-8 l
Y

M ATERIALS A N D TECHNUOLOG

\

—
m
=
Z
©)
-

4

WILVW

70 LET INSTITUTA ZA KOVINSKE
MATERIALE IN TEHNOLOGIJE

50 LET REVIJE

MATERIALI IN TEHNOLOGIJE

25 LET KONFERENCE O MATERIALIH
IN TEHNOLOGIJAH ICM&T

‘ONV-AINC | VIINFAOT1S
OAV-INM | VNVMENM

£10C

ISSN: 1580-2949
UDK: 669+666+678+53



“TONH3L

AWNTOA

YAIVW

AINLA1

g

‘ON

AJLS

¥

d
1S

904999

“ONV-AINM | VIINJAOT1S

OAV-TINM

VNVAEN(T

£10C

~

€G+8/9+999+699 AN

6¥62-089 1 “NSSI

MATERIALI IN TEHNOLOGIJE / MATERIALS AND TECHNOLOGY so znanstvena serijska publikacija, ki objavija izvirne in tudi
pregledne znanstvene clanke ter tehni¢ne novice, ki obravnavajo teoretiCna in prakticna vprasanja naravoslovnih ved in
tehnologije na podrocjih kovinskih in anorganskih materialov, polimerov, vakuumske tehnike in v zadnjem casu tudi nano-
materialov.

The journal MATERIALI IN TEHNOLOGIJE / MATERIALS AND TECHNOLOGY is a scientific journal, devoted to original
scientific papers, reviewed scientific papers and technical news concerned with the areas of fundamental and applied science
and technology. Topics of particular interest include metallic materials, inorganic materials, polymers, vacuum technique and
lately nanomaterials.

© MATERIALI IN TEHNOLOGIJE

|zdajatelj (Published for):
Indtitut za kovinske materiale in tehnologije Ljubljana (IMT)

Soizdajatelji (Associated Publishers):
IMPOL Slovenska Bistrica, METAL Ravne, TALUM Kidri¢evo

Izdajanje MATERIALI IN TEHNOLOGIJE sofinancira: Javna agencija za raziskovalno dejavnost Republike Slovenije (ARRS)
(Journal MATERIALS AND TECHNOLOGY is financially supported by Slovenian Research Agency (ARRS))

Glavni in odgovorni urednik (Editor-in-Chief): Paul John McGuiness
Pomocnik glavnega urednika (Associate Editor-in-Chief): Matjaz Godec
Castna glavna urednika (Honorary Editors-in-Chief): Franc Vodopivec, Matjaz Torkar

Souredniki (Co-Editors):

Igor Beli¢ (IMT), Jaka Burja (IMT), Aleksandra Kocijan (IMT), Djordