural optimization
curves, and is calculating the slope of the common tangent between the two curves (Fig. 5(a)).
The second one is based on the calculation of enthalpy variation versus pressure (Fig. 5(b)),
where the intersection of the two lines determines the structural transition pressure P; from
hexagonal structure (DO19) to cubic structure (L2;). The intersection point in Fig. 5(b)
indicates the equality of the system enthalpy for both cubic and hexagonal structures, and
under the same pressure, 7 GPa. Beyond this critical value, the enthalpy of the cubic structure
represents the minimum energy (the line of L2 phase passes below that of the D019 phase),
which leads to a structural transition from hexagonal structure to cubic structure. The enthalpy
H is given by the following equation:

H=E+PV @)

The two methods present a good coherence and indicate the same value, P= 7 GPa.
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Fig. 5. Structural transition in FezMnSn full-Heusler alloy according to the common slope (a)
and the enthalpy variation (b)
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We have further studied the effect of pressure on the magnetic and electronic properties
for both hexagonal and cubic structures. Figure 6 shows that increasing the pressure reduces
the total magnetic moment for the two structures studied, an integer total magnetic moment is
found under the effect of the pressures, we found 5.00 ug under 6.20 GPa and 7.00 pg under
4.78 GPa for the two structures (D0O19) and (L2;) respectively. Generally, an integer total
magnetic moment indicates obedience to Slater-Pauling rule and half-metallic character. It is
for this purpose that we have calculated and plotted the densities of states of the two
structures under the effect of the two pressures indicated in Fig. 7. Contrary to what is
expected, the material has another peculiarity, the densities of states present metallic
intersections for the two orientations of the spin and for the two structures, then the material
keeps its ferromagnetic metallic behavior, and always deviates from Slater-Pauling rule.
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To examine the effect of pressure on the metallic character of the material, we
calculated and plotted in Fig. 8, the variation of spin polarization versus pressure for the same
range and for both hexagonal and cubic structures. We notice that increasing the pressure
rapidly decreases the spin polarization for the hexagonal structure (D019), while for the cubic
structure (L21) the variation is slight and alternating.

FezMnSn

—-— L21 structure
—e—D0  structure

Spin polariszation (%)
—_ [} [\*]
(4] o (4]

—_
o
1

o 2 4 6 8 10
Pressure (GPa)
Fig. 8. Spin polarisation variation versus pressure for FexMnSn full-Heusler alloy

Conclusion

In this paper, we have performed a first-principles study of the structural, electronic and
magnetic properties, for the ternary full Heusler alloy Fe2MnSn in the ground state. We also
examined the effect of pressure on the evolution of these properties. Our results reveal that the
ferromagnetic hexagonal D019 structure makes the ground state for FexMnSn Heusler alloy,
and a pressure-induced phase transition (from hexagonal to cubic structure) was predicted
under 7 GPa. The study of the electronic band structure and the density of states show that the
Fe:MnSn compound has a metallic character. It retains this character even under the effect of
hydrostatic pressure, with a range of 0 to 10 GPa. The total magnetic moment is found 7.19
us, it never follows Slater-Pauling rule, even for an integer total magnetic moment (under

pressure). The material tends to rapidly lose its spin polarization under the effect of
hydrostatic pressure.
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Abstract. A discrete disclination model that describes the stored energy in icosahedral small
particles (ISPs) is proposed. The particle energy is defined as a superposition of the energies
of six interacting wedge disclinations, each of which connects the opposite vertices of the
icosahedron. Isotropic elasticity analytical solution is given for a spheroid with the volume
being equal to that of the icosahedron. Distributed disclination model, also known as Marks-
Ioffe model, is used for calculation of the stored in ISP energy. The influence of the Poisson's
ratio on the stored in ISP energy is studied within both considered disclination models.
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Introduction
The interest to pentagonal crystals did increase after Dan Shechtman discovery of
quasicrystals in the mid-1980s [1,2], for which he was awarded by Nobel Prize in chemistry
in 2011. Being different from quasicrystals in the type of atomic ordering, icosahedral small
particles (ISPs) share with the first ones a remarkable feature of having habitus with five-fold
symmetry [3]. It was first proposed [4,5] and then supported by experimental data [6,7] that a
ISP consists of twenty crystalline domains with FCC crystal structure interconnected by
coherent twin boundaries. Such multiple cyclic twinning induces inhomogeneous elastic
deformation in particle interior, which can be described in terms of wedge disclinations [8].
These structural features largely determine the unique functional properties of ISPs. In
particular, it is precisely with the presence of twin boundaries and residual deformations that
the higher chemical activity of ISPs is associated having the same size as for cubic or
octahedral shape monocrystalline ones [9-11]. In addition, specific pentagonal shape of
particles contributes to an increase in the intensity of plasmon resonance peaks, and can also
leads to their splitting [12,13].

It should be noted that despite the active research of many unique nanomaterials over the
past 20 years, only a small part has reached the large-scale applied use in various household and
specialized devices of electronics and optoelectronics. The reason for this is not so much the
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high cost and complexity of producing nanomaterials, but the significant uncontrolled effect of
crystal structure defects on the functional properties of nanomaterials [14—16]. This highlights
the great impact of theoretical studies of the defect structure of ISPs, too.

The distributed disclination model [17], also known as Marks-Ioffe model, for the
analysis of intrinsic elastic strain in ISPs has been usually employed to provide a theoretical
description of the relaxation phenomena in such microparticles. According to this model,
the ISP is treated as an elastic sphere with the residual strain caused by removing the solid
angle 0.0613 with subsequent recovering of the continuity. Theoretical studies [18] have
shown that the distributed disclination model makes it possible to find the elastic fields and
energy of ISPs, expressed in simple for analysis analytical equations. On the other hand, the
behavioral features of the ISPs, such as the growth of a pentagonal crystalline whisker from
the apex of the ISP [19-21], can only be explained by discrete disclination model. The
residual elastic strain in the discrete model is induced by six wedge disclinations with strength
~7.333° crossing the particle through the opposite icosahedron vertices [7,22]. This
representation is able to describe the inhomogeneous residual strains in ISPs to precise the
results of existing theoretical models of stress relaxation as well as to create new models
taking into consideration the defect formation in vicinity of disclination lines.

Even though the discrete model of ISPs was proposed more than twenty years ago,
some of its aspects require clarification, in particular, ISP nonuniform elastic filed and stored
energy associated with this field, which are the purpose of this work.

Discrete disclination model

A pentagonal microcrystal with a habitus of regular icosahedron contains six positive wedge
disclinations penetrating the crystal and passing through its center (Fig. 1(a)) [7,22]. The
outcrops of the disclination lines on the surface coincide with the vertices of the icosahedron.
The plane angles between the disclination lines a are all the same and equal to 63.435°:

2R> — g2 1
a= arccos[;—g‘h] = arccos [—j ~ 63.435°, (1)

2 5

where R is circumscribed sphere radius, R, =+/2(5+ J5) g, /4; gin 1s icosahedron edge.

(@)

Fig. 1. Schematics of icosahedral small particle (a) and its discrete disclination model (b). A,
B, C, D, E, and F are wedge disclinations in the particle interior; O is the center of the
icosahedron and the point of the intersection of disclination lines; @ is Frank pseudovector; o
is the flat angle between disclinations. The invisible edges of the icosahedron are indicated by
black dashed lines. Disclination lines are shown by colored dashed lines
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As a simplified discrete model of such an ISP, we adopted an elastic sphere with six
positive disclinations with strength @ =~ 7.333° passing through its center [23,24] (Fig. 1(b)).
The disclinations are positioned in the sphere in the same way as they are positioned in the
ISP shown in Fig. 1(a).

In the framework of the discrete disclination model, the stored in ISP energy Eisp can be
calculated based on the solution for elastic field of wedge disclination in an elastic sphere
[25,26]; Eisp can be expressed as the sum of six disclination self-energies Ei and 15 energies
of interaction between intersecting disclinations I and II Evry:

E =6E, +15E, ;. (2)

Figure 2 shows a geometric scheme for calculating elastic energies Ej and EL.

II

Fig. 2. Schematics for calculating the elastic energies of interacting wedge disclinations in a
spheroid. a is a sphere radius; € and R are angular and radial coordinates in the spherical
coordinate system (R, 6, @), respectively

Elastic energy of a single disclination in a spheroid
The disclination self-energies Ei can be found using general formalism of the micromechanics
of defects [27]:

_ 1 I *1
EI——EJ g'o,dv, 3)

where Ig;. are eigenstrains of disclination I, and IO'U are stresses of disclination L.
In the case of wedge disclination defined by the position of its line x =0, 0 <R < a and
0 <0< x (see Fig. 2), the eigenstrain of positive disclination I, can be written as:
‘e, =—wyH[(7—0),601H(a— R)6(x)=—wRsin @ H[(n—0),0] Hla— R15(x), 4)
where H[E] is Heaviside function, d(x) is Dirac delta function. Using Eqs. (3) and (4) the
energy of a single disclination in a sphere can be modified as follows:
1

arn
I I PR | _Q 2 s I
E = ZJ & lo dV = 2&1% sinf ', |._, dRdO, (5)

with the known disclination stress component ‘o, |,_,='o,, [25]:
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where Pym(cosd) are Legendre polynomials, P, (cos®)are associated Legendre polynomials;

G is shear modulus; v is Poisson’s ratio.
After integrating Eq. (5), the expression for the stored (elastic energy) of a single wedge

disclination in a spheroid Ej acquires the final form:

_Go'a’ | 1 v(+3v)
Yoxd=v)| 12 15(7+5v)

_i (1+4m)32m*v? —8m* (V2 = Tv +1) —4m*(1—v) + 2m(11v* = Tv =9) — (1 +v)(5—4v))
4m-DmC2m—-1)GB+8m+4m>)*(1+v +2m+4m* + 2mv) ’

m=2
that leads to the specific energy per unit volume of the sphere wi:
" _3E _ Gw’ [L_ v(1+3v)
' dzad 2P(1-v)[16 20(7+5v)
(1+4m)32m*v? =8m’ (Vv =Tv+1)—d4m* (1 —v) + 2m(11v* =Tv =9) — (1 +v)(5—4v))
z Am-DmQCm-D)B+8m+4m*)>(1+v +2m+4m* + 2mv) }

(7

®)

Figure 3 presents the specific energy wi as a function of Poisson’s ratio v. For
comparison, the same Fig. 3 shows the disclination energy per unit volume of a long cylinder

of radius a [28]:
E, G’

Wit = — 5= = ——. 9)
(ma”™) 167°(A-v)
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Fig. 3. Dependences of the elastic energy of a single wedge disclination per unit volume w on
the Poisson’s ratio v in a sphere and a cylinder

It is worth to note that the graphs in Fig. 3 are identical to those first given in Ref. [26],
where the formula for disclination energy in a spheroid had a different from Eq. (8) form
(apparently, the terms of the series were grouped in another way than in the present work).

Interaction energy of intersecting wedge disclinations in a spheroid
The interaction energy of intersecting disclinations in a sphere Erpn can also be found using
general formulas of micromechanics of defects [27]:

arnw
Ey=-['e "0c.aV =0 [Rsin0"c,|_, dRd0, (10)
4 00

* . . . . . . . .
where Igl.j are eigenstrains of disclination I, and Haij are stresses of disclination II.

Independence of the disclination elastic fields on the angle ¢ in the coordinate system
associated with the disclination axis, see Eq. (6), allows one to make the transition from

"o, |, to "o, in Eq. (10), and also write down the following relation:

XX

) I

O, |x:0: o |x:0, (11)

XX XX
0—>0-a

Considering Eq. (11), Eq. (10) is reduced to the following form:
an—a

arzr
E =0 g g R’sin0 'c, (0-a)dRd0 = g [ Rsin@'+a)'o,,(0)dRA6" . (12)
-

In Eq. (12), it is necessary to account for the following: dependence IO'W on the angle 6

or 0" assumes that 0 < 6 < z. Therefore, the integration over the variable ¢ in Eq. (12) should
be performed by dividing the integration interval (—a, 7—a) into (—a, 0) and (0, 7—a). Note that
the integration over a variable R gives an analytical result, and then the integration over the
angle can be done numerically. In addition, it is necessary to consider the fact that for the
interval (—a, 0), the eigenstrain of the disclination (and the elastic field) changes sign to the
opposite.

Figure 4 shows the dependence of the energy of intersecting disclinations in a spheroid
Evn on the flat angle between disclinations a. The five-pointed stars show calculated values,
and the solid curve is the envelope.
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Fig. 4. Dependence of the energy of intersecting wedge disclinations in a spheroid Er.i on the
flat angle o between them

Results and Discussion

It is obvious that in the case of coincidence of two interacting disclinations (o =0 or a = ), the

interaction energy between two dislocations is equal to twice the elastic energy of a single

disclination: Ern = 2E}, and the total energy of such a system is 4E]. This corresponds to the single

disclination energy E1 with strength 2o (w — 2w in Eq. (7)). At mutually perpendicular position

of disclinations (a = 7/2), the integral interaction energy between two dislocations ELy is zero.
Consider all the results of the analytical and numerical calculations, the stored in the

ISP elastic energy Eisp defined within the framework of discrete disclination model can be

calculated by exploring Eq. (2) (o = 63.435°, » =7.333°, v =0.3):

Egp ~0.687Gw’a’ ~0.0113Ga’ . (13)

For comparison, let us find the value of ISP energy in the distributed disclination model
(Marx-Ioffe model), in which six intersecting disclinations are replaced by continuously
distributed conical stereo disclinations with total strength y = 3w/27 = 0.06 [17]:

, _872(1+0Gyd’ _21+v)Go'd |
r 27(1-v) 3z(1-v)

For the same radius of spheroid, the distributed disclination model gives a lower value
of ISP energy compared to those found with the discrete disclination model, at least for the
Poisson’s ratio v = 0.3, the energy values differ by 1.7 times: E, / Ef}, =1.7 . Table 1 shows

~0.394Gw’a’ ~~0.00646Ga’ . (14)

w=7.333

v=0.3

the ratio of the stored in ISP energies calculated within the framework of two models (discrete
and distributed ones) for several values of Poisson's ratio v.

Table 1. Icosahedral small particle energy values found within discrete (Eisp) and distributed
( Ep) disclination models for several values of Poisson's ratio

Poison’s ratio v Eisp, Go*d® El, . Go’d® Eq | Ef,
0 0.528 0.212 2.5
0.1 0.576 0.259 2.2
0.2 0.626 0.318 2.0
0.3 0.687 0.394 1.7
0.4 0.785 0.495 1.6
0.5 0.882 0.637 1.4

As can be seen from Tab. 1, for any positive values of Poison’s ratio v, ISP energy in

discrete disclination model is larger than in distributed disclination model: E, > E7,, and
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with a decrease in the Poisson's ratio v of the ISP material, the discrepancy in ISP energy
within discrete and distributed models becomes larger.

Conclusions

In this work, we have presented the discrete disclination model of icosahedral small particles
(ISPs). The discrete disclination model considers ISP as an elastic spheroid with six positive
wedge disclinations passing through its center in opposite to the distributed disclination model
based on conical stereo disclinations continuously distributed over spheroid volume. In order
to calculate the stored (elastic) in ISP energy, the pair interaction energy of disclinations in a
spheroid has been calculated for the first time as a function of the plane angle between wedge
disclinations. It has been shown that for disclinations located strictly opposite each other, the
energy of their interaction is equal to twice the elastic energy of the single disclination in the
sphere. On the other hand, for disclinations located at right angles to each other, the
interaction energy has zero value.

We have also analyzed the influence of Poison’s ratio on the energy of ISP found within
both discrete and distributed disclination models. It has been established that for any positive
values of Poisson's ratio of ISP material, the stored energy calculated within the discrete
disclination model demonstrates larger values than those calculated within the distributed
disclination model. The differences are stronger, the smaller the value of Poisson's ratio.

Summarizing the findings, the discrete disclination model proposed opens the
possibility to the strict analysis of icosahedral small particles.
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Determination of the formation energy of edge, screw and twinning
dislocations in fcc metals using the molecular dynamics
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Abstract. A method is proposed for determining the energy of moving edge, screw, and
twinning dislocations in fcc metals using molecular dynamics, which consists in constructing
and analyzing the graph of the time dependence of the potential energy of the calculation area
of the crystal through which the dislocation passes. Nickel, copper, silver, and austenite are
considered as examples of fcc metals. The initiation of the formation and movement of a
dislocation was carried out by simulating a shear at a constant rate from the end of the
computational cell. It was found that the shear rate above about 40 m/s affects the energy of
dislocation: with increasing rate, the energy of the dislocation increases. According to the data
obtained, the energy of an edge dislocation is approximately one and a half times higher than
the energy of a screw dislocation. The energy of a twinning dislocation is much less than the
energy of edge and screw dislocations. The moving twinning dislocation in the model was
obtained as a result of the splitting of a screw dislocation on the twin into two partial
dislocations that slide along the twin after splitting.

Keywords: molecular dynamics; metal; dislocation; dislocation energy; twinning dislocation
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Introduction
The formation, motion, and interaction of dislocations with each other and with other defects
are important questions, the search for answers to which is necessary for the development of
theory of the mechanisms of plastic deformation of crystalline materials. The variety of
crystalline systems, slip systems and types of dislocations, as well as options for the interaction
of dislocations with other defects, gives rise to the complexity of this phenomenon.

Dislocations in metals are the subject of many works, including those performed using
computer simulation [1-5]. In addition to complex issues of the interaction of dislocations with
each other and with various defects, attention in modern works is also paid to relatively simple
questions: for example, the dependence of the dislocation glide rate on temperature and strain
rate [3,6]. As the strain rate increases, as is known, the dislocation velocity first increases and
then reaches a certain limit, which, as a rule, is less than the speed of sound in a given material.
Moreover, different authors give different values of this limit in relation to the speed of sound
[3,6-8]. With increasing temperature, as noted by most researchers, the dislocation slip rate
decreases [3,6,7].

Earlier in [9], using the method of molecular dynamics, the sliding of edge and screw
dislocations in a fcc metal was studied using nickel and silver as an example, depending on the
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temperature and shear rate, as well as the effect of impurity atoms of carbon, nitrogen, and
oxygen on the sliding speed of dislocations.

This work is devoted to the determination of the energy of formation of edge, screw, and
twinning dislocations in fcc metals (nickel, copper, silver, and austenite) using the molecular
dynamics method.

Theoretically, the dislocation energy W per unit of its length [/ is determined by the
formula [7,10]:

2
W_w R (1)
[ 4nK 7
where u is the shear modulus, b is the modulus of the Burgers vector, R is the radius of the
computational area, and ro is the conditional radius. The parameter K depends on the type of
dislocation: K=1 for a screw dislocation and K=1-v for an edge one, where v is Poisson's ratio.

The energy of a perfect edge dislocation is relatively high and can take values of
1-3 eV/A for different metals [7,10,11]. Even in aluminum, with a relatively low binding
energy of atoms, according to [11], the dislocation energy, depending on the orientation and the
Burgers vector, can take values even up to several eV/A.

Determination of the energy of edge and screw dislocations

To describe interatomic interactions in the metals under consideration, EAM potentials were
used: Clery-Rosato [12] for modeling interactions in nickel, copper, and silver, and the Lau
potential [13] for modeling interactions in y-Fe. Both potentials have been repeatedly used in
molecular dynamics models and have been successfully tested for a large number of structural,
energy, and mechanical characteristics of the considered metals [12-16].

In fcc crystals, the {111}<110> slip system is predominant [7, 8]. The Burgers vector of
a complete dislocation is 1/2<110>. A complete dislocation, as a rule, splits into two partial
dislocations with Burgers vectors 1/6<112>, between which a stacking fault is formed.

To simulate a moving dislocation, in this work, we created a computational cell
containing about 30,000 atoms (Fig. 1) with axes oriented: X — [110], Y — [112], Z — [111].
The XY plane in this case corresponds to the dislocation glide plane (111). To initiate the
movement of a dislocation, a shift was created from the end face of the computational cell [17,18].
Figure 1 shows the scheme for creating a moving perfect edge dislocation %[101](111). The
shaded regions from the left end moved as a whole along the directions shown in the figure: in
the case of modeling an edge dislocation, the upper part of the end moved along the close-
packed direction [101], the lower part — along the opposite direction [101]. In the case of
modeling a screw dislocation, the upper part was displaced along the [110] direction (X axis),
while the lower part was displaced along the [110] direction. Atoms inside the shaded region
were displaced during computer simulation only along the indicated directions with a constant
shear rate V.. The boundary conditions on this side were thus rigid. Along the X axis, along the
dislocation core, the boundary conditions were set to be periodic, i.e. an infinite repetition of
the structure of the computational cell along the X axis was simulated. For other boundaries,
we used a special type of boundary conditions — conditionally rigid: all boundary atoms from
above, below, and on the right had the ability to move only along the XY plane, movement
along the Z axis was excluded. This was enough to keep, on the one hand, the given rectangular
shape of the computational block and, on the other hand, the free exit of dislocations outside
the computational cell.

The time integration step in the molecular dynamics method was 2 fs. The temperature in
the model was set in terms of the initial velocities of the atoms according to the Maxwell
distribution. A Nose-Hoover thermostat was used to keep the temperature constant during the
simulation.
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SF{111} L calculation

Z[111] g

X [110]

Fig. 1. To the description of the method for determining the energy of edge
and screw dislocations

At some point in time, the shear in the left part of the computational cell provoked the
appearance of a dislocation — edge or screw, depending on the shear direction. A dislocation
appeared immediately in the form of a split into a pair of partial Shockley dislocations separated
by a stacking fault in the (111) plane. For an edge dislocation, the splitting reaction had the form
%[iOl] —>%[§11] +%[TTZ], for screw dislocation — %[ilO] - %[TZT] +%[211].
The distance between partial dislocations is known to be determined by the stacking fault
energy [7,8]. In the present work, it was several nanometers (depending on the shear rate),
which agrees with the results of modeling by other authors, for example [3-5].

During the movement of a dislocation through the calculation area (highlighted in color
in the middle of the computational cell in Fig. 1), a graph of the change in the potential energy
of the calculation area depending on time was plotted. The width of the calculation area was
chosen such that, on the one hand, it was wider than the distance between partial dislocations
(so that the entire complex of two partial dislocations could simultaneously fit in the calculation
area) and, on the other hand, not so large that it could include part of the next dislocations. The
temperature was set close to 0 K (more precisely, the starting temperature was 0 K, but in the
process of creation and movement of the dislocation, the computational cell was heated to a
low temperature of about 10 K).

First of all, in this work, we studied the effect on the obtained values of the energy of full
dislocations (that is, the entire complex of two partial dislocations plus the stacking fault energy
between them) of the width of the computational cell (the size along the X axis in Fig. 1) and
the shear rate V.

Figure 2 shows overlays of plots of changes in the specific energy of the calculation area
(eV/A) during the passage of a full edge dislocation in pure FCC iron at different widths of the
computational cell (Fig. 2(a)) and different shear rates (Fig. 2(b)).

As can be seen, starting from 8 interatomic distances (approximately 20 A), the width
does not affect at all — the superimposed dependences repeat each other very well, the curves
for different widths differ by no more than the value of ordinary fluctuations (it can be seen
from the enlarged fragment in Fig. 2(a)). Up to 8 interatomic distances, as was shown in [16],
the dislocation velocity can depend on the cell width.
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Fig. 2. Overlays of the change in the energy of the calculation area during the passage of an
edge dislocation in y-Fe: (a) at different widths of the computational cell (here, four graphs
are superimposed at a width of 8, 10, 16, 20 interatomic distances);

(b) at different shear rates (20, 40 and 60 m/s)

The shear rate V:, as it turned out, also has almost no effect on the height of the energy
peak of the calculation area, but up to values of about 40—50 m/s. At a shear rate V; greater than
40-50 m/s, the energy slightly increases due to additional stresses and a smaller distance
between neighboring dislocations. The velocity of the dislocations themselves also increases as
they pass through the calculation area, which can be seen, for example, from the narrower peak
for 60 m/s in Fig. 2(b). By the way, the dislocation velocity can also be determined from the
width of this peak — this is another possible method for determining it. For the examples
considered in the figure for austenite, its value was: 1500 m/s for a shear rate of 20 m/s,
1850 m/s for 40 m/s, and 2090 m/s for 60 m/s. In [19], we showed that with an increase in the
shear rate, the dislocation slip velocity increases to a certain limit, which depends on the
propagation velocity of the corresponding elastic waves: longitudinal in the case of an edge
dislocation and transverse in the case of a screw one. For austenite, these are 5450 and 2865 m/s,
respectively; for Ni, 5630 and 2960 m/s; for Cu, 4700 and 2260 m/s; for Ag, 3600 and
1590 m/s [8,10]. In further studies, the width of the computational cell was usually taken to be
10 or 12 interatomic distances.

Figure 3 shows a graph of the change in the energy of the calculation area for a screw
dislocation in y-Fe. It can be seen that the energy of a screw dislocation is noticeably lower than
that of an edge one. The found energies of edge and screw dislocations in the metals under
consideration are given below in the general table.

o s ' 15 n %

Time (ps)
Fig. 3. Change in the energy of the calculation area during the passage of a screw dislocation
in y-Fe at a shear rate of 20 m/s
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Determination of the energy of a twinning dislocation

Twinning dislocations are formed during the formation and migration of twins. As shown by
molecular dynamics modeling in [16,20,21], when an edge dislocation overcomes a twin
boundary and the slip plane changes, a twinning dislocation is formed at the boundary itself,
which rapidly moves along the twin boundary, and if there is no obstacle to its movement, it
"heals" the border [16]. The screw dislocation does not pass through the twin, but is absorbed
by it, thus changing the glide plane [16,20,21]. This occurs at much lower stresses compared to
edge dislocation. After changing the slip plane, both partial dislocations diverge in different
directions along the twin boundary, "healing" the boundary, as in the case of the passage of an
edge dislocation [16].

To calculate the energy of a twinning dislocation, it was assumed that the energy of
twinning dislocations, which are formed during the passage of an edge dislocation and the
splitting of a screw one, are the same. The method for determining the energy of a twinning
dislocation resulting from the splitting of a screw dislocation at a twin boundary was as follows
(Fig. 4). As in the case of an edge or screw dislocation, a similar graph was plotted for the
change in the potential energy of the calculation area per unit of its width along
the X axis in the process of splitting a screw dislocation on a twin. At the same time, to fix the
moment of splitting of the screw dislocation on the twin, a graph of the displacement of the
reference point located on the twin was displayed. The displacement of the reference point in
this case was determined from the displacement relative to each other of two atoms located on
opposite sides of the dislocation glide plane near the twin boundary. When splitting, which
could be fixed by the peak of the displacement of the reference point, there was a slight decrease
in the energy of the computational domain AE, caused by the disappearance of the stacking
fault between partial dislocations. Partial dislocations changed the slip plane to the twin plane,
which itself is, in fact, a stacking fault. The attraction between partial dislocations, which
existed before the interaction with the twin and was due to the presence of a stacking fault,
disappeared, which led to the repulsion of partial dislocations on the twin and their divergence
in opposite directions (Fig. 4). The energy of a twinning dislocation was determined by the
formula:

Er = > (Es — AE),
where Ej is the energy of a perfect screw dislocation.
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Figure 5 shows an example of the change in the energy of the calculation area when a
screw dislocation enters it and its subsequent splitting into two twinning dislocations.
Comparing these graphs with the graphs of the passage of a screw dislocation through the
calculation area in a pure crystal in Fig. 3, it should be noted that the width of the peaks is
noticeably smaller, which means that the twinning dislocations leave the calculation area faster
than the screw dislocation, i.e. they are more mobile, which was also noted in [16]. The Table
1 shows the obtained energies of edge, screw, and twinning dislocations.
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Fig. 5. Changes in the energy of the calculation area upon splitting of a screw dislocation into
two twinning ones in y-Fe at a shear rate of 20 m/s: 1 is the energy of the calculation area, 2 is
the displacement of the reference atom on the twin boundary to determine the moment of
splitting of the screw dislocation

Table 1. Edge, screw, and twinning dislocation energies in Ni, Cu, Ag, and y-Fe (eV/A)

Edge Screw Twinning
Ni 1.7 1.1 0.4
Cu 1.0 0.6 0.2
Ag 0.7 0.5 0.2
v-Fe 2.0 1.3 0.5

According to the data obtained, the energy of an edge dislocation is approximately one
and a half times higher than the energy of a screw dislocation, which is consistent with
theoretical formula (1). For the metals under consideration, the dislocation energies correlate
with the elastic characteristics, which also agrees with formula (1). The energy of a twinning
dislocation is substantially less than the energy of edge or screw dislocations. In fact, according
to the method of obtaining it in the model, this is one of the partial dislocations that was formed
during the splitting of a screw dislocation on a twin, so it should obviously be approximately
two times lower than the energy of a full screw dislocation minus half the stacking fault energy
between partial dislocations in the original screw dislocation.

Conclusion

A method is proposed for determining the energy of moving edge, screw, and twinning
dislocations in fcc metals using molecular dynamics, which consists in constructing and
analyzing the graph of the time dependence of the potential energy of the calculation area of
the crystal through which the dislocation passes. Nickel, copper, silver, and austenite are
considered as examples of fcc metals.
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An edge or screw dislocation appeared in the simulation as a split into a pair of partial
Shockley dislocations separated by a stacking fault. The distance between partial dislocations
was several nanometers. At high shear rates, it decreased.

It was found that the shear rate affects the dislocation energy only up to values equal to
approximately 40 m/s. At high velocities, the dislocation energy increases. In addition, it was
found that, starting from 8 interatomic distances (approximately 20 A), the width of the
simulated computational cell with periodic conditions does not affect the obtained values of the
dislocation energy.

According to the data obtained, the energy of an edge dislocation is approximately one
and a half times higher than the energy of a screw dislocation. For the metals under
consideration, the dislocation energies correlate with the elastic characteristics. The energy of
a twinning dislocation is substantially less than the energy of edge or screw dislocations. The
moving twinning dislocation in the model was obtained as a result of the splitting of a screw
dislocation on the twin into two partial dislocations that slide along the twin after splitting.
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Abstract. Bio-implants are inserted in the body to support the natural part of body either
fractured or partially failed. Therefore, bio-implant should be compatible with the body; must
not produce harmful effect to body tissues or organs. As body environment is corrosive in
nature; the implant should have high corrosion resistance. Also, it should have high strength
and low percentage elongation. Additionally, implant material must allow the growth of tissues
so that high bonding between the implant and body tissue can be achieved. Based on all the
above-mentioned requirements for being a good implant material, titanium, steel, cobalt-
chromium alloys, etc. are most widely used as implants. To further enhance the mechanical and
biological properties of implants, different types of coating and surface modifications are done.
Coating thickness, type of coating, and coating deposition techniques significantly affects the
properties of an implant. In the present work, effects of the above-mentioned parameters are
studied on the mechanical and biological properties of the implants. It was observed that the
biocompatibility and wettability of polymer coatings were relatively less in comparison to
ceramic and composite coatings. On the other hand, ceramic coatings were highly
biocompatible and wettability was also high. For metallic coating, biocompatibility was less
because of high reactivity. But, metals (like B1) that form protective oxide layer on the surface
of implants exhibits very good biocompatibility and mechanical strength.

Keywords: biological properties; coating; Implant; mechanical properties
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Introduction

Bio-implants are used to support or replace the partially functional or non-functional part of a
living body. Use of implants started in the ancient times itself when glass eyes, gold filled teeth,
wooden leg were used to replace the failed body parts [1]. Now, with the development of
technology, use of implants have been increased tremendously. Now implants for almost all the
body parts such as eye, teeth, breast, hip, knee, etc. are available. Fig.1 shows the use of
implants for human body [2].

Primary function of implant material is to support the fractured body parts, so the strength
of implant materials should be high enough to bear the body weight [3]. As an implant is
inserted inside the living body. So, along with having sufficient mechanical properties,
biological properties of an implant material should also be similar or better than the natural part.
A schematic diagram of hip implant and various properties required in an implant material are
shown in Fig. 2 [4].
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Fig.1. Use of implants Fig. 2. Schematic diagram of hip implant and
various properties required in an implant
material

Considering the criticality of implant, the selection of appropriate material for implants
become very important [5]. Some of the properties that are required in a good implant material
are as follows:

1. It should have strength comparable to natural bone;
2. Percentage elongation should be very low;

3. It should be biocompatible;

4. It should not release toxic elements;

5. It must support the growth of tissue;

6. Ability to resist viral infections or contamination.

Most commonly used materials for implants like titanium (T1), Ti alloys, stainless steel
316L (SS 316L), Co-Cr alloys, tantalum alloys, composites, ceramics, and polymers are given
in Table 1 [6]. These materials are widely used in medical equipment because of their good
corrosion resistance, and high strength [7,8].

Table 1. Implant materials and their applications

Biomaterials Applications

Hip and knee joint implant, dental implants, spinal, heart valve, hip nail, bone plate,
shoulder prosthesis.

Cochlear implant, dental implants, orthodontic implant structure, artificial heart valves,
bone and joint replacements, and pacemakers.

Cobalt Chromium | Total joint replacements (hip and knee) mini plates, bone plates, screws, dental implants,
Alloys orthopaedic implants.

Acetabula, femoral components, vertebral spacer and extensor, orthodontic

Stainless Steel

Titanium Alloys

Alumina . o - L
anchors, dental implants, and artificial complete joint replacement.
. . Replacement of hips, knees, tendons, ligaments, periodontal disease treatments, and bone
Zirconia .
fillers.
. Dental implants for throat repair, skin treatments, dental fillings, jawbone
Calcium Phosphate p patf, ’ g%

reconstructions, orthopaedic coatings on implants, and facial surgery.
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Problems with implant materials

Infection of the implant by microbial contamination on implant surfaces or adjacent tissue is
one of the main problems of implant failure, as microorganisms can readily adhere to and then
grow on implant surfaces [9,10]. This type of transplant infection often occurs in different parts
of the human body. In addition, the open wound created during the implant placement process
creates the right conditions for microbes to adhere, grow and multiply. Although the host's
immune response is activated, this response is often insufficient to clear the infection around
the implantation site [11,12].

Infections associated with biomedical devices and implants (e.g., catheters, heart valves,
and hip and knee implants) remain a major risk for their long-term usage despite extensive
research and development efforts [13]. Bacteria can apparently cling to and colonise a wide
range of biomedical devices, resulting in a difficult-to-treat infection. Infections, lengthy
hospitalisation, difficult revision operations, transplant failure, patient misery, financial load,
and even death are some of these. As a result, the necessity to eliminate germs or limit bacterial
colonisation is growing.

Infections, corrosion, wear, excessive inflammation, severe toxicity, poor
osseointegration, and foreign body effects are all factors that shorten the life of orthopaedic
implants [14]. Infection may cause the patient to suffer for a long time and eventually die.
Corrosion and wear wreak havoc on a structure's structural integrity. However, the implants
cause toxicity. Our immune system may mistake the implant material for a pathogen. System,
causing chronic inflammation and foreign body reactions, which can lead to death. A local and
most effective technique for resolving these issues and extending the life of implants is to coat
them with biocompatible and bioactive material. Coatings transport biologicals directly to the
injury site, allowing them to work more precisely than pharmaceuticals.

Requirement of coatings

The principle of bone on-growth or in-growth is linked to the optimal shape (design) of an
implant, as well as its material, surface topography, and chemistry [15]. The materials typically
utilised for orthopaedic implants, stainless steel and titanium (alloys), have differences or rather
benefits in strength, ductility, stiffness, or cell responsiveness, and must be considered
according to the medical necessity [16,17]. The implant's design can compensate for
mechanical flaws, but host cells and bacteria have different reactions to the material [18]. The
disadvantages of electropolished steel (smooth surface) implants are imaging artefacts, possible
implant migration, release of toxic/allergic ions such as cobalt, chromium, nickel, and higher
infection risk, according to preclinical research and clinical experience, whereas the
disadvantages of rougher titanium implants are removal complications due to better
osteointegration [19,20]. Polymers, such as PEEKSs (polyetheretheretherketone), are primarily
employed in the field of spine surgery as a radiolucent alternative to metallic implants, however
due to biomechanical constraints when compared to titanium or stainless steel, a general
application has yet to be established [21,22]. Because solid metal implants, particularly those
made of cobalt-chrome or steel, have a lower degree of osteointegration than pure titanium,
zirconium, and/or titanium-based coatings, they can be withdrawn more quickly (temporary
implants) [23]. The surface chemistry (hydrophilic vs. hydrophobic) and the surface
topography, specifically the roughness, are the primary determinants impacting
osteointegration, in addition to the material's biological compatibility. If osteointegration is to
be enhanced, specific material selection, surface modification, or extra coatings are required
(permanent implants) [24]. Chemical, physical, and biological requirements are the most
important for this purpose [25]. For an implant coating to promote osteointegration,
biocompatibility is an obvious necessity. Despite the fact that various materials and surface
modifications are utilised to maximise implants, comparative studies proving the evidence for
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"the best" material, surface condition, or coating are still lacking. Another need is that the
material's properties be preserved during use, and that the biological interaction in the body has
no detrimental consequences. Coatings can address the tendency of wear and corrosion in an in
vivo environment, which can result in particle loosening or the release of hazardous
substances [26]. Implant-derived wear particles activate cells of the innate and adaptive
immune systems, such as macrophages and lymphocytes, triggering an inflammatory response
marked by the release of cytokines, chemokines, and growth factors, which can lead to
osteolysis and bone loss due to increased osteoclast activity and necrosis [27]. In the creation
of new coatings or the translation of authorised coatings into new applications, this in vivo
interaction of the material must be taken into account. Another criterion is that the coating stay
on the surface of the implant at least until it reaches its desired position and can perform its
function.

Temperature resistance of the implant material to the temperature introduced during the
coating or surface-structuring process is a production requirement. For example, the
temperature during a plasma spray process for HA can exceed 500 °C, whereas it can exceed
1000 °C for calcium phosphates [28,29]. Laser structuring raises the surface temperature well
over the boiling point of the substrate (e.g., 3260 °C for titanium). The influence of temperature,
particularly for metallic implants, can cause metallurgical changes, necessitating further
biomechanical considerations. Surface alteration (blasting, etching) and porous coatings can
cause fracture initiation, which has been shown to affect biomechanical needs for fatigue and
bending strength. Other obvious needs are the ability to sterilise the final implant without
causing any unwanted effects, and the ability to meet the requisite shelf life without causing
undesirable changes in the features over time.

Bioactive coatings

The demand to replace and restore damaged tissues has increased in tandem with the general
population's longevity. This is especially true in dentistry and orthopaedics, where prosthetic
implants have restored structure and function. These surgeries have been incredibly successful,
and they have improved the lives of a lot of individuals. For the most part, this success can be
credited to the body's ability to integrate with the implants. In exchange, implant materials and
surface qualities that most effectively trigger bodily responses have been adopted. The implants'
surface can be altered in a variety of ways, either directly or by applying a coating.

Bioactive coatings
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bone architecture implant contact
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Fig. 3. Potential mechanisms of action of bioactive coatings
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The goal of improving long-term mechanical fixation of the implant is based on the
assumption that a stable bond between the implant and the host bone will contribute to long-
term clinical success. Even if a bioactive coating does not allow an implant to perform its
intended function for a longer amount of time (i.e., enhance survivorship), it would be useful
to reduce the time required to achieve fixation. The implant surface can be affected by
topography, chemistry, and surface energy in a broad sense. Potential mechanisms of action of
bioactive coatings are shown in Fig. 3.

All implants are viewed as alien objects by the body, they stimulate a biological response
in the form of a "non-self" material to counteract any negative consequences. This reaction is
influenced by both implant-related and host-related factors. Implant-related aspects that are
influenced by the physical, chemical, and biological features of the implant surface are
discussed here. Tissue-related parameters such as the implant site, patient gender and age, tissue
integrity, and systemic diseases are not discussed in any depth. The reader should be aware,
however, that the biological response to a specific implant is not expected to be consistent
across all patients. The features of the implant's manufacturing material, in general, impact the
body's reaction to it. The word bio-inert refers to the absence of a reaction to the implant. In
reality, when bio-inert materials are introduced in body, they interact very less with the
surrounding tissue, resulting in a minimum response. As a result, a fibrous membrane forms
around the implant has no effective bonding with body [30]. Bioactive materials, on the other
hand, initiate a chain of events that leads to the production of new extracellular matrix, which,
in the best-case scenario, forms in intimate contact with the implant and results in mechanical
fixation.

Effect of different types of coatings

There are various types of coating materials such as polymer, metals, ceramics, composites, etc.
Depending on the nature of coating materials and their interaction with the substrate, properties
of a coated implant are very much different from the uncoated implant. As, polymers have high
resistance to corrosion and are hydrophobic in nature. Polymer coating improve the corrosion
resistant reduces the swelling. Metals are more reactive in comparison to polymers, so metallic
coating reacts with oxygen to form metallic oxides. Metallic oxides are very less reactive and
biocompatible in nature. Metallic coating also forms strong bond with metallic substrate. So,
metallic coating improves the strength and biocompatibility of the implant. Ceramic and
composite coatings also improves the biocompatibility and other properties of implants. Effect
of different type of coatings on various properties of implants are studied below.

Bond strength. Bond strength is the measure of bonding between the coating material
and substrate. High bond strength is desirable because high bond strength enhance the coating
stability and life. The variation in bond strength of Ti alloy with different coating materials is
shown in Fig. 4. It can be observed that the significant bond strength was obtained in all the
coated TisAl4V implants. Ghaleh et al. investigated the effect of akermanite (tricalcium
magnesium silicate) coating on the bond strength of coated Ti6Al4V titanium alloy [31]. Bond
strength of 40.5 MPa was observed. Xue et al. investigated the effect of diopside (CaMgSi20Og)
coating on the bond strength of coated TicAl4V titanium alloy [32]. Bond strength of 32.5 MPa
was obtained. Yi et al. done the bredigite coating on the TicAl4V alloy and investigated the
bond strength of the coated titanium alloy [33]. Highest bond strength of 49.8 MPa was
observed in the Ti alloy coated with bredigite. Li et al. coated the titanium alloy TicAlsV with
monticellite hardystonite (Ca>ZnSi»O7) and investigated the bonding strength [34]. Bonding
strength obtained was around 33.4 MPa. Liang et al. studied the effect of baghdadite ceramic
coating on the bond strength of TicAl4V titanium alloy [35]. Lowest bonding strength of 28 MPa
was obtained. Wu et al. investigated the effect of ceramic coating of Sr2MgSi207 on the titanium
alloy substrate on the bonding strength [36]. Bonding strength of 37 MPa was observed. So, it
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can be concluded that the ceramic bredigite forms strong bond with the titanium alloy TisAlsV
and hence the strength and life of coating will be more in comparison to other ceramic coatings.
As, the implants are intended to work satisfactory for 5—15 years, so the bredigite coated
titanium alloy will be preferred.
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Coating technique also has a significant effect on the properties of coating. The effect of
coating techniques on the bond strength of hydroxyapatite coated TicAl4V titanium alloy was
studied by Mohseni et al. [37]. Bond strength of hydroxyapatite coting over TiscAl4V deposited
by different coating technique is shown in Fig. 5. It can be observed that the highest bond
strength was obtained for hydroxyapatite coated by sputtering technique. On the other hand, the
lowest bond strength was observed for pulsed laser deposited hydroxyapatite coating over
TicAlsV substrate.

Contact angle. Contact angle is the measure of wettability of a coating material. Low
contact angle (less than 90 °) signifies the hydrophilic nature of coating, while high contact
angle (more than 90 °) signifies the hydrophobic nature of coating. High wettability (low
contact angle) is desired for a coating material because wettability increase the proliferation,
cell attachment, and mutual interaction of cells. Variation in contact angle of Ti alloy with
different coating materials is shown in Fig. 6.
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Chai et al. [38] coated the titanium alloy with three different materials namely TiO»,
TiO2/MoSez, and TiO2/MoSe>/Chitosan. It was observed that the lowest contact angle of
40.345° was obtained for TiO2/MoSeo/Chitosan coated sample. This indicates that
TiO2/MoSe>/Chitosan enhance the wettability and will be helpful in combating infections.
Aydemir et al. [39] investigated the effect of bioactive glass (Chitosan/Gelatin/SiGenNPs)
composite coating on the contact angle of titanium alloy coated by electrophoretic deposition
(EPD) technique. It was observed that the contact angle increased slightly. And hence the
wettability reduced. Similar effect of polymer and composite coatings i.e., PEEK, carbon-
fibre/PEEK (CF/PEEK), and graphene oxide/carbon-fibre/PEEK (GO/CF/PEEK) on the
contact angle of coated titanium alloy was observed by Qin et al. [40].

Cell viability. Cell viability is the measure of biocompatibility of an implant material. If
cell viability is high, then the fracture of living and healthy cells in the population is high. So,
high value of cell viability is desirable. Hence, the coating materials that increase the cell
viability will be preferred. Variation in cell viability of Ti and Mg alloys with different coating
materials is shown in Fig. 7. Qin et al. [40] investigated the biocompatibility of titanium alloy
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coated with polymer (PEEK) and composites (CF/PEEK and GO/CF/PEEK). It was observed
that the highest cell viability was observed for PEEK coated titanium alloy. Hence, the PEEK
coated titanium alloy was most biocompatible. But, the wettability was low for PEEK coated
titanium alloy (Fig.6).

L15 4

Cell Viability Cell Viability
T0 o
110 4
105 4 60 -
g 100 = §
—_ =~ 5 -
2 2z
E 95 = -
] =
e ]
= 37
~ 90 Q
85 < 3+
80
20 -
?5 L) L) L) L) L) L) L)
& N 4 at s A N
S g & 8 : € &
> & G ool
N & & &
é,a'-"t ey &
o
(a) (b)

Fig. 7. Variation in cell viability of Ti alloy (a) and Mg (b) with different coating materials.
Based on data [40-42]

For GO/CF/PEEK coated titanium alloy, both the wettability and the cell viability were
high. Hence, the composite GO/CF/PEEK coating is preferable for titanium alloys. Ritwik et
al. also investigated the biocompatibility of titanium alloy coated with chitosan [41]. It was
observed that the cell viability enhanced after the chitosan coating over the titanium substrate.

Mahapatro et al. investigated the effect of polymer coatings on the biocompatibility of
coated magnesium alloys [42]. It was observed that the cell viability was increased after the
coatings of poly-caprolactone (PCL) and poly-pentadecalactone (PPDL) on the magnesium
alloy. Highest cell viability was observed for the magnesium substrate coated with PCL. Hence,
PCL is a better coating material for magnesium alloy if high biocompatibility is desired.

Surface roughness. Surface roughness is also one of the important property of an implant
material. If surface roughness is high, tissues growth in the cavities will be high [43]. High
tissue growth in cavities enhance the bonding between the implant and tissue. So, high surface
roughness is desirable. Variation in surface roughness of steel and Ti alloy with different
coating materials is shown in Fig. 8.
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Fig. 8. Variation in surface roughness of steel and Ti alloy with different coating materials.
Based on data [39,43]

It can be observed that the surface roughness increased after the composite coatings of
chitosan/gelatin and chitosan/gelatin/SiGenNPs over the stainless steel substrate [39]. On the
other hand, coating of chitosan/gelatin over titanium alloy slightly reduced the surface
roughness. Surface roughness of chitosan/gelatin/SiGenNPs coated titanium sample was
highest. Hence, chitosan/gelatin/SiGenNPs composite coating deposited by electrophoretic
deposition technique is useful for both titanium alloys and stainless steel implants.

Oxide formation. Oxide formation is an important property for a metallic coating
material. Metallic oxides are generally very less reactive and biocompatible in nature. Hence,
the high oxide formation at the surface is desirable for an implant material.
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Fig. 9. Variation in oxide formation and surface roughness of Ti alloy with different coating
materials. Based on data [44]
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Gosau et al. investigated the oxide formation and surface roughness of coated and
uncoated titanium implant materials [44]. Variation in oxide formation and surface roughness
of Ti alloy with different coating materials is shown in Fig. 9. It can be observed that for the
uncoated titanium sample, oxidation was high, but surface roughness was low. Bi coating
enhanced the surface roughness and oxide formation was also very high (around 89 %). On the
other hand, oxide formation was negligible in Ag coated sample because of very low reactivity
of Ag. Oxide formation was around 50 % in Cu coated sample. Hence, the Bi is a very suitable
coating material for titanium alloy implants.

Hardness. Surface hardness of an implant is dependent on the coating material. Higher
the hardness, lower will be wear rate. So, the addition of hard coating over implant, reduces its
wear and scratch and enhance its life. The effect of coating materials on the surface hardness
of implants was studied by Vladescu et al. [45]. Surface hardness of implants with different
coating materials is shown in Fig. 10. It can be observed that the highest hardness was obtained
for an implant coated with diamond like carbon (DLC).
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Fig. 10. Surface hardness of implants with different coating materials. Based on data [45]

Effect of coating thickness and processing parameters on bond strength
Coating thickness and processing parameters also have significant effect on the bond strength.
Effect of these parameters on the bond strength is studied in detail in the following subsections.

Effect of coating thickness. Coating thickness is having a significant effect on the
properties of a coated material. As an implant, it is used inside the body. So, it will work inside
a corrosive environment. In a corrosive environment, materials dissolve at a higher rate. Hence,
the thickness of a coating should be sufficient that it will last for the intended working life of
the implant material. Coating thickness also affects other properties such as cell viability,
corrosion resistance, surface roughness, and bond strength. Effects of coating thickness on the
above-mentioned properties are studied in the following sections.

Kuo et al. investigated the effect of parylene coating thickness on the bond strength, cell
viability, and surface roughness of the NiTi alloy [46]. Variation in bond strength, cell viability,
and surface roughness with coating thickness is shown in Fig. 11,12. It can be observed that the
cell viability decreased with an increase in the coating thickness. On the other hand, bond
strength increased with an increase in the coating thickness. Surface roughness also increased
initially with an increase in the coating thickness. On further increasing the coating thickness
(beyond 5 pm), surface roughness decreased [46].



Nanomaterials coating for bio-implant applications: a re-analysis

102

10
N i - 108 | 538
100 i s G
N 4 T I
e - - 107
90 - N < L 0.34
N
N 106 [
- X\ / 0.32
',/ ™~ -~ — Bond Strength (MPa) :
70 /" S Cell Viahility (%) =105 |
/ \}\// Surface Roughness (um)|
s TN - 0.30
60 - o e L 104
= ./// =
50 = /’ g T 103 [ 028
T T T T T
0 2 4 B 8 10

Coating Thickness (pm)

Fig. 11. Variation in bond strength, cell viability, and surface roughness with coating
thickness. Based on data [42,46]

] |—l— Bond Sirength
12 m
“
A “m L Ny
= .,
E i
Z 10 .
= i
= .,
8 97 .
SR .
= m
5 4
m 4
74
- \‘.
G-
T T T T T T
140 170 150 190 200 220

Coating Thickness (pum)
Fig. 12. Variation in bond strength with coating thickness. Based on data [37]

Mohapatro et al. [42] investigated the effect of coating thickness on the corrosion rate of
coated magnesium substrate. It was observed that the corrosion rate reduced tremendously after
the coating of PCL, as shown in Fig. 13. On increasing the coating thickness, corrosion rate
decreased significantly.

Mohseni et al. [37] investigated the effect of hydroxyapatite coating thickness on the bond
strength of TisAl4V titanium alloy. Variation in bond strength with coating thickness is shown
in Fig. 12. It can be observed that the bond strength decreased with an increase in the coating
thickness. So, the results are contrary to the results obtained by Kuo et al. [46]. This can be due
to poor cohesion and adhesion of hydroxyapatite.

So, coating thickness has a mixed effect on the bond strength, cell viability, corrosion
rate, and surface roughness. Corrosion resistance and bond strength increased with an increase
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in the coating thickness. On the other hand, cell viability decreased. So, selection of coating
should be based on the required application.
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Fig. 13. Variation in corrosion rate with coating thickness. Based on data [37]

Effect of hot isostatic pressing temperature. Hot isostatic pressing is a technique used
for the densification of the powders. This technique can be used for improving the bond strength
of coating on the implant. Mohseni et al. investigated the effect of the temperature of hot
isostatic pressing on the bond strength of hydroxyapatite coated TicAl4V titanium alloy [37].
Variation in bond strength with hot isostatic pressing temperature is shown in Fig. 14. It can be
observed that the bond strength increased with an increase in the temperature of hot isostatic
pressing for hydroxyapatite coating of 160 pm. On the other hand, bond strength decreased
with an increase in the temperature of hot isostatic pressing for hydroxyapatite coating of
200 pum. So, the thicker coating has adverse effects on the bond strength.
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Fig. 14. Variation in bond strength with hot isostatic pressing temperature. Based on data [37]
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Effect of surface cleaning and treatment. Surface of substrate play an important role in the
coating efficiency. If the surface is not clean, coating adhesion will be poor. Also, various surface
treatments and modification enhance the coating bond strength. Some of the surface treatment
techniques are shown in Fig. 15. Hsiung et al. [47] investigated the effect of cleaning and cryogenic
treatment on the bond strength of the hydroxyapatite coated TisAl4V implant material. Bond strength
of untreated and cryogenically treated hydroxyapatite coated TisAl4V implant material cleaned
by two different processes is shown in Table 2. It can be observed that the bond strength of
ultrasonically cleaned sample was more than the bond strength of the sample cleaned by high
pressure air. It shows that the ultrasonic cleaning is better than the high pressure air cleaning.
Also, bond strength of cryogenically treated samples was higher than the bond strength of the
untreated samples. So, the cryogenic treatment is a very useful technique to enhance the coating
efficiency.

A Technique For Modification In Metallic Surface

‘ Mechapical ‘ ‘ Chemical ‘ Physical Technique ‘
Technique Technique
Machining Chemical Treatment Spraying
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Polishing Anodiration lon Implantation
Blasting CcvD Glow discharge
Bio-chemical

Fig. 15. Surface modification/treatment techniques

Table 2. Bond strength of untreated and cryogenically treated hydroxyapatite coated Ti6Al4V
implant material

Bond Strength, MPa
Ultrasonic Cleaning

Pressurised Air

Untreated 26.56 18.91
Cryogenic Treatment 36.65 29.30
Conclusions

After detailed literature survey of coated and uncoated implant materials, following conclusions
have been drawn:

1. It was observed that the ceramic, polymer, metallic, and composite are widely used for
coating metallic implants;

2. Biocompatibility of polymer coatings were relatively less in comparison to ceramic and
composite coatings. Also, wettability of polymer coatings was less;

3. On the other hand, ceramic coatings were highly biocompatible and wettability was also high;
4. For metallic coating, biocompatibility was less because of high reactivity. But, metals (like
Bi) that form protective oxide layer on the surface of implants exhibits very good
biocompatibility and mechanical strength;
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5. Surface treatment is a very good technique to enhance the adhesion between the coating and
the substrate;

6. Coating technique also significantly affect the properties of coating. Highest bond strength
is obtained by sputtering coating.

Future Scope

Comparative study on the mechanical properties of nano-coated materials can be done in order
to identify stress, elongation, and swelling behaviour. In this work, the effect of coatings on
only cell viability, contact angle, surface roughness, and corrosion rate is studied. Other
biological and mechanical properties can be investigated.
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Abstract. Polyurethane elastomers are a class of polymers with two-phase segmented structure.
The study of their features at the microstructure level will make it possible to control both
macroscopic physical and mechanical properties of polymers and functional properties of
surfaces. Polyurethanes of the same formulation were synthesized in this work, varying the
curing temperature from 30 to 90 °C. Atomic force microscopy, dynamic mechanical analysis,
and wettability were used in the study. Stiff fibrillar supramolecular structures (elastic modulus
14-22 MPa), distributed in a softer matrix, are formed in the polymers. Phase inhomogeneities
are hidden under the surface by a soft nanolayer of variable thickness. An increase in the curing
temperature leads to an increase in the thickness of this layer, and the stiff structure transforms
from homogeneous to a network of agglomerates. Wettability, free surface energy and
macroscopic viscoelastic properties nonlinearly depend on the curing temperature, which is
explained by the physical and mechanical properties of the stiff and soft phases.

Keywords: polyurethane; microstructure; atomic force microscopy; physical and mechanical
properties
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Introduction
Polyurethane elastomers are segmented polymers consisting of soft and hard segments [1].
Primary hard segments form secondary supramolecular structures (fibrils, cylinders, ribbons,
meshes, globules) in a softer matrix. The properties of such structures depend on the chemical
composition [2-5], the curing time or temperature [6,7], the presence of filler particles in the
composition [8-10], the thickness of the material [11], additional heat treatment [12,13], the
history of mechanical loading [14,15]. It has been established that the heterogeneous structure
of polyurethane is covered with a low-molecular-weight nanolayer of the soft phase [16,17].
The images for the phase separation of polyurethane, presented in the majority of the studies,
were obtained using the tapping mode of atomic force microscopy (AFM), and are in fact
images of some transitional near-surface region [17,18].

In addition to obtaining materials with a given set of structural properties, a promising
modern direction is modification of the polyurethane surface. In the latter case, this refers to
improving specific functional characteristics: biocompatibility [ 19—22], antibacterial properties
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[23], wettability [24], gas permeability [25]. The best results can be achieved by taking into
account both the presence of a surface nanolayer and the particulars of phase separation in the
internal supramolecular structure. In particular, it has been established that plasma ions interact
differently with soft and hard subsurface regions; in some cases, this significantly increases the
crack resistance and deformability of coatings with improved biocompatibility [21,22].

To date, numerous works have focused on the physical and mechanical characteristics of
polyurethane elastomers. However, the results obtained on the structural characteristics of
elastomers are often interpreted based on indirect data (typically, spectroscopic studies). This
is insufficient given the complex structure of polyurethanes. Thus, study of the surface and
subsurface properties of phase-separated polyurethanes is important both for predicting the
physical and mechanical properties of materials and for their directed functionalization at the
structural level of the material.

This paper considers polyurethanes with the same composition but synthesized with
different curing temperatures. We focused on the microstructural surface and subsurface
properties of polymers and on the characteristics of their phase separation. Supramolecular
structures with different structural and physico-mechanical properties depending on the curing
temperature were obtained in the materials, affecting the macroscopic characteristics of the
materials.

Materials and Methods

Production of materials. Polyurethanes were prepared from commercially available
prepolymer (urethane prepolymer based on polyester and toluene diisocyanate) and
crosslinking agent (13.2 % MOCA hardener, 84.7 % polyfurite plasticizer, 2.1 % voranol
catalyst) in a mass ratio of 100:47. The components were heated at 80 °C and evacuated. The
mixture was vacuum-dried for 24 hours as plates with a free upper surface 2 mm thick. The
curing temperature 7 was set to 30, 50, 70 or 90 °C. The resulting specimens are marked T30,
T50, T70 and T90. The polyurethane does not fully cure in 24 hours at a low temperature. For
this reason, the mixtures T30 and TS50 were further cured after 24 hours at 7= 70 °C for another
24 hours.

Wettability and free energy of the surface. The wetting contact angle was determined
using a goniometer by the sessile drop method. Water and diethylene glycol were used as test
liquids; droplet sizes ranged from 2 to 3 mm. The free surface energy was calculated by the
Owens—Wendt—Rabel-Kaelble method as the sum of the dispersion (energy of Van der Waals
interactions) and polar (dipole interactions and energy of hydrogen bonds) components.

Dynamic mechanical analysis. Rectangular specimens were tested for uniaxial tension
on a DMA/SDTA861e Dynamic Mechanical Analyzer (METTLER TOLEDO, Switzerland).
The base of the specimen is 10 mm long, about 6 mm wide, about 2 mm thick. The tests were
carried out at a temperature of 25 °C and a deformation amplitude of 3 %, varying the frequency
from 0.5 to 50.5 Hz in 5 Hz increments.

Atomic force microscopy. An AFM Ntegra Prima in nanomechanical mapping mode
was used. ScanAsyst-Air probes with calibrated tip radii R ~3-5 nm and bending stiffness of
the beam k ~ 0.4—0.5 nN/nm were used. In this mode, the probe indents the selected area at a
high speed (10 nm/ms was set; the indentation frequency was ~20 Hz taking into account the
vertical displacement of the piezoelectric scanner at 350 nm). The high indentation speed allows
obtaining high-resolution data in the specimen plane: an array of interaction curves d(z) of the
probe with the surface when the probe approaches the surface and withdraws from it, where d
is the cantilever bending, z is the relative distance between the probe and the specimen;
interaction force: F = kd.
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The tip of the probe is strongly attracted to the surface under the action of van der Waals
forces at some distance from the surface (point A in Fig. 1). The deviation d. of the probe from
the equilibrium position after the jump to contact has been completed is a measure
of the Hamaker constant Hy of the surface [26]: Hy = 9k*d.% / (R*H;), where H, is the Hamaker
constant of the probe material (H; = 18-:1072° J for a probe made of silicon nitride). We assume
that the indentation of the probe into the material begins at point B, then the indentation depth
u = (z—z») — (d—dp). The polymer is indented in the segment BC until a given maximum load of
~3 nN is reached (the average indentation depth at such a load was 50 nm). The specimen is
then unloaded as the probe is removed from the surface.
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Fig. 1. Typical curve for interaction of AFM probe with polyurethane surface: loading and
unloading curves, as well as characteristic stages of interaction are shown

The maximum magnitude of the force at the time when the probe separates from the
surface (point D in Fig. 1) is related to the free energy of the surface and is widely used in the
Derjaguin—Muller—Toporov or Johnson—Kendall-Roberts elastic indentation models to
subsequently determine the elastic modulus of the surface. In general, the observed relief
depends on the applied force: the probe pushes through the soft outer nanolayer with increasing
loads, starting to detect the internal structures of the polymer hidden under the surface. The
algorithms we developed [27] allow to monitor these changes in relief, as well as to estimate
the thickness ¢ of the upper homogeneous layer covering the subsurface structures.

The presence of a soft upper layer makes it difficult to use models for determining the
elastic modulus taking into account the adhesion of the probe to the surface as a measure of the
free energy of the surface. In this case, a comparative analysis of local stiffness is carried out

using the Sneddon approach [28,29] for a parabolic indenter with non-uniform depth
C e . 1-v%) d;—d;_,
distribution of the elastic modulus: E;(u;) = —(4 \/R_ui) ——
The polymer has inelastic properties, i.e., the loading and unloading curves do not coincide. We
use the viscosity coefficient as a measure of the viscoelastic properties of
the surface. Similar to the elastic modulus, it depends on the indentation depth [30,31]:
1 Fgis(1-v?)
n(ul) = W 6\/R_ui
difference between the forward and reverse scanning directions F, and F: Fuis = (Fo-F)/2.

k, where v = 0.5 is Poisson's ratio.

, where the dissipative component of the load Fy;s is calculated as the
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Results and Discussion

Let us start by considering some macroscopic properties of polymers. The material T30 has the
best hydrophilic properties (Fig. 2); the wettability deteriorates with an increase in the curing
temperature (the contact angle increases), and does not change significantly in the curing
temperature range from 50 to 90 °C. The free energy of the surface behaves similarly (Fig. 2);
its variation is due to a decrease in the polar component (the energy of hydrogen bonds and
dipole interactions); the dispersion component increases slightly.
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Fig. 2. Contact angle and free energy of the surface: dispersive (D) and polar components (P) (a),
DMA-measurements: storage and loss moduli (b), tangent of mechanical losses (c)

DMA tests established (Fig. 2(b,c)) that the storage modulus £’ of polyurethane T50 is
approximately twice as high as those of other materials; the same polymer also has the least
pronounced viscous characteristics. The material T90 turned out to be the softest from
standpoint of DMA tests, T30 has the greatest mechanical losses.

The internal structure of synthesized polyurethanes (Fig. 3) represents rigid fibrillar
structures (supramolecular formations with a high concentration of hard polyurethane
segments), unevenly entangled in a softer matrix (regions of high concentration of soft segments
and a small proportion of disordered hard segments). The most dense and homogeneous
structure is produced at curing temperatures of 30-50 °C (Fig. 3(a,b)). In these cases, dense
hard agglomerates are observed, the length of individual fibrils is no more than 20 nm. An
increase in temperature leads to a more porous and more heterogeneous structure of hard
segments in the form of a fibrillar mesh (Fig. 2(d)); the size of the fibrils can reach 1 pm or more.
The mean fibril width is 3-5 nm, which corresponds to the size of perpendicularly packed
primary hard segments of polyurethane [2].

Polyurethane surfaces were smooth and uniform (see the insets in Fig. 3). The fibrillar
heterogeneities in polymers (see enlarged view in Fig. 3) are hidden under the surface by a
nanolayer with variable thickness ¢, homogeneous in its mechanical characteristics. The
thickness of this outer layer was estimated by the transformations in the relief structure during
indentation: given a small force, the AFM probe first interacts with the outer layer, pushing
through this layer with increasing load, as the internal structure gradually evolves.
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. AFM images for relief (top row) and stiffness maps (bottom row) of polyurethanes at

curing temperatures of 30 (a), 50 (b), 70 (c) and 90 °C (d). Enlarged fragments of subsurface
structures are shown; the corresponding surface maps are shown in the insets
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Fig. 4. Thickness of polyurethane surface nanolayer covering the elevations. The insets show
the corresponding thickness distribution maps. AFM images of reliefs are shown in Fig. 3
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Fig. 5. Representative AFM images of relief and elastic modulus of subsurface (enlarged) and
surfaces (insets) of materials T30 (a) and T90 (b)

The thickness of the outer layer (Fig. 4(a)) depends both on the features of the internal
structure and on the curing temperature. The lowest thickness of the layer is achieved at
elevations of subsurface relief, i.e., the peaks of hard supramolecular agglomerates
(Fig. 4(b,c)); the thickness does not change at curing temperatures of 30—50 °C, then increasing
from 5 to 14 nm. The thickness of the nanolayer in the regions free of hard subsurface structures
(depressions of subsurface relief) does not change, fluctuating in the vicinity of 22-24 nm. In
the latter case, the layer has no clear boundaries, merging into the matrix.

Representative AFM images are shown in Fig. 5: the reliefs for T30 and T50 (T50 is not
shown here) are relatively flat. Agglomeration of hard structures occurs at curing temperatures
of 70 and 90 °C (see the stiffness map in Fig. 5(b)); the size of the agglomerates is ~ 5 pm.
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Fig. 6. RMS roughness of the surface (a) and subsurface reliefs (b) depending on the size of
the region
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Quantitative analysis of structural heterogeneities was performed by calculating the RMS
roughness R, of the relief depending on the size L of a square region randomly selected in the
image. The mean roughness increases, reaching the asymptote at a certain size Lci; of the region
(Fig. 6). Lcyi; is the smallest size starting from which the distribution of hard structures in
polyurethane can be considered homogeneous, in other words, the critical size of the
heterogeneity: the size of the heterogeneity does not exceed 1.5-2 pym 7 < 50 °C, then sharply
increasing to 13 pm at 7= 90 °C.

Subsurface structures in AFM images are located at different heights relative to each
other. What we actually observe is a fragment of a three-dimensional supramolecular structure
of the material. We binarize representative AFM images of a three-dimensional subsurface
relief, leaving only what lies within the mean height of the image + 3 nm (the mean fibril width).
As aresult, we obtain slices of the subsurface structure. The fractal dimension D of the obtained
images is shown in Fig. 7 (to calculate D, we divide the image into squares with the side size L
and calculate the number N of non-empty squares; we can prove that L and N are related by a
fractal dependence: N~L™P).
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Fig. 7. Fractal dimension D and fraction of the mesh containing hard subsurface
agglomerates. The insets show slices of the corresponding structures obtained by binarization
of representative AFM images. The light regions correspond to hard subsurface structures.
The structure of the material T30 is close to that of TS50 and is not shown

The fractal dimension of the mesh of hard structures is close to 2 for materials T30 and
T50, which corresponds to a homogeneous (cluster-free) distribution of hard structures in these
materials. The picture radically changes with an increase in the curing temperature: the rigid
supramolecular structure in polyurethanes T70 and T90 is a mesh of fractal agglomerates,
whose tortuosity and heterogeneity increase with the curing temperature. The observed
agglomerates are tangled dense clumps of fibrillar structures. The fraction of the material
forming a dense hard mesh decreases from 70-80 % (T30, T50) to 40-30 % (T70, T90); the
densest structure is observed in the T50 material. The space between the agglomerates is filled
with a sparse mesh of individual fibrils (see Fig. 3(d)).
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The jump d. of the probe to the surface (see Fig. 1) is proportional to the Hamaker
constant. The measurements showed that the mean values of d. (Fig. 8(a)) do not change
significantly with an increase in the curing temperature. The Hamaker constant, in turn, is
directly proportional to the dispersion component of the free energy (interatomic interactions
based on van der Waals forces) of the surface [32]. This result is confirmed by the experiments
conducted to measure the wettability and free energy of the surface (Fig. 2(a)): the change in
the dispersion component of the surface free energy correlates with the d- measurements.

Maps of the jump to the surface made by the probe (see the insets in Fig. 8(a)) are
inhomogeneous, i.e., there are regions with high and low values with + 10 % deviation from
the mean (statistical distributions of d. are close to normal). For example, regions with low
values of d. can be seen in the dc map for T30 in the form of circular segments. The magnitude
of the jump depends on the local irregularities in the relief [33]. In our case, the observed
inhomogeneities in d. are not related either to the outer surface of the polymer or to its internal
fibrillar structure (see Fig. 3). This is to say that the outer nanolayer has region with
inhomogeneous activity. No correlation was found between the curing temperature and the
properties of these inhomogeneities.

The internal structure of the polymer does not affect the magnitude of the jump to the
surface (the distance d-+t between the probe and the subsurface is quite large). That is, the
Hamaker constant calculated from d. is a characteristic of only the outer layer. At the same
time, as established below, the surface free energy measured by wetting depends on both the
internal structure and the external nanolayer.
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Fig. 8. Jump of the probe to the surface (a) and pull-off force (b). The insets show the
corresponding maps. AFM images of reliefs are shown in Fig. 3

The force at the instant when the probe separates from the surface is traditionally
associated with the surface free energy: it is maximum for the surface T30, reaches a minimum
at T50-T70, and then begins to grow. These results (Fig. 8(b)) correlate with the changes in the
surface free energy and the contact angle (Fig. 2(a)). Inhomogeneities in the maps
characterizing the adhesion of the probe to the material (see the insets in Fig. 8(b)) are related
to the internal structure of the polymer: regions with lower adhesion values correspond to hard
structures in the elevations of subsurface relief; high adhesion values correspond to softer
depressions. However, despite the pronounced inhomogeneities in the adhesion maps, the
differences between the adhesion of hard and soft regions do not exceed + 5 %.
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As the curing temperature increases, the thickness of the surface layer increases (see
Fig. 4) and the adhesion inhomogeneities caused by subsurface structures become even less
pronounced. On the other hand, the decrease in the surface free energy (Fig. 2(a)) occurs due
to the polar component. Thus, the polar properties of hard subsurface structures influence the
change in the polar component of the surface free energy.

The force experienced by the probe as it detaches from the material is used in common
models for calculating Young's modulus of surfaces as a measure of the specific surface free
energy. However, as shown above, the exact manner in which the measured adhesion is
influenced by subsurface structures remains uncertain. This narrows the scope of application of
the existing models, and the Sneddon approach was used in this paper to estimate the elastic
modulus. The obtained maps of the elastic modulus are shown in Figs. 3 and 5. Figure 9(a)
shows the mean values separately for hard (elevations in the subsurface relief) and soft
(depressions) regions: with the exception of one of the polyurethanes, the modulus of hard
subsurface structures does not change (14 MPa). The modulus of soft regions and the surface
layer increases from 7 (T30) to 9 MPa (T90). That is, a part of the primary hard polyurethane
segments does not have time to assemble into fibrillar structures at high curing temperatures,
and remains distributed in the soft matrix. Polyurethane T50 does not follow this trend: the
stiffness of its structures is 1.5 times higher than that of other materials.
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Fig. 9. Elastic modulus (a) and viscosity (b) of hard (elevations of subsurface relief) and soft
segments of polyurethanes; viscosity distribution maps of materials T30 (c), T50 (d) and T90
(e). AFM images of reliefs are shown in Fig. 3

The viscosity (Fig. 9(b)) of hard subsurface structures is significantly lower than in the
segments of the soft matrix. In general, the viscosity of the soft matrix decreases, which can be
explained by an increase in the concentration of disordered primary hard polyurethane segments
in it. Polyurethane T30 has the most pronounced viscous properties of both hard structures and
the matrix. The low curing temperature of this material did not allow for it to produce a
sufficient number of polymer crosslinks, giving elasticity to the polymer matrix.

Notably, both the elastic modulus and the viscosity measured using atomic force
microscopy showed a good correlation with the moduli and tangent of mechanical losses
obtained by DMA. The most elastic material is T50, and the strengthening of elastic properties
occurs mainly due to a decrease in the viscosity of hard structures. The supramolecular hard
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mesh in this material is the densest (see Fig. 7), therefore its viscoelastic properties have a
significant impact on the macroscopic behavior of the material (see Fig. 2(b, ¢)).

Conclusion

We synthesized polyurethanes with a curing temperature from 30 to 90° C. It was established that
the materials form hard (elastic modulus of 14-22 MPa) subsurface supramolecular structures
(nanofibrils and agglomerates) located in a softer matrix (elastic modulus of 7-9 MPa). The most
dense and homogeneous hard subsurface structure is formed in polyurethanes with a curing
temperature of 30—50 °C; the structure becomes heterogeneous and loose with a further increase in
temperature: agglomerates up to several microns appear; the soft phase space between the
agglomerates is crossed by a mesh of extended fibrils. This entire internal heterogeneous structure
of polyurethanes is hidden by a soft surface nanolayer. The mean thickness of this layer depends on
the curing temperature, increasing from 6 (30 °C) to 14 nm (90 °C).

The observed fibrils and their agglomerates are secondary supramolecular structures with
a high concentration of primary hard segments. Polymerization and formation of chemical
crosslinking between macromolecules consisting of primary hard and soft segments occur
during the curing of polyurethane. The polymer changes from a viscous state to an elastic one.
At the same time, hard supramolecular structures are formed in polyurethanes [1,6]. A possible
explanation for the differences in the structure is that the rate of chemical crosslinking and
formation of a continuous mesh of macromolecules increases under curing at high temperatures,
which makes it difficult to form a large number of supramolecular structures.

The curing temperature affects not only the structural features of the phase separation,
but also the physico-mechanical properties of polymers: a correlation is shown between the
features of the activity of inhomogeneous surfaces at the structural level and macroscopic
measurements of the wettability and free energy of the surface (decreases with increasing curing
temperature).

Curing at low temperature produces homogeneous and hard materials with high surface
energies and pronounced dissipative properties (polyurethane obtained at 50 °C was the most
stiff and elastic; the one obtained at 90 °C was the least stiff). The viscosity of materials
obtained at high temperature is lower, they are more elastic, and their structure is more
heterogeneous. All these results are explained by the mechanical properties of the
supramolecular structures of these materials. Studies into these processes provide the key to
obtaining polymers with the required properties.

References

1. Petrovi¢ ZS, Ferguson J. Polyurethane elastomers. Progress in Polymer Science. 1991;16(5): 695-836.
2. Sheth JP, Klinedinst DB, Wilkes GL, Yilgor I, Yilgor E. Role of chain symmetry and hydrogen bonding
in segmented copolymers with monodisperse hard segments. Polymer. 2005;46(18): 7317-7322.

3. Klinedinst DB, Yilgor I, Yilgor E, Zhang M, Wilkes GL. The effect of varying soft and hard segment
length on the structure—property relationships of segmented polyurethanes based on a linear symmetric
diisocyanate, 1,4-butanediol and PTMO soft segments. Polymer. 2012;53(23): 5358—5366.

4. TochaE, Janik H, Debowski M, Vancso GJ. Morphology of polyurethanes revisited by complementary
AFM and TEM. Journal of Macromolecular Science, Part B. 2002;41(4-6): 1291-1304.

5.Yilgor 1, Yilgor E, Wilkes GL. Critical parameters in designing segmented polyurethanes and their
effect on morphology and properties: A comprehensive review. Polymer. 2015;58: A1-A36.

6. Kimball ME, Fielding-Russell GS. Effect of cure temperature on urethane networks.
Polymer. 1977;18(8): 777-780.

7. Cheng BX, Gao WC, Ren XM, Ouyang XY, Zhao Y, Zhao H, Wu W, Huang CX, Liu Y, Liu
XY, Li HN, Li RKY. A review of microphase separation of polyurethane: Characterization and
applications. Polymer Testing. 2022;107: 107489.



Effect of curing temperature on surface and subsurface properties of polyurethane elastomer 117

8. Zheng J, Ozisik R, Siegel RW. Disruption of self-assembly and altered mechanical behavior
in polyurethane/zinc oxide nanocomposites. Polymer. 2005;46(24): 10873—-10882.

9. Zheng J, Ozisik R, Siegel RW. Phase separation and mechanical responses of polyurethane
nanocomposites. Polymer. 2006;47(22): 7786-7794.

10. Larraza I, Alonso-Lerma B, Gonzalez K, Gabilondo N, Perez-Jimenez R, Corcuera MA,
Arbelaiz A, Eceiza A. Waterborne polyurethane and graphene/graphene oxide-based
nanocomposites: Reinforcement and electrical conductivity. Express Polymer Letters.
2020;14(11): 1018-1033.

11. Kojio K, Kugumiya S, Uchiba Y, Nishino Y, Furukawa M. The microphase-separated
structure of polyurethane bulk and thin films. Polymer Journal. 2009;41(2): 118—124.

12. Takahashi A, Kita R, Kaibara M. Effects of thermal annealing of segmented-polyurethane
on surface properties, structure and antithrombogenicity. Journal of Materials Science:
Materials in Medicine. 2002;13: 259-262.

13. Li X, Lu Y, Wang H, Poselt E, Eling B, Men Y. Crystallization of hard segments in
MDI/BD-based polyurethanes deformed at elevated temperature and their dependence on the
MDI/BD content. European Polymer Journal. 2017;97: 423-436.

14. Christenson EM, Anderson JM, Hiltner A, Baer E. Relationship between nanoscale deformation
processes and elastic behavior of polyurethane elastomers. Polymer. 2005;46(25): 11744-11754.

15. Scetta G, Euchler E, Ju J, Selles N, Heuillet P, Ciccotti M, Creton C. Self-organization at
the crack tip of fatigue-resistant thermoplastic polyurethane elastomers. Macromolecules.
2021;54(18): 8726-8737.

16. Shard AG, Davies MC, Tendler SJB, Jackson DE, Lan PN, Schacht E, Purbrick MD.
Surface organization of polyurethanes observed by static secondary ion mass spectrometry.
Polymer. 1995;36(4): 775-779.

17. McLean RS, Sauer BB. Tapping-mode AFM studies using phase detection for resolution of
nanophases in segmented polyurethanes and other block copolymers. Macromolecules.
1997;30(26): 8314-8317.

18. Garrett JT, Siedlecki CA, Runt J. Microdomain Morphology of Poly(urethane urea)
Multiblock Copolymers. Macromolecules. 2001;34(20): 7066—7070.

19. Alves P, Pinto S, de Sousa HC, Gil MH. Surface modification of a thermoplastic
polyurethane by low-pressure plasma treatment to improve hydrophilicity. Journal of Applied
Polymer Science. 2011;122(4): 2302-2308.

20. Chudinov V, Kondyurina I, Terpugov V, Kondyurin A. Weakened foreign body response
to medical polyureaurethane treated by plasma immersion ion implantation. Nuclear
Instruments and Methods in Physics Research Section B: Beam Interactions with Materials and
Atoms. 2019;440: 163—-174.

21. Morozov IA, Kamenetskikh AS, Beliaev AY, Izumov RI, Scherban MG, Lemkina LM,
Kiselkov DM. Polyurethane treated in Ar/C2H2/Ar plasma: towards deformable coating with
improved albumin adsorption. Applied Sciences. 2021;11: 9793.

22. Morozov IA, Kamenetskikh AS, Beliaev AY, Izumov RI, Bannikov MV, Scherban MG, Kiselkov
DM. Carbon deposition and argon post-treatment of polyurethane surface: Structural-mechanical and
fracture properties. Surface and Coatings Technology. 2022;437: 128372.

23. Santos TB, Vieira AA, Paula LO, Santos ED, Radi PA, Khouri S, Maciel HS, Pessoa RS, Vieira
L. Flexible camphor diamond-like carbon coating on polyurethane to prevent Candida albicans
biofilm growth. Journal of the Mechanical Behavior of Biomedical Materials. 2017;68: 239-246.
24. Barz J, Haupt M, Oehr C, Hirth T, Grimmer P. Stability and water wetting behavior of
superhydrophobic polyurethane films created by hot embossing and plasma etching and
coating. Plasma Processes and Polymers. 2019;16(6): 1800214.



118 I.A. Morozov, A.Yu. Beliaev, M.G. Scherban

25. Joshi M, Adak B, Butola BS. Polyurethane nanocomposite based gas barrier films,
membranes and coatings: A review on synthesis, characterization and potential applications.
Progress in Materials Science. 2018;97: 230-282.

26. Fronczak SG, Dong J, Browne CA, Krenek EC, Franses EI, Beaudoin SP, Corti DS. A new
“quasi-dynamic” method for determining the Hamaker constant of solids using an atomic force
microscope. Langmuir. 2017;33(3): 714-725.

27. Morozov IA. Atomic force microscopy nanoindentation kinetics and subsurface visualization
of soft inhomogeneous polymer. Microscopy Research and Technique. 2021;84(21): 1959-1966.
28. Sneddon IN. The relation between load and penetration in the axisymmetric Boussinesq problem
for a punch of arbitrary profile. International Journal of Engineering Science. 1965;3(1): 47-57.

29. Shulha H, Kovalev A, Myshkin N, Tsukruk VV. Some aspects of AFM nanomechanical
probing of surface polymer films. European Polymer Journal. 2004;40(5): 949-956.

30. Garcia PD, Guerrero CR, Garcia R. Time-resolved nanomechanics of a single cell under
the depolymerization of the cytoskeleton. Nanoscale. 2017;9(33): 12051-12059.

31. Guerrero CR, Garcia PD, Garcia R. Subsurface imaging of cell organelles by force
microscopy. ACS Nano. 2019;13;(8): 9629-9637.

32. Aishwarya S, Shanthi J, Swathi R. Surface energy calculation using Hamaker’s constant for
polymer/silane hydrophobic thin films. Materials Letters. 2019;253: 409-411.

33. Stevenson MC, Beaudoin SP, Corti DS. Toward an improved method for determining the
Hamaker constant of solid materials using atomic force microscopy. I. quasi-static analysis for
arbitrary surface roughness. J. Phys. Chem. C. 2020;124(5): 3014-3027.

THE AUTHORS
Morozov L.A. Beliaev A.Yu.
e-mail: ilya.morozov @gmail.com e-mail: belyaev@icmm.ru

Scherban M.G.
e-mail: ma-sher74 @mail.ru


https://orcid.org/0000-0001-6395-4301

Materials Physics and Mechanics. 2023;51(6): 119-126 Submitted: March 4, 2023
Research article Approved: May 2, 2023
http://dx.doi.org/10.18149/MPM.5162023_11 Accepted: May 17, 2023

Study of the influence of dispersed fillers on properties of rubber for

gaskets of rail fastening

E.N. Egorov '/ 1= S 1. Sandalov "*' 2, N.I. Kol’tsov "/ 1

'LN. Ulyanov Chuvash State University, Cheboksary, Russia
2V.1. Chapaev Cheboksary Production Association, Cheboksary, Russia

D4 enegorov @mail.ru

Abstract. The effect of dispersed fillers (NDP-D-400 and NDP-230 diatomites, microquartz
and magnesium hydrosilicate) on the rheometric, physical-mechanical, operational and
dynamic (sound-absorbing) properties of rubber based on general and special purpose
caoutchoucs used for the manufacture of rail fastening gaskets has been studied. The rubber
mixture was prepared on laboratory rollers LB 320 160/160, and then vulcanized in
a P-V-100-3RT-2-PCD press. For the rubber compound, the vulcanization characteristics
were studied, and for the vulcanizates, the physical and mechanical properties, their changes
after exposure to aggressive environments and dynamic performance. It has been established
that dispersed fillers improve the technological properties of the rubber mixture, increase the
physical and mechanical, dynamic performance and resistance of rubber to aggressive media.
It is shown that vulcanizates containing diatomites NDP-230 and NDP-D-400 in an amount of
5.0 phr, are characterized by improved physical, mechanical, operational and dynamic
properties.
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Introduction

Railways during operation create increased levels of vibration and noise caused by the
interaction of the rolling stock and the railway track [1-7]. The noise generated during the
operation of railway transport has its negative impact on human health [8-14]. To solve this
problem, rubber gaskets for rail fastenings are used [15-20]. These gaskets are made from
noise-absorbing rubbers based on a combination of general and special purpose rubbers, as
well as directional functional ingredients [21-26]. In [27,28], trans-polynorbornene and silica
filler Silica 1165 were used as such ingredients. It is known [29-33] that dispersed fillers also
improve the noise-absorbing properties of composite materials. In this regard, in this article,
the effect of dispersed fillers (NDP-D-400 and NDP-230 diatomites, microquartz and
magnesium hydrosilicate) on the properties of rubber used for the manufacture of rail
fasteners was studied.

Materials and Method

The studied rubber mixture included the following caoutchoucs and ingredients: butadiene-
methylstyrene SKMS-30ARK, butadiene-nitrile SKN-2655 and cis-isoprene SKI-3,
vulcanization accelerator - N-cyclohexyl-2-benzothiazolesulfenamide; vulcanizing agents -
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sulfur, tetramethylthiuram disulfide and N,N'-dithiodimorpholine; vulcanization activators -
zinc oxide, stearic acid; stabilizers - acetonanil N, protective wax ZV-P,
N-phenyl-N'- isopropyl-p-phenylenediamine; dispersant - Hepsol HKP; softeners - rosin,
industrial oil I-12A; scorch retarder - N-nitrosodiphenylamine; fillers - kaolin, carbons black
N 220 and P 514, silicon dioxide Zeosil 1165 MP and frans-polynorbornene. As dispersed
fillers, diatomites NDP-D-400 and NDP-230 were used (contain 84-87 % SiO»,
5.5-6.0 % AlO3, 2.5-3.0% Fe;0O3 and 0.6 % CaO), microquartz and magnesium
hydrosilicate. Diatomite NDP-D-400 is a beige powder with a pink tint, particle size 25-30
um, density 2.14 g/cm?, porosity 82.7 %, specific surface area 0.8-1.1 m?*/g. Diatomite NDP-
230 is a beige powder, particle size 5 um, density 2.06 g/cm?®, porosity 89.3 %, specific
surface area 3.0-3.3 m?%/g. Microquartz is a gray powder, mass fraction of silicon dioxide is
not less than 98 %, specific surface area is 16.8 m*/g, density is 2.55 g/cm®. Magnesium
hydrosilicate composition 3Mg0O-4SiO2-H2O is a dark gray powder with a scaly particle size
of 5-20 pm, density 2.60-2.80 g/cm®. Kaolin was a beige powder with a particle size
of 1020 um, a density of 2.5-2.63 g/cm?, and a specific surface area of 10-24 m?/g.

The rubber mixture was prepared on an LB 320 160/160 laboratory roller at 60-70 °C
for 25 min. The vulcanization characteristics of the rubber compound were studied on a Mon
Tech MDR 3000 Basic rheometer at 143 °C for 40 min in accordance with ASTM D2084-79.
Standard samples for determining physical and mechanical properties were vulcanized at a
temperature of 143 °C for 20 min in a P-V-100-3RT-2-PCD type vulcanizing press. The main
characteristics of the vulcanizates were determined according to the standards in force in the
rubber industry: elastic-strength properties were determined according to GOST 270-75;
hardness - according to GOST 263-75; tear resistance - according to GOST 262-79; change in
conditional tensile strength, relative elongation at break and hardness after aging in air -
according to GOST 9.024-74; change in conditional tensile strength, relative elongation at
break and hardness after exposure to aggressive hydrocarbon media - according to GOST
9.030-74 (method B); change in mass after exposure to aggressive media - according to
GOST 9.030-74 (method A). The dynamic parameters of the vulcanizates of the rubber
compound were studied at 30 °C on a Metravib VHF 104 dynamic mechanical analyzer with
a degree of deformation of 0.01 %, a frequency of 1000 Hz in the "tension-compression"
deformation mode.

Results and Discussion

The possibility of partial and complete replacement of the fillers (kaolin, carbons black N 220
and P 514 and Zeosil 1165 MP silicon dioxide) included in the composition of the rubber
mixture with dispersed fillers: NDP-D-400 and NDP-230 diatomites, microquartz and
magnesium hydrosilicate was previously studied. As a result, the efficiency of the equal
weight replacement of kaolin with the listed particulate fillers in the amount of 5.0 phr (parts
per hundred parts of rubber), which was taken as the basis for further research. Table 1 shows
the investigated options for the rubber mixture.

The first variant of the rubber mixture was made using kaolin. In the second-fifth
variants of the rubber compound, an equal mass replacement of kaolin was carried out for
diatomites NDP-D-400 and NDP-230, microquartz and magnesium hydrosilicate,
respectively.

To establish the rheometric characteristics of the rubber mixture, the vulcanization
kinetics of its various variants was studied. Figure 1 shows the resulting vulcanization curves.

Based on these curves, the rheometric properties were determined, which are given in
Table 1. From the data in Table 1 it follows that the equal-mass replacement of kaolin with
the above fillers leads to an increase in the maximum torque, the vulcanization start time and
a decrease in the minimum torque, the optimal vulcanization time of the rubber mixture. The
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rubber compound of the third variant has improved technological properties, which is
characterized by the lowest value of the minimum torque and the longest vulcanization start
time. The results of studies of the physical and mechanical characteristics of vulcanizates of
various options for the rubber mixture are given in Table. 2.

Table 1. Variants of the studied rubber mixture

Fillers Variants of the rubber mixture
1 2 3 4 5
Kaolin, phr 5.0 - - — -
Diatomite NDP-D-400, phr 5.0 - — -
Diatomite NDP-230, phr - 5.0 — -
Microquartz, phr - - 5.0 -
Magnesium hydrosilicate, phr - - - 5.0
Rheometric properties of the rubber mixture
Smax, AN-m 18.30 18.43 18.53 18.48 19.03
Smin, dN-m 3.62 3.47 3.44 3.61 3.50
f;, min 5.03 5.59 5.68 5.64 5.51
f90, Min 16.26 15.89 15.69 15.47 15.52

Note: Smax — maximum torque; Smin — minimum torque; £ — start time of vulcanization;
too — optimum vulcanization time.

20~

15 1

0 T T T 1
0 10 20 30 40
t, min

Fig. 1. Vulcanization curves of various variants of the rubber compound at 143 °C using
various fillers: 1 — kaolin, 2 — diatomite NDP-D-400, 3 — diatomite NDP-230,
4 — microquartz, 5 — magnesium hydrosilicate

Table 2. Physical and mechanical properties of vulcanizates

Parameter Variants of the rubber mixture

1 2 3 4 5
JSi00, MPa 3.6 3.8 4.1 3.9 3.8
fps MPa 12.8 14.4 14.8 14.4 13.1
&, % 350 400 380 370 400
H, Shore A units 70 70 70 68 70
B, kN/m 43 48 51 47 45
Note: fioo — conditional stress at 100 % stretching; f, — conditional tensile strength; g, — elongation at break;
H — hardness; B — tear resistance.

Based on these curves, the rheometric properties were determined, which are given in
Table 1. From the data in Table 1 it follows that the equal-mass replacement of kaolin with
the above fillers leads to an increase in the maximum torque, the vulcanization start time and
a decrease in the minimum torque, the optimal vulcanization time of the rubber mixture. The
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rubber compound of the third variant has improved technological properties, which is
characterized by the lowest value of the minimum torque and the longest vulcanization start
time. The results of studies of the physical and mechanical characteristics of vulcanizates of
various options for the rubber mixture are given in Table. 2.

From the data in Table 2 it follows that the equal-mass replacement of kaolin with
dispersed fillers contributes to an increase in the conditional stress at 100% stretching,
conditional tensile strength, relative elongation at break, and tear resistance of vulcanizates.
The vulcanizate of the third version of the rubber compound containing NDP-230 diatomite is
characterized by the highest strength and tear resistance.

Further, the operational properties were studied - changes in the physical and
mechanical parameters and hardness of vulcanizates after aging in air and exposure to SZhR-1
at a temperature of 100 °C for 24 hours (see Table 3).

Table 3. Changes in physical and mechanical properties and hardness of vulcanizates after
aging in air and in SZhR-1

Parameter Variants of the rubber mixture
1 | 2 | 3 | 4 | 5
After air aging
Afp, %o -18.6 -18.4 -15.2 -17.5 -15.8
A&, % -34.3 -32.5 -30.2 -32.4 -33.5
AH, Shore A units +4 +3 +2 +1 +2
After exposure to SZhR-1
Afp, %o -48.4 -42.4 -39.6 -43.1 -43.5
Ag, % -32.1 -29.5 -26.3 -30.1 -29.4
AH, Shore A units -23 -20 -17 -16 -19
Note: Afp, Asgp, —relative change in tensile strength and elongation at break, respectively;
AH — change in hardness.

From the data in Table 3 shows that after daily thermal-oxidative aging in air, a
decrease in physical and mechanical parameters and an increase in the hardness of
vulcanizates are observed. Moreover, the replacement of kaolin with dispersed fillers leads to
smaller changes in the physical and mechanical properties and hardness of the vulcanizates.
The vulcanizate containing NDP-230 diatomite has the least changes in physical and
mechanical properties. Replacing kaolin with dispersed fillers also leads to smaller changes in
the physical and mechanical parameters and hardness of vulcanizates after their daily holding
in SZhR-1 heated to 100 °C. Moreover, in SZhR-1, the hardness of the vulcanizates is
significantly reduced due to the loosening of the network structure of the vulcanizates with a
standard mixture of hydrocarbons.

Figures 2-4 show the results of a study of the change in the mass of vulcanizates after
their holding at a temperature of 23 °C for 24 hours in various media: industrial oil [-20A,
distilled water and SZhR-1.

As can be seen from Figs. 2-4, the replacement of kaolin with dispersed fillers leads to a
decrease in the change in the mass of vulcanizates after their daily exposure in all three media.
In hydrocarbon media (SZhR-1 and industrial oil I-20A), changes in the mass of vulcanizates
are higher than in distilled water. The smallest change in mass after exposure in all
environments has a vulcanizate rubber mixture containing NDP-230 diatomite. In Table 4
shows the results of studies of the dynamic properties of vulcanizates.
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Fig. 2. Change in mass of vulcanizates after exposure in industrial oil I-20A
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Fig. 3. Change in mass of vulcanizates after exposure in distilled water
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Fig.4. Change in mass of vulcanizates after exposure in SZhR-1

The data in Table 4 show that the equal-mass replacement of kaolin with dispersed
fillers in the composition of the rubber mixture leads to an increase in the tan delta and the
storage modulus of the vulcanizates. An increase in the storage modulus of vulcanizates
indicates an increase in their physical and mechanical properties, which is consistent with the
results given in Table 2 for vulcanizates containing particulate fillers. It is known [34,35] that
polymer composite materials with increased values of the tan delta (loss factor) have
improved dynamic properties. According to [36-38], such polymers should contain fillers
with large particles and a low specific surface area. These conditions are met by the
vulcanizate of the second variant of the rubber mixture containing NDP-D-400 diatomite,
which, compared to other dispersed fillers used, consists of larger particles and has a smaller
specific surface area. For the vulcanizate of the third variant of the rubber compound
containing NDP-230 diatomite, the value of the tan delta is less than for the vulcanizate of the
second variant of the rubber mixture, however, this value is sufficient for rail fasteners. The
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second and third rubber options are similar in rheometric, physical, mechanical and
operational properties. Therefore, diatomites NDP-D-400 and NDP-230 can equally be used
in the rubber composition for rail fasteners.

Table 4. Dynamic properties of rubber compound vulcanizates

Parameter Variants of the rubber mixture
1 2 3 4 5
tgd 0.230 0.246 0.241 0.235 0.238
E'-107, Pa 5.19 5.20 5.23 5.21 5.22
Note: 7gd — tan delta (loss factor); £’ — storage modulus.

Conclusions

The effect of dispersed fillers (NDP-D-400 and NDP-230 diatomites, microquartz and
magnesium hydrosilicate) on the rheometric properties of the rubber mixture, physical and
mechanical, operational and dynamic performance of rubber based on general and special
purpose caoutchoucs (isoprene, butadiene-methylstyrene and nitrile butadiene). It has been
established that rubber containing diatomites NDP-230 and NDP-D-400 in the amount of 5.0
phr, can be recommended for the manufacture of rail fastening gaskets with improved
physical, mechanical, operational and dynamic properties.
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Abstract. The paper presents new microwave absorbers based on dilatant liquids and powdered
activated wood (birch) charcoal. The patterns of changes of electromagnetic radiation
reflection, transmission and absorption coefficients values in the frequency range 2.0-17.0 GHz
of the indicated absorbers are described. In accordance with these patterns, electromagnetic
radiation reflection coefficient values in the frequency range of 2.0—17.0 GHz of the absorbers
based on a dilatant liquid containing water vary from —2.0 to —15.0 dB, and absorbers based on
dilatant liquid containing magnesium chloride water solution or sodium chloride water solution —
from —2.0 to —17.0 dB and from 2.0 to —10.0 dB, respectively. Electromagnetic radiation
transmission coefficient values of the above absorbers vary respectively from —15.0 to—27.0 dB, from
—15.0 to —28.0 dB, from —15.0 to —30.0 dB. Electromagnetic radiation absorption coefficient
values of these absorbers achieve a value of 0.95. These absorbers are recommended for use in
lining the walls of containers intended for storage and transportation of electronic devices
sensitive to microwave interference.
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Introduction

Water or water solutions are used for the fabrication of microwave absorbers at present [1-5]. This
is due to high dielectric energy losses of microwave radiation provided by water, water
solutions, and materials containing them [6]. In addition, based on water or water solutions,
microwave absorbers can be obtained, which are characterized by the flexibility [5,7,8]. This
property makes it possible to use such absorbers to cover the surfaces of objects that need to be
protected from exposure to microwave radiation [9].

As arule, currently proposed technologies for the fabrication of the considered absorbers
(including flexible ones) consist in filling the cells of containers obtained by 3D printing with
water or water solutions [9—11]. The main disadvantage of flexible microwave absorbers based
on water or water solutions is low mechanical strength. Paper [12] presents the results of an
experimental substantiation of the prospectivity of hydrogel use for mechanically strong
microwave absorbers fabrication. However, hydrogel-based microwave absorbers [12] are high
cost ones. This is due to the corresponding property of the hydrogel.
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The authors of the paper proposed the following decisions for the obtaining of
mechanically strong and low-cost flexible microwave absorbers on the base of water or water
solutions:

1. to use of dilatant liquids;

2. to include the powdered electrically conductive materials particles in the content of dilatant
liquids used for the microwave absorbers fabrication (to increase the electromagnetic radiation
absorption coefficient and expand the operating frequency range of the absorbers) [13,14].

In this regard, the following was determined as the aim of the study, the results of which
are presented in this paper:
1.to establish the dependence of electromagnetic radiation reflection, transmission
and absorption coefficients values of microwave absorbers based on dilatant liquid and
powdered electrically conductive material from this liquid composition;

2. based on the established patterns, to determinate the content of the dilatant liquid, which is
most suitable for obtaining high effective microwave absorbers.

The process of aim achieving was targeted at improving the existing water-containing
microwave absorbers.

Materials and Methods

In course of aim achieving, three kinds of experimental samples of microwave absorbers were
fabricated. Samples of the 1* kind were based on the dilatant liquid containing water. Samples
of the 2" kind were based on the dilatant liquid containing 35.0+1.0 wt. % magnesium chloride
water solution. Samples of the 3™ kind were based on the dilatant liquid containing
35.0+1.0 wt. % sodium chloride water solution. The concentration of the indicated solutions
corresponded to the solubility limit of sodium chloride in water.

The use of magnesium or sodium chloride water solution for the production of the dilatant
liquids for microwave absorbers seems appropriate for the following reasons:

1. The specific electrical conductivity of magnesium or sodium chloride water solution exceeds
the specific electrical conductivity of water. In this regard, electromagnetic radiation
transmission coefficient values of microwave absorbers based on the dilatant liquid containing
this solution are lower than electromagnetic radiation transmission coefficient values of
microwave absorbers based on the dilatant liquid containing water.

2. The crystallization temperature of magnesium or sodium chloride water solution is lower
than the crystallization temperature of water. In this regard microwave absorbers based on the
dilatant liquid containing this solution, in contrast to microwave absorbers based on the dilatant
liquid containing water, can be operated in conditions of negative temperatures.

Powdered activated wood (birch) charcoal was used as an electrically conductive material
for these samples fabrication. The main advantages of this material compared to other
electrically conductive powder materials are as follows:

— powdered activated wood (birch) charcoal is characterized by low cost [15];

— the particle size of powdered activated wood (birch) charcoal is close to the microwave length
value; as a result, powdered activated wood (birch) charcoal ensures the loss of energy of
microwaves interacting with it, not only due to the reflection and absorption phenomenon, but
also due to the scattering phenomenon [16].

The thickness of the fabricated samples was 0.5 £ 0.1 cm. The top view of a fragment of
the surface of one of the fabricated samples is shown in Fig. 1.
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Fig. 1. Top view of the fabricated sample surface fragment

Electromagnetic radiation reflection and transmission coefficients (S11 and Sz respectively)
values of the fabricated samples were measured in the frequency range of 2.0-17.0 GHz. The range
was chosen because it belongs to the operating frequency bands of modern radio-electronic
transceivers. The radiation generated by these devices can affect the performance of electronic
devices that are sensitive to interference. Scalar network analyzer SNA 0.01-18 was used for
measurements of S11 and S21 values of the fabricated samples. The measurements were carried out in
accordance with the algorithm presented in [17].

Measurements of S11 values of the fabricated samples were carried out under the following
conditions.

Condition 1: the sample was between the transmitting antenna and the matched load in
course the measurements.

Condition 2: the sample was between the transmitting antenna and the short circuit (metal
plate) in course the measurements.

Based on the results of measurements carried out under the first condition, it was
estimated the fraction of the energy of electromagnetic radiation reflected by the surface of the
experimental sample. Based on the results of measurements carried out under the second
condition, it was estimated the fraction of the energy of electromagnetic radiation, which is a
superposition of:

1. electromagnetic radiation reflected by the sample surface;
2. electromagnetic radiation reflected by the metal plate surface and after that absorbed
by the sample.

Electromagnetic radiation absorption coefficient (A) values of the fabricated samples were
calculated on the base of the measured S11 and $21 values. The algorithm presented in [17] was
used for calculation.

To substantiate the patterns of change of electromagnetic radiation reflection,
transmission and absorption coefficients values of experimental samples, the specific electrical
conductivity values (o) of dilatant liquids, on the base of which these samples were made, were
measured. The method presented in the paper [18] was used for the measurements. This method
is based on use of the two-electrodes measurement cell. The method includes the following four
steps:

1. Filling with dilatant liquid of two-electrodes measurement cell.
2. Connection of the resistance meter to the electrodes of the measurement cell.
3. Measurement of the dilatant liquid resistance.
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4. Calculation of the dilatant liquid specific electrical conductivity according to the formula

l ) . .
o= S/m, where [ is the distance between the electrodes of the measurement cell, m; S is
the area of the measurement cell electrodes, m>.

Results and Discussion
2.0-17.0 GHz frequency responses of S11 values of the fabricated samples are shown in Fig. 2.

f, GHz
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Fig. 2. 2.0-17.0 GHz frequency responses of Si; values of the samples of the 1% kind
(graph 1), the samples of the 2" kind (graph 2) and the samples of the 3™ kind (graph 3)

It follows from Fig. 2, that S11 values in the frequency range of 2.0-17.0 GHz of the
samples of the 1% kind, the samples of the 2" kind and the samples of the 3" kind vary
respectively from —2.0 to —17.0 dB, from —2.0 to —15.0 dB, from —2.0 to —10.0 dB. There are
following average S11 values of the above samples: —8.9 dB, —8.0 dB and —5.7 dB respectively.
S11 values of the samples of the 1* kind are lower compared with Si1 values of the samples
of the 2" kind and the sample of the 3™ kind due to the set of the following facts:

1. o value of the dilatant liquid containing water is lower than ¢ value of the dilatant liquid,
containing magnesium chloride water solution or sodium chloride water solution (see Table 1);
this is because ¢ value of water is lower than ¢ value of magnesium chloride water solution and
lower in more degree than ¢ value of sodium chloride water solution [19];

2. electromagnetic radiation reflection losses in the material are connected with its ¢ value

through the following formula [13]: 39.5 + 101g ﬁ, dB (as it follows from the given

formula, material S11 value increases if its ¢ value increases).

Table 1. The o values of the dilatant liquids used for the samples fabrication

Dilatant liquid kind o, S/m
Liquid used for the samples of the 1* kind fabrication 4.4
Liquid used for the samples of the 2" kind fabrication 5.5
Liquid used for the samples of the 3" kind fabrication 6.8

2.0-17.0 GHz frequency responses of S21 values of the fabricated samples are shown are
shown in Fig. 3. It follows from Fig. 3, that S21 values in the range of 2.0-17.0 GHz of the
samples of the 1* kind, the samples of the 2" kind and the samples of the 3" kind vary
respectively from—15.0 to —27.0 dB, from —15.0 to —28.0 dB and from —15.0 to —30.0 dB. There
are following average S»1 values of the above samples:: —21.7 dB, —22.7 dB and —24.8 dB
respectively. As it also follows from Fig. 3, S21 values in frequency range 2.0-12.0 GHz of the
considered microwave absorbers based on dilatant liquid containing sodium chloride water
solution are higher than S21 values of the considered microwave absorbers based on dilatant
liquid containing water or magnesium chloride water solution. This is because o value of the
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first specified dilatant liquid is higher than o value of the second and the third dilatant liquids
(see Table 1). Electromagnetic radiation transmission coefficient values of the considered
microwave absorbers don’t significantly depend on the content of dilatant liquid used for their
fabrication, if this radiation frequency changes from 12.0 to 17.0 GHz. It may be because to the set
of the following features:

1. the wavelength in the specified frequency range (~ 1.0 cm) is comparable with the size of the
particles of activated wood (birch) charcoal (~ 0.5 cm);

2. the transmission losses of electromagnetic radiation interacting with the considered
microwave absorbers due to its reflection and absorption is lower than transmission losses of
such radiation due to its dissipation (scattering) on the particles of activated wood (birch)
charcoal containing in these absorbers.
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Fig. 3. 2.0-17.0 GHz frequency responses of S; values of the samples of the 1* kind
(graph 1), the samples of the 2" kind (graph 2) and the samples of the 3™ kind (graph 3)

2.0-17.0 GHz frequency responses of A values of the fabricated samples are shown
in Fig. 4. As it follows from Fig. 4, A values of the samples of the 1* kind and the samples of
the 2" kind achieve 0.95. A values of the samples of the 3™ kind achieve 0.9. Table 2 presents
the parameters of electromagnetic radiation absorption characteristics of the samples. These
parameters are based on the frequency responses presented on Fig. 4.

A, relative units
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Fig. 4. 2.0-17.0 GHz frequency responses of A values of the samples of the 1% kind (graph 1),
the samples of the 2" kind (graph 2) and the samples of the 3" kind (graph 3)

As it seen from Table 2, microwave absorbers fabricated on the base of dilatant liquid
containing water or magnesium chloride water solution are wideband ones. This is because their
effective absorption band width is more than central frequency value in this band. Microwave
absorbers fabricated on the base of dilatant liquid containing sodium chloride water solution
are multiple narrow band ones. There are three effective absorption bands of these absorbers
in the frequency range 2.0-17.0 GHz. The width of these bands is lower than their central
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frequency. Average A value of the samples of the 3" kind is lower than average A value of the
samples of thelst kind and the samples of the 2™ kind. This is because the energy of
electromagnetic radiation reflected by the samples of the 3™ kind is more than the energy of
electromagnetic radiation reflected by the samples of the 1% kind and the samples of the 2™
kind. It seen from the frequency responses presented in Fig. 2.

Table 2. The parameters of electromagnetic radiation absorption characteristics of the samples

Sample kind Average A value Effeptive Effective gbsorption band width
absorption band (absolute / relative to the central frequency)
1+ 0.85 3.5-17.0 GHz 13.5 GHz/135.0 %
2nd 0.83 3.5-17.0 GHz 13.5 GHz/135.0 %
3rd 6.0-7.0 GHz; 1.0 GHz / 15.4 %;
0.72 7.5-8.8 GHz; 1.3 GHz / 16.0 %;
9.0-17.0 GHz 8.0GHz/61.5%

2.0-17.0 GHz frequency responses of S;; values of the fabricated samples fixed on the
metal plates are shown in Fig. 5. It follows from Fig. 4, that S1; values in the range of 2.0-17.0
GHz of the samples of the 1* kind, the samples of the 2" kind and the samples of the 3™ kind
fixed on the metal plates vary respectively from —2.0 to —15.0 dB, from —2.0 to —17.0 dB, from
—2.0 to —10.0 dB. There are the following average S11 values of the above samples: —10.3 dB,
—9.4 dB and —8.2 dB respectively. The average S11 values of the samples fixed on the metal
plates are lower than average S11 values of the samples which are not fixed on the metal plates.
This is may be due to the big phase difference between the electromagnetic waves reflected
from the sample surface and the electromagnetic waves reflected from metal plate surface and
after that absorbed by the sample [20,21].
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Fig. 5. 2.0-17.0 GHz frequency responses of Si; values of the samples of the 1* kind
(graph 1), the samples of the 2" kind (graph 2) and the samples of the 3™ kind (graph 3) fixed
on the metal plates

2.0-17.0 GHz frequency responses of A values of the fabricated samples fixed on the
metal plates are shown in Fig. 6. As it follows from Fig. 6, A values of all studied samples fixed
on the metal plates achieve 0.98. Table 3 presents the parameters of electromagnetic radiation
absorption characteristics of such samples. These parameters are based on the frequency
responses presented on Fig. 6. As it seen from Table 3, all studied absorbers fixed on the metal
plates are wideband ones. The average A values of the samples fixed on the metal plates is more
than average A values of the samples which are not fixed on the metal plates. This is because
S11 values of the first specified samples are lower than Si1 values of the second specified
samples, as it follows from Figs. 2 and 5.
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Fig. 6. 2.0-17.0 GHz frequency responses of A values of the samples of the 1% kind
(graph 1), the samples of the 2" kind (graph 2) and the samples of the 3™ kind (graph 3) fixed
on the metal plates

Table 3. The parameters of electromagnetic radiation absorption characteristics of the samples
fixed on the metal plates

Sample kind Average Effeptive Effective gbsorption band width
A value absorption band (absolute / relative to the central frequency)
1+ 0.88 2.0-17.0 GHz 15.0 GHz / 158.0 %
2nd 0.86 2.0-17.0 GHz 15.0 GHz / 158.0 %
3 0.83 3.5-17.0 GHz 13.5 GHz/135.0 %
Conclusion

The absorbing properties of microwave absorbers based on the dilatant liquid containing water
or magnesium chloride water solution and powdered activated wood (birch) charcoal are better
than absorbing properties of microwave absorbers based on the dilatant liquid containing
sodium chloride water solution and powdered activated wood (birch) charcoal. This is because
the electromagnetic radiation reflection coefficient values of microwave absorbers based on the
dilatant liquid containing sodium chloride water solution and powdered activated wood (birch)
charcoal is higher than electromagnetic radiation reflection coefficient values of microwave
absorbers based on the dilatant liquid containing water or magnesium chloride water solution
and powdered activated wood (birch) charcoal. This is due to the fact that specific electrical
conductivity value of the dilatant liquid containing sodium chloride water solution is higher
than specific electrical conductivity value of the dilatant liquid containing water or magnesium
chloride water solution.

It’s possible to expend on 20.0 % the effective absorption band of the microwave
absorbers based on the dilatant liquid containing water or magnesium chloride water solution
and powdered activated wood (birch) charcoal. It’s necessary to add the metal plate (or better
a foiled polymer film) for this. The effective absorption band of the specified microwave
absorbers is wider than effective absorption band of hydrogel-based microwave absorbers [12].

The absorbers are recommended for use in lining the walls of containers intended
for storage and transportation of electronic devices sensitive to microwave interference.
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Tribological characteristics of bulk (201) B-Ga:0s substrate crystals grown by EFG
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Abstract. The tribological and mechanical tests of bulk substate crystals of gallium oxide
B-polymorph grown by the EFG technique were carried out. The correlation of coefficient of
friction and wear coefficient with hardness is discussed. It is shown that the smooth, epi-ready

surface of (201) Ga,03 samples has an extremely low resistance to abrasion by a sapphire ball.
At the same time, the surface of the B-Ga>Os3 wafer that has not undergone a complete post-
growth processing cycle has high mechanical properties. It is pointed out that this difference
can be due to deformation defects, which are entered into the subsurface layers during the
mechanical impact on the semiconductor material.

Keywords: gallium oxide; EFG; wear; coefficient of friction; tribology; bulk crystals
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Introduction

Gallium oxide is one of the most promising ultra-wide bandgap semiconductor material. The
monoclinic B-modification is the only Gallic phase obtained so far in a bulk form [1]. It attracts
general attention of researchers. Currently, it is already used in electronics, such as MOS
structures [2], and as a material for substrates [3].

An important factor that may constrain the expansion of Ga20Os3 applications is the
insufficient study of its mechanical properties. In particular, the resistance of this material to
such an important impact as a friction has not been investigated thoroughly. Moreover, there
are a limited number of publications analyzing the structure of mechanically deformable
gallium oxide samples [4—18]. There are even fewer works, in which the mechanical
characteristics of gallium oxide, determined by experimental or computational methods, appear
[4-8,11-16,18]. At the same time, commercial semiconductor substrates produced from bulk
Gay0s3 crystals are available. They are mechanically post-growth processed to obtain epi-ready
surfaces for epitaxial growth for microelectronic applications [19,20]. A number of laboratories
grow epitaxial films of the most common gallium oxide polymorphs, which can be applied as
protective and functional coatings [21-23]. There are numerous works devoted to the use of
Gay03 as sensors [24-26], in these applications the material often operates at high temperatures
and pressures. Such impacts are able to generate structure defects and cause internal stresses in
crystals [9,10,17]. In all these cases, it is important to understand which changes occur in the
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surface structure and subsurface layers upon the specified effects, whether it is post-growth
processing or direct operation.

In this work, the tribological characteristics of the semiconductor substrates produced
from bulk B-Ga2O3 crystals grown by edge-defined film-fed growth (EFG) were measured. The
results were correlated with the hardness of the surfaces undergone post-growth processing.

Materials and Methods
The bulk B-Ga;03 commercial wafer produced by Tamura Corp using EFG technology was

investigated. The samples in a form of single-crystal (201) plates of 5 x 6 mm and 650 pum thick

were cut off from the wafer by a producer. For a chosen sample, one of it’s (201) surfaces
(referred to as "the bulk face" here and after) was chemically-mechanically polished (CMP) to
make it applicable for epitaxial growth. The opposite surface (referred to as "the bulk back"
here and after) was also subjected to post-growth treatment but having performed only a part
of the processing cycle that terminates by polishing.

For the samples surface visualization, the Nikon Eclipse E200 was employed. The
samples relief was studied with scanning electron microscopy (SEM) at Phenom ProX using
secondary electron (SE) mode. The profiles of the sample surfaces and the roughness values
were registered by MarSurf PS-10 profilometer.

For a tribological experiment AntonPaar TRB tribometer was applied, employing

reciprocating test, dry friction scheme and sphere-on-plane geometry. For all the samples (201)
oriented surfaces were studied. To reduce the influence of gallium oxide anisotropy, which a
changes its properties depending on the direction [27], the probe-run direction was set at 45° to
the [100] direction of both types of surfaces. The tests were processed at fixed probe load, the
4 mm diameter sapphire ball was applied as the counterbody. The coefficient of friction (COF)
(1) values were measured by the tribometer.

The wear coefficients (k) were calculated based on wear track geometry that was
measured by the profilometer. The Archard model [28] was employed, which uses the following

equation: k = o where V is the material volume that is removed during a tribotest, F, is the
n

probe load, d is the total probe run during a tribotest. For a more detailed description, see [16].

The phase composition of the samples was determined by X-ray diffraction (XRD)
technique. The XRD data were registered at Bourevestnik DRON-6 laboratory device with the
Cu K, radiation (A = 1.5406 A) in a standard Bragg-Brentano configuration in the 6-20 mode
within the range of angles from 10 to 130 °.

The hardness of the samples was studied by LOMO PMT-3 hardness tester equipped with
Vickers type indenter, Axio Vert.Al optical microscope and Carl Zeiss Axiocam 208 color
digital optical system. With its help, the geometrical parameters of the indent imprints were
measured and the hardness values Hy were calculated. All the experiments were performed in
standard conditions (NTP) at air relative humidity of 40 % RH.

Results and Discussion
Relief of the initial surfaces. SEM images of the initial B-Ga>O3 sample surfaces are shown in
Fig. 1. The surface (bulk face) morphology of the sample which was subjected to CMP
(Fig. 1(a)) is homogeneous and has no visible relief features in the scale presented. The
morphology of the polished surface (Fig. 1(b)) has a pronounced texture along a single direction
due to the mechanical action (polishing without CMP).

To identify surface irregularities in depth, cross-sections were scanned in a plane
perpendicular to the surface of the sample. The profiles and corresponding optical images are
shown in Fig. 2. In both cases, the surface profiles are uniform and have no significant
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heterogeneity. The roughness values of the surfaces were determined and amounted as:
R, (bulk face) = 6 nm, R, (bulk back) = 164 nm.

Fig. 1. SEM images of the initial surfaces of the 3-Ga,Os surface: bulk face (a), bulk back (b)
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Fig. 2. The profiles and corresponding optical images the f-Ga,Os surface:
bulk face (a) and (c), bulk back (b) and (d), correspondingly

Hardness detection. The Vickers hardness values at the (201) f-Ga»Oj3 samples surfaces
were measured and calculated, they are: Hy (bulk face)=8.80+ 0.45 GPa;
Hy (bulk back) =9.25 + 0.38 GPa. Considering the high anisotropy of the gallium oxide bulk
crystal, the hardness values vary in a wide range. According to the majority of works
[4,5,7,8,13] the hardness was measured at the (100), (010), (001) planes and is in the range of
8.3-12.8 GPa. We have found just one proceeding [18], where the hardness value was detected
at the (501) surface and amounted to Hy = 12.5 GPa. Overall, one can confirm that the Hy
values calculated in the present paper falls within the range indicated above.

Tribological test, friction force (Ff) and coefficient of friction (COF) (u)
determination. The amplitude of reciprocating motion in the experiments on friction of
sapphire ball on crystal surfaces was 6 mm, the total length of the counterbody run was 50 m,
the number of cycles was 4167, the maximum linear speed of the probe relative to the sample
surface was 5.65 cm/s. The normal load (F,) on the counterbody was 1 N. To increase the
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reliability of the results, the test was performed three times for any considered surface of each
specimen.

The results of the tribotests are shown in Fig. 3. In addition to the change of F, it shows
the depth of the probe immersion (depth) depending on the change of its position coordinate
during the test. The sharp increase of Fy on the surface of the bulk face sample (Fig. 3(a))
beginning from about 22 m of the probe run attracts attention. Hence, beginning from about
30 m of the probe run the F value stabilizes at the 0.085 N. At the same time the amplitude of
friction force modulation increases. For the rear sample side (bulk back) which is the rougher
one, the increase in Fy is observed at the beginning of the test (Fig. 3(b)) and persists until the
end, but with a less intensity. At the same time, the overall level of the amplitude of friction
force modulation is high throughout the entire tribotest.
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Fig. 3. The dependences of the friction force (F-) and probe immersion depth (depth) on the
probe coordinate at the surfaces of the -Ga2O3 sample: bulk face (a), bulk back (b)

The rise in the Fj in the initial sections of the both tribotests may be related to the
accumulation of wear particles in the friction zone [16,17]. The increased F} start-value for the
bulk back sample experiment (0.04 vs. 0.02 N, see Fig. 3), as well as the higher overall level of
the modulation amplitude can be explained by the higher initial surface roughness of this
sample.

In our previous work [17] during a similar tribotest, but with a higher probe load value
(F» =2 N), we encountered a situation in which the correctness of the test was not ensured due
to the catastrophic destruction of the surface in the wear track. This fact did not allow us to
obtain a legitimate COF value. It was concluded that the subsurface layers of the substrate,
which had been undergone the post-growth processing, altered from the sample volume by a
more defective structure containing interdomain boundaries. In other words, in the friction
process, the sample acquires a mosaic structure. At F, = 1 N the correctness of the tribological
test is complied, since according to the change in the coordinate of immersion of the probe no
total destruction of the surface is occurred. Nevertheless, the Fy- value (also COF) for the bulk
face sample is an average, because the experiment actually consists of two parts yielding two
significantly different Fy values (also COF). At the same time, this value coincides with the
value measured for the bulk back sample with the accuracy of the experimental error.
Obviously, in case of the bulk back sample (Fig. 3(b)) more stable course of friction force is
registered and the given Fy values (also with COF) should be considered reliable. Proceeding
from the fact that the tribotest was carried out at F,, = 1 N, the values of COF and F are equal
in modulo.

The average COF values for the counterbodies involved in this tribotest are as follows:
<> (bulk face sample) = 0.063 + 0.019, <u> (bulk back sample) = 0.062 + 0.008. To the best
of our knowledge, in 2020 an attempt to study the tribological characteristics of bulk gallium
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oxide crystals using the nano scratch test was made for the first time [29,30]. However, these
publications did not provide a reliable value for the COF of this material. Later, in 2021, our
group realized a reciprocating test to determine the p values for quasi-bulk B-Ga2O3 5-15 pum
thick layers grown by the Halide Vapor Phase Epitaxy (HVPE) on sapphire substrates [16].
Those experiments performed under similar conditions show relatively similar results for a
S um thick layer («=0.07) and different ones for a 15 pm thick layer (u=0.11). The
discrepancy in COFs can be attributed to various degrees of crystalline perfection. The structure
of the upper regions of the thicker heteroepitaxial layers is usually of higher crystallinity
because of the greater distance from the interface. This is due to the reduced influence of the
mismatch between the rhombohedral crystal system of the sapphire substrate and the
monoclinic crystal system of the -polymorph.

Finally, it should be noted that the COF values measured for the gallium oxide bulk
crystals in this work, as well as for the gallium oxide layers in previous one are low, they are
more than half the values obtained for sapphire [31].

XRD study. The first series of XRD measurements were performed for the initial
samples. The 6-20 curves are similar to those obtained on the samples subjected to the
tribological experiment. Therefore, to save space, initial samples XRD patterns are not given
in this paper.
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Fig. 4. The measured B-Ga2Os3 diffraction pattern

The B-Gax03 diffraction pattern is shown in Fig. 4. It was measured in the 0-26 mode for
one of the samples after the tribotest. The most intense peaks at the pattern correspond to 5
orders of reflection in the [201] direction, from the 201 itself up to the 1005. This XRD pattern
confirms that the material of the sample corresponds to f-Ga0O3 (01-041-1103 in the ICDD
file): a crystal of monoclinic system, C2/m (12) group with lattice constants a = 12.2270 A,
b=3.0389 A, ¢ =5.8079 A and 8 = 103.82°. Thus, the sample is a single-phase, it contains only
the thermally stable B-modification, and the studied surface of the sample corresponds to the
(201) plane.

The same diffraction curve (see Fig. 4) is depicted in semilogarithmic scale in the bottom
part of the Fig. 5. The upper part of this figure shows a model X-ray powder diffraction pattern
from B-Ga;03 compiled from the data analysis of three ICDD files (00-041-1103, 01-074-1776,
01-087-1901). It can be seen that, in most cases, a possible correspondence among the model
B-GaxOs reflection lines can be found for the low-intensity reflections that are presented on the
measured diffraction curve. The exception are a few lines located in the region of relatively
small 26 angles (up to 30°). This fact may be an evidence of the presence of a powder fraction
or polycrystalline component in the sample. The low intensity of the powder diffraction
reflections shows that the powder fraction in the sample is relatively small. The powder
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particles were identified and analyzed in our previous study, in which a similar experiment was
performed [17].
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Fig. 5. The B-Ga,03; XRD pattern recorded in 8-260 mode at Cu K radiation (the bottom part)
in semilogarithmic scale. The upper part: the same, but the model X-ray powder diffraction
pattern. The green dashed lines show the correspondence between the experimental and model
reflections. The red dotted lines correspond to reflections that are multiples of the 201 plane

The reflections that correspond to 20 angles scattering up to 30° are absent on the
measured 0-260 curve. This may be due to the fact that in this part of the diffraction pattern there
is a rapidly falling background, which can prevent direct observation of attenuated reflections
from a relatively small in volume powder fraction.

Wear coefficient (k) calculation. Both surfaces were examined using SEM to visualize
and measure wear tracks widths (see Fig. 6). It is noteworthy to see more than a sixfold
(105 vs. 650 um, respectively) broadening of the wear track recorded at the bulk face sample
surface. These data are consistent with the experimental results of the 3D wear tracks scanned
by the profilometer. In Fig. 7 two such images of occasionally selected cross-sections
perpendicular to the wear track are depicted. Based on calculation of these wear track areas and
on assumption of averaging of the section geometry, the volumes of wear tracks were
determined.

Then the wear coefficients (k=[mm’/N'm]) were calculated according
to the Archard model. The value of wear coefficient of the bulk face sample happened to be
(2.2+0.6) 102 mm*N-m. It should be noted that this is an extremely high indicator,
corresponding to the values of soft steels. The reason for this fact may be significant changes
in the structure of the single crystal due to the influence of post-growth processing. In [17], our
tribological test was actually a simulation of post-growth processing of the substrate single
crystal, due to which the latter acquired a mosaic structure. In contrast, the wear coefficient
measured on the opposite sample side (bulk back) has a rather low value
((1.1£0.1) 107 mm*/N-m). It is significantly lower than ones previously recorded for Ga;0s3
B-polymorph 15 um thick layers: k = 5-10° mm?*N-m (100Cr6 steel counterbody) [15] and
k= (3.7£1.0)10* mm>*/N-m (sapphire counterbody) [16].
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Fig. 6. SEM images of both the sample sides. The wear tracks upon the tribotest of the (201)
-Ga»0s surface: bulk face (a), bulk back (b)
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Figure 8 compares the COF (u), wear coefficient (k) and hardness (Hy) values of
the B-Ga>O3 samples: bulk face, bulk back and sapphire [32]. The bulk face sample has the
lowest hardness and the highest wear coefficient. At the same time, the values of COFs of both
sides of gallium oxide are low, almost 2 times lower than those of sapphire. Thus, the CMP-
treated gallium oxide surface, i.e. the epi-ready surface, is the least perfect from the mechanical
point of view.

Conclusions

The values of coefficient of dry friction (1) and wear coefficient (k) of bulk (201) B-Ga03
single crystals used as epi-ready substrates were determined for the first time. The x value is
0.063, which is significantly lower than the values for the currently used semiconductor
materials. At the same time, the k values for the surface prepared (post-growth processing)
by polishing and chemical-mechanical polishing (CMP) differ significantly: 1.1-107 and
2.2-10"2 mm*/N-m, correspondingly.

The hardness (Hy) of bulk gallium oxide crystals measured at the (201) plane is relatively
high (9 GPa), but it is more than half that of sapphire. Moreover, the hardness of the CMP
polished substrates is slightly lower than that one measured on the polished surface. It is
noteworthy that the lower Hy value of gallium oxide corresponds to its lower u values.

An important result obtained in this study is the fact that the smoother epi-ready surface
of gallium oxide semiconductor substrates happens to have lower mechanical parameters
(tribological characteristics and hardness) compared to not completely post-growth-processed
surface. The reason for this fact is that the structure of the epi-ready substrates might contain a
large number of unrelaxed stresses in the subsurface layers due to the influence of deformation
defects that were input during full-cycle post-growth processing. Thus, from the point of view
of mechanical properties, the bulk B-Ga;Os substrate crystals grown by the EFG are
undoubtedly promising materials, however, it is obvious that their preparation for epitaxial
growth processes should be studied more deeply.
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Hydrogen diffusion in rotating cylindrical elastic bodies
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Abstract. In this paper, we study the distribution of the hydrogen concentration in a rotating
cylindrical elastic body compressed by two concentrated forces. This problem is relevant for
diagnostics of bearing failure due to the influence of hydrogen on the mechanical properties of
structures. During the study, the plane stress state of a loaded cylindrical elastic body is
determined by means of the theory of functions of a complex variable. We used the transition
to a rotating coordinate system to obtain the static problem of hydrogen diffusion in a body
loaded by the known stresses. The solution of the problem includes the methods of asymptotic
analysis for the simplification of partial differential equation, the expansion in a Fourier series
and the Galerkin approach for finding the expansion coefficients for several harmonics. The
results can be useful for calculating the hydrogen concentration distribution in roller bearings.

Keywords: hydrogen diffusion; hydrogen destruction; diffusion equation; stress state; rolling
bearings
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Introduction

Hydrogen is one of the factors that have a negative impact on the working capacity of structures.
The phenomenon of hydrogen embrittlement can cause the destruction of constructions [1-5].
Therefore, tens of thousands of scientific works are devoted to the study of the nature of
hydrogen embrittlement [6,7]. At the moment, there are several main approaches to describing
the influence of hydrogen on the mechanical properties of materials: HELP model [8—10],
HEDE model [11-13], model with taking into account the internal pressure of hydrogen [14]
and multicontinual model [15,16], that takes into account the influence of hydrogen with
different bond energies on the mechanical characteristics of the material. Even low hydrogen
concentrations lead to degradation of mechanical properties of the material. When the limiting
hydrogen concentrations are not exceeded, the diffusion laws formulated by Fick [17,18] are
also fulfilled. Fick's second law describes the change in concentration in one dimension with
respect to time. Generalizing Fick's equations to the three-dimensional case, we obtain the
equation of diffusion of material in elastic body. And the equation of hydrogen diffusion in the
field of elastic stresses [6] makes it possible to describe the distribution of hydrogen in a metal
due to its diffusion under the action of external loads. The solution of this equation is
investigated in our problem of hydrogen diffusion in loaded rotating elastic bodies.

© A K. Belyaev, A.R. Galyautdinova, S.A. Smirnov, 2023.
Publisher: Peter the Great St. Petersburg Polytechnic University
This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.org/li-censes/by-nc/4.0/)
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Bearings are one of the important elements of many machines that use rotary motion in
their work. Rolling bearings are used in electric motors, gear reducers, aircraft and vehicles,
and in various industrial machine tools. Therefore, the study of the causes of bearing failure has
a practical importance. In the literature, there are still no works devoted to the theoretical
description of the distribution of hydrogen in rotating rolling elements of bearings. The
diffusion of hydrogen in the cylindrical rolling elements of roller bearings will be the subject
of our research.

The aim of this work is to investigate the distribution of hydrogen concentration in a
rotating cylindrical elastic body under the action of mechanical stresses, as well as to
demonstrate how to obtain an analytical solution to the diffusion equation in a rotating loaded
body. Thus, it is necessary to solve the problem of the stress state of an elastic body under the
action of two compressive concentrated forces, and then calculate the distribution of hydrogen
concentrations in a rotating elastic body under the field of found elastic stresses.

Determination of the stress state of a cylindrical elastic body

We considered the cylindrical body under compression in the radial direction by two
concentrated forces applied at diametrically opposite points of the outer circle. Cylindrical
elastic bodies can be considered as models of rolling elements of roller bearings. The scheme
of object of investigation is illustrated in Fig. 1.

Y

\ 4
N

Fig. 1. The scheme of an object of research

It is known that in the plane problem the stress tensor has the form:
T =o0,e.e, +0,e,e, + (e, + e,e;). (1)

To find a stress state of an elastic body we used means of the theory of functions of a
complex variable. According to the theory, the stress field throughout the body can be
reconstructed from the known stress vector on the surface of the body. Using Kolosov’s
formulas [19], we can find the stress tensor components. The detailed description of the stress
state solution by means of the theory of functions of a complex variable is written in [20]. Thus,
the stress tensor components is determined:
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Figures 2—4 show the contour plots of the distributions of the stress tensor components
Eq. 2 — Eq. 4 in a cylindrical body under the action of two concentrated forces applied at two
diametrically opposite points of the outer circle. Figure 5 shows a contour plot of the average
normal stress distribution, which is determined through the normal components of the stress
tensor as follows:
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As expected, from the figures we see that the highest values of stresses are achieved near
the points of influence of the forces, and as they move away from the line of action of the load,
the fields decrease rather quickly to a uniform distribution.
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Solution of the equation of hydrogen diffusion in a rotating cylindrical elastic body
The problem of hydrogen diffusion in rotating cylindrical elastic bodies is considered.
According to [6], hydrogen diffusion in the field of elastic stresses is described by the following
equation:
¢ = DAC —>2VC - Vo — =2 CAo, 6)
where C — hydrogen concentration, D — hydrogen diffusion coefficient, V — partial molar
volume of hydrogen, o — average normal stress, R — gas constant, T — absolute temperature.
The differential equation is considered in a polar coordinate system, so the hydrogen
concentration C (7, ¢, t) is a function of three independent variables: radius r, angle ¢ and time
t. We assumed that the body rotates at a constant speed. In order to reduce the number of
independent variables, the transition to rotating coordinate system is made and now the material
derivative has the form:
. _dC _3c  ocar  0cdp _  oc o
dt at or ot Jd¢ 0t dp
This expression is substituted in the Eq. 6 and the hydrogen diffusion equation in rotating
coordinate system is obtained. In that equation as a stress field acting on a body the hydrostatic
component of the found stress field Eq. 5 is operated and the following equation is obtained:
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This two-dimensional partial differential equation appeared to be very complex. We had
to simplify it by the methods of asymptotic analysis. We considered the concentration only near
the line of action of the force, thus, the equation is simplified by assuming that the angles ¢ are
small. So the following partial differential equation is obtained:
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Since the equation does not have coefficients that depend in a complex way on the
variable ¢, the required unknown function of hydrogen concentration can be represented in the
form of a Fourier series:

C(r, @) = Xn=o(An(r)sinng + By, (r)cosng). (10)

The expansion coefficients A, (r) and B, (r) need to be found. For this, we substituted
Eq. 10 into the Eq. 9, multiplied the resulting expression by the basis functions sinng and
cosng (where n = 0,1, 2 ...) and integrated it over the variable ¢ on the interval [0; 27]. And
we got an infinite system of ordinary differential equations for finding an infinite number of
coefficients A, (r) and B, ().

After completing this procedure, we see that 4, can be taken equal to zero, and ordinary
differential equations for finding By(r), A;(r), B1(r) and other coefficients are determined.
The equations for finding By (r), A,(r), B;(r) have the following structure:
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In order to find expressions for the unknown coefficients, it is necessary to restrict the
infinite system to a finite number of equations and the required functions. Let B, be equal to
zero, then the Eq. 11 can be calculated for finding B,. Using the Mathematica symbolic
computation package, the solution is obtained:

, K K\ . Z—zK
= () 97 (5 )| "
H 4P

4 . .
where K = ——, E i(x) — the exponential integral.

The coefficients of integration C; and C, are found from boundary conditions. Due to
linearity of solution, we supposed that at the outer boundary the hydrogen concentration is set
equal to one. Using this boundary condition and the condition of boundedness of the solution
at zero, the expansion coefficient B, has been calculated:

By(r) = 1. (15)

Next, we considered the solution for B;(r). In order to simplify its calculation, we
assumed that the hydrogen concentration at the outer boundary is set according to the following
law:

C(a,¢) = Bo(a) + By (a)cose, (16)
where By(a) u B;(a) are known. Due to symmetry, only an even function of the angle is
considered. And the following simplified equation is obtained:

Bo(r) = C; +5Cy
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This equation has a complex structure, since the coefficients depend on the variable 7 in
a complex way. Thus, we found the approximate solution of this equation using the Galerkin
approach. Since the method assumes the zero boundary condition, the solution is considered in
the form:

Bl(T) = Bl(a) +C1f(7'), (18)
where the basis function vanishes at the boundary:
fr)=1- ; (19)

The constant C; should be calculated. To do this, the Eq. 18 is substituted into the Eq. 17,
it is multiplied by the basis function and integrated over the variable r on the interval [0; a].

The constant C; has this view: C; = —B;(a) (1 + %Z—’;%). Then the coefficient B; (r) is equal
to:

1Vy 4P 1Vy 4P
By (r) = —By(a) 372 + By(a) (1 + 32 0) (20)

As a result, the linear approximate solution of the hydrogen concentration distribution is

obtained:
1Vy 4P 1Vy 4P
C(r,9) = By(a) — Bl(a)zﬁgcosgo + B;(a) (1 + Eﬁ;)gcosgo. (21)
Therefore, the diffusion equation in a rotating body under the action of elastic stresses
with taking into account the smallness of the angles and considering the region near the point

of load application can be solved by representing the function of the hydrogen concentration in
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the form of a Fourier series. The coefficients of this expansion can be found using numerical or
approximate analytical methods. Using the Galerkin approach, in the first approximation, the
coefficient standing in front of the cosine in the expansion of the function in the Fourier series
is obtained, which we only considered due to the symmetry of this problem.

Discussion

We investigated the problem of the distribution of the hydrogen concentration in a rotating
cylindrical elastic body compressed by two concentrated forces. The stress state of an elastic
body was determined by means of the theory of functions of complex variable. As a result, we
constructed the contour graphs of the stress distribution in the cylindrical body. The stress field
has an areas of concentration of the maximum values of compressive stresses, located near the
points of application of concentrated forces, however, the stress values rather quickly decrease
with distance from these points. The stress field is distributed evenly in the remaining area of
the cross-section of cylinder.

Then we wrote down the hydrogen diffusion equation in an elastic body under the action
of concentrated forces. The obtained equation turned out to be very complex, it does admit a
closed form solution. This equation was reduced to ordinary differential equations by expansion
the sought-for function in a Fourier series. It was discovered to be possible to solve them only
asymptotically for some harmonics. However, the asymptotic simplification is justified, since
in this case the search of the hydrogen concentration is performed near the zone of action of
external forces, where the stresses reach their maximum values.

In this research, we demonstrated the possibility of analytical determination of the
hydrogen concentration distribution in a rotating cylindrical elastic body near the points of
application of external forces. This problem has a practical importance, since the object of
research can be interpreted as a model of many structural elements, for example, as rolling
elements of roller bearings. Determination of the distribution of hydrogen concentration in
bodies in a stressed state can help in studies of diffusion processes of hydrogen in metals, which
affect their mechanical characteristics.

Conclusion

In this paper, the diffusion of hydrogen in a rotating cylindrical elastic body under the action of
external concentrated forces was investigated. As a result, a stress field was found. The method
of calculating a solution of hydrogen diffusion equation in a rotating body was demonstrated.
Method includes a transition to a rotating coordinate system, expanding the function in a Fourier
series and applying numerical and approximate methods for solving ordinary differential
equations to find the expansion coefficients. The solution of ordinary differential equations was
obtained asymptotically for several harmonics. The result confirms the possibility of applying
the presented methods to solve the hydrogen diffusion equation in loaded rotating elastic bodies.
This problem requires further research in order to obtain the hydrogen distribution throughout
the cross-section of cylindrical body. The determination of hydrogen distribution in rolling
elements is important in diagnostics of the residual life of roller bearings during their operation
in environments with a high hydrogen content.
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Modeling the skin effect, associated with hydrogen charging of samples,
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Abstract. The article is concerned with finite element solution of hydrogen-induced brittle
fracture of a metal cylindrical specimen with a semicircular groove. The study is based on the
HEDE model of hydrogen brittleness and considers the skin effect of charging the samples with
hydrogen. The results showed that taking into account the skin effect leads to the changes in
the mechanisms of destruction of samples, and it can be the true cause of the experimentally
observed dual fracture pattern.
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Introduction

The influence of hydrogen on various properties of iron and its alloys has been studied since
the 19th century. It was found that saturation with hydrogen leads to a strong decrease in
strength properties, plasticity, impact strength and crack resistance characteristics, metal
products and structures fail at loads less than the calculated ones.

As arule, hydrogen dissolved in the material is the cause of the brittle fracture of steel. It
is the only element that has a significant effect on the properties of steel, even at ultra-low
concentrations (at a mass concentration of the order of one hundred thousandths of a percent)
that are beyond the sensitivity range of most analytical methods for determining alloy
components. The problem is complicated by the fact that hydrogen is everywhere, either in the
form of chemical compounds, the most common of which is water, or in a gaseous state.
Therefore, even if insignificantly low concentrations can be achieved during the production of
alloys, the subsequent processing and operation of metal parts inevitably leads to the fact that
the concentration of hydrogen increases, and it begins to noticeably affect the properties of
metals and alloys. This makes it impossible to exclude the influence of hydrogen using special
technologies. Therefore, it is necessary to take into account the effect of hydrogen on the
structure and strength of materials at the stage of production of structures, as well as during
their operation.

Nowadays, one of the generally accepted and most developed approaches to describing
the mechanism of hydrogen embrittlement is hydrogen enhanced decohesion model
(HEDE) [1]. Its concept states the following. Hydrogen moves under the action of internal
stresses and accumulates near the regions of maximum normal tensile stress. An increase in its
local concentration leads to a decrease in the free energy required for the formation of a fracture
surface, as a result of which decohesion or "delamination" occurs.

© Yu.S. Sedova, V.A. Polyanskiy, A.K. Belyaev, Yu.A. Yakovlev, 2023.
Publisher: Peter the Great St. Petersburg Polytechnic University
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To date, many works devoted to modeling the HEDE mechanism have been carried out.
A detailed review of the latest results from this approach is given in [2]. Most of them are
oriented and based on experimental data obtained for samples artificially charged with
hydrogen in an electrolyte solution using a cathodic current. It should be noted here that in all
the studies performed, the authors considered the distribution of hydrogen concentrations inside
the metal, which occurs during the charging of the samples with it, as uniform. All
redistributions and changes in hydrogen concentration were conditioned by external loading or
crack growth.

Most often, the value of the initial hydrogen concentration is established only based on
the fitting of the model parameters to the experimental data. Therefore, in different works it
varies from 0.0001 to 2 ppm. As a result, the authors, summing up the research results, point
out the emerging problems with determining a large number of model parameters and not only
the qualitative agreement of the simulation results with experimental data.

Actually, charging with hydrogen leads to a highly non-uniform distribution of
concentrations of this substance [3—5]. As a rule, the hydrogen content in the surface layer with a
thickness of about one grain size of the metal (60-100 um) exceeds its value inside the sample by
tens of times. This phenomenon is called skin effect [6]. And despite such prolonged and thorough
investigation of the problems of hydrogen brittleness, the modeling of this phenomenon has so
far been carried out without taking into account the influence of the skin effect.

Obviously, skin effect will significantly affect the result of the simulation research, as
well as it can discover new effects and improve understanding the mechanisms of hydrogen
brittleness. And this article is concerned with a numerical investigation of the influence of the
skin effect of hydrogen charging of samples on a crack growth within the framework of HEDE
mechanism of cracking.

The HEDE model of brittle fracture
The process of hydrogen transport inside a solid is traditionally considered within the HEDE
model as a diffusion process. To describe it, Fick’s law [7] is applied with the additional term

that takes into account the thermodynamic (or chemical) potential V [8]:
ac cvv

= =v-[p(r.r)(ve+F)]. (1)

Here C is the hydrogen concentration, D is the diffusion coefficient, R is the gas constant,
T is the absolute temperature, 1 is the radius vector, and t is the time. Taking into account the
effect of mechanical stresses, this equation can be rewritten as

ac _ 2, VHVCVp CVyV?p
5 = DITIVEC — DT == — DITI ==, @

where p is the hydrostatic pressure determined by the spherical part of the stress tensor,

p= §I1 (g), Vy is the partial molar volume of hydrogen.
Further, the fracture criterion associated with the magnitude of the crack opening comes into
operation in the framework of the HEDE mechanism. According to Gorsky’s law [9], the hydrogen
is concentrated in the region of maximal spherical part of the stress tensor (i.e. hydrostatic tension)
and reduces the adhesion of the crack faces which leads to the decohesion [10].
To describe these changes in the cohesion forces of grains one uses the parameter of the degree

of filling the free surface of the crack with hydrogen atoms 6 which can be represented as [11]:
c
0 =

C+exp(—AI‘;;TH)’ (3)

where Agy is the difference between the Gibbs free energy for hydrogen between the state of
being adsorbed inside the crystal lattice and the free state (taken from experiment). The equation
(3) was obtained by Serebrinsky [11] by comparing the value with the filling parameter of
hydrogen traps in the metal based on the McLean ratio, cf. [12].
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The value of the parameter 6 determines the change in the specific energy of the free
surface y(0) which depends on the surface sorption of hydrogen [11]:
y(0) = (1 — 1.04676 + 0.16876%)y(0). 4)

From the energetical identity 2y (6) = 0,.(6)5.(6), where g,.(0) denotes the maximal
cohesive stress normal to the crack edges and §.(8) is the maximal separation displacement
between them without breaking of bonds (decohesion), the law of hydrogen degradation follows
in the form [11]:
a7(0) = (1 —1.04670 + 0.168760%)0,(0), 5)
under the assumption of a weak dependence of the value of the §.(8) from the parameter 6.

In this paper, we investigate the applicability of the HEDE model to the description of
hydrogen-induced destruction of a corset sample taking into account the skin effect.

The numerical experiment

We considered the problem of the hydrogen-induced fracture of steel cylindrical specimen with
a semicircular groove under the action of uniaxial tension. In order to monitor and control all
dependencies and parameters used in the model, we have abandoned the analysis using standard
finite element packages and developed our own finite volume program code written in the C++
in the Microsoft Visual Studio.

The calculation procedure consists of two successive stages: (i) solving the mechanical
problem of the stress-strain state of the sample and (ii) analyzing the diffusion problem with
the simultaneous calculation of the cohesive stresses g,.

On the stage (1) to calculate the equations of the linear theory of elasticity, we solved the
system of equations (6). It consists of the equilibrium equation, definition of linear strain tensor
€ and generalized Hooke’s law:

(V-o+f=0,
e=3(vu+(vn)), 6)
o =ME + 2ue,

where g — Cauchy stress tensor, f — volumetric force density, u — displacement vector,

E —Young modulus, 9 = I (g), A and p — Lame parameters.

To solve the differential equilibrium equation in (6) numerically we used the establishment
method, proposed by Wilkins [13]. It lies in the fact that the stationary problem solution is
obtained by solving it as the non-stationary problem and reaching the stationary mode.

The characteristics of the stress-strain state of the sample obtained at this step were
transferred to the next stage (ii). It included solving the system of foregoing Eqgs. (2), (3), (5):

ac _ 2, VuVC-Vp CVyV3p
Py D[T]V4“C — D|T] Y D[T] T

55.85-C-10~°
55.85-C-10~6+exp( -2 2

a7(0) = (1 —1.04670 + 0.168760%)0,(0).

The numerical solution of Eq. (2) was also carried out based on the establishment method
of Wilkins [13]. The value of stress o0,(0) was taken equal to 4.50y following the
recommendations of [14].

A schematic representation of the specimen that we studied is shown in Fig. 1 (right side).
The diameter of a cylinder is d = 16 mm, the radius of a semicircular groove is r = 0.6 mm.
We solved the problem in a two-dimensional axisymmetric formulation. Considering the
symmetry, we modeled a quarter of the longitudinal section of the cylinder that is also shown
in the Fig. 1. The tensile load o = 500 MPa acting along the horizontal axis Ox was applied to
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the right edge of the sample. Mesh nodes on the right edge of the simulated area were unable
to move along the horizontal direction Ox, nodes on the lower edge - along the vertical direction
Oy. The physical properties of the considered material are shown in Table 1.

Table 1. Physical properties of the PSB1080 steel

Tensile strength Yield strength Density Bulk modulus Shear modulus
o8, MPa oy, MPa p, kg/m? K, GPa u, GPa
1498 1276 7800 160 79.3

¥ A

v

0 Concentration, ppm X

1e07 1.51e06 2.93e06 4.34e06 576e06 7.17e06 8.5%e06 1e05

Fig. 1. Finite element model: initial and boundary conditions

The skin effect was represented by the established initial hydrogen concentration ¢, = 10 ppm
in a thin surface layer of the specimen with a thickness of one element (Fig. 1, zoom). At the
same time in the entire volume of the cylinder the initial substance concentration was equal to
the background value ¢4, = 0.1 ppm, usually observed in experiments.

It was assumed that the crack would consistently propagate along the left edge of the
simulated area, starting from the groove surface. The criterion for the destruction, that is, the
breaking of the bond between the atomic planes of the material, was the elastic stress obtained
from the solution of the static problem exceeding the magnitude of the cohesive stress. As soon
as this relationship was fulfilled, the restriction on displacement along the vertical axis Oy was
removed at the mesh node. This node was able to break away from the bottom face or, taking
into account the symmetry, from the opposite nodal point and move upward under the action of
the tensile load.

Simulation results

One of the values monitored during the simulation was the time elapsed between the fulfillment
of the fracture criterion at two successive mesh nodes. It was found that the dependence of this
value as the crack propagates deeper into the sample is strongly non-monotonic (Fig. 2).

The fracture criterion at the first mesh node was fulfilled instantly, at the very first
integration time step. This is conditioned to the high hydrogen concentration in the surface layer
of the sample. The same was observed for the second mesh node. The concentration of
hydrogen in the sample remained almost unchanged.

Further, as can be seen in Fig. 2, starting from the third node, the value of calculation time
increases and reaches its maximum at the sixth mesh node (at 0.85 mm from the sample
surface). This is associated with the fact that now it takes some time in solving the diffusion
problem, which is necessary for hydrogen to redistribute under the action of the internal stresses
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and can accumulate near a new stress concentrator - the current crack tip. At the same time, it
should be noted that undoubtedly the level of normal stresses acting in the horizontal direction
near the concentrator is constantly increasing. The critical hydrogen concentration, at which the
fracture criterion was fulfilled, at the third mesh node was 0.375 ppm, and at the sixth its value
decreased to 0.226 ppm.

400 T

350 |

250
o L
£ 200
=

100

50

- ) ; . -
3 4 8 6 7 8
Distance, mm

Fig. 2. Dependence of the time interval between the fulfilment of the fracture criterion in two
successive nodes

After that, the value of the stresses acting near the concentrator begins to play a key role.
Its value becomes more and more, that makes it possible to accumulate a lower content of
hydrogen at the crack tip to fulfill the fracture criterion. Therefore, in Fig. 2, we observe a
section of decreasing dependence up to the twelfth mesh node, that corresponds to 1.86 mm
from the sample surface. The critical hydrogen concentration at this node was 0.112 ppm.

Hereafter, the level of the acting stresses becomes sufficient for the fracture criterion to
be fulfilled even at the background hydrogen content. Therefore, the further propagation of the
crack will occur instantly, at the very first integration time step.

The distribution of hydrogen concentration along the radius of a specimen is shown in
Fig. 3. There are dependencies for different points in time - from the initial distribution, that we
have established, to the propagation of a crack to a quarter of the cylinder thickness.

10 T T T T 7 T
Moment of time

Initial distribution ]
Decohesion in 3rd node
Decohesian in 6th node
~———Decohesion at half radius |7

Hydrogen concentration, ppm

0 1 2 3 4 [ [ 7 8
Distance along the sample radius, mm

Fig. 3. The distribution of hydrogen concentration along the cylinder radius
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It was found that, as the crack propagates, the increased hydrogen content, clearly limited
by the surface layer and associated with the skin effect, gradually smooths out, it propagates deep
into the material under the action of applied stresses. But at the same time, it does not penetrate
deeper than a certain value, in this case 1.86 mm from the sample surface. Further crack
propagation occurs at the background concentration without being accompanied by hydrogen
diffusion. This is due to the high level of internal stresses acting near the crack tip.

Discussion

We carried out a numerical simulation of the hydrogen-induced brittle fracture of a cylindrical
specimen with a semicircular groove based on the HEDE mechanism and considering the skin
effect of charging the sample with hydrogen.

Of particular interest is the final distribution of hydrogen over the cylinder, obtained by
solving the problem, taking into account such a non-uniform initial content of hydrogen. It is
shown schematically in the Fig. 4.

While the crack is small and a relatively low stress acts near the tip, its growth will be
provided by a high level of hydrogen concentration present in the surface layer and
subsequently penetrates a little deeper into the bulk of the sample. This area corresponds to the
zone of hydrogen-induced brittle fracture of the specimen. At the same time, when the crack
propagates to the central part of the specimen, the level of internal stresses near the concentrator
is high. Therefore, its growth will occur instantly, without the need for an increase in the
background hydrogen concentration and without enough time for its further redistribution. This
will correspond to the areas of the ordinary decohesion mechanism of crack growth. In this
way, the fracture pattern becomes inhomogeneous.

background content

diffusion due to
crack growth

Fig. 4. The distribution of hydrogen content along the cylinder radius

Such a dual character of destruction is often observed in experiments [15,16]. This is
usually explained by the successive action of two mechanisms of hydrogen-induced destruction
— the HEDE model, that we used, and the HELP model (hydrogen enhanced localized plasticity)
[17,18]. One or the other is chosen depending on the local concentration of hydrogen.

The main idea of the HELP is that hydrogen is concentrated at the crack tip under the
action of internal stresses and reduces the energy required for the nucleation of dislocations,
which are formed and accumulate near the stress concentrator. It produces the areas of localized
plasticity, thereby the material "softens" at the crack tip.
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Almost all studies on the HELP and HEDE models use the assumption of an initial uniform
hydrogen concentration. As it follows from the calculations performed by the authors of the
model [19] within the framework of HELP, a significant effect of hydrogen on the mechanical
properties of the material begins at local relative mass concentrations of hydrogen of the order of
102 ppm. This level of content is unattainable high and is not observed in most metals. At the
same time, according to the theoretical calculation of the plasticity of cracks [20], local
concentrations of this substance at the crack tip are about 100 times higher than average. From
this, it follows that if the experimentally observed average values of mass hydrogen
concentration are 10 ppm, local concentration cannot be greater than 10 ppm. In this way, it
is impossible to achieve such an accumulation of substance caused by the application of an
external load, that can start the physical mechanisms of HELP model.

The presence of such contradictions and inaccuracies in the approaches existing
nowadays allows us to state that the highly uneven distribution of hydrogen over the specimen,
associated with the charging of the samples with substance, is the true reason for the dual nature
of the destruction observed in practice.

Conclusions

The finite element solution of the destruction of a hydrogen-charged steel cylindrical specimen
with a semicircular groove was obtained. The modeling was performed based on the HEDE
model of hydrogen brittleness, considering the experimentally observed skin effect of charging
the samples with hydrogen.

The simulation results showed that at the sample surface, hydrogen-induced brittle
fracture is observed, while crack propagation in the central part of the specimen occurs at
background substance concentration.

Such a change in the destruction mechanism confirms that skin effect of charging samples
with hydrogen has a significant effect on the fracture of metal samples despite its very shallow
depth and can be the main reason of the experimentally observed dual nature of destruction.
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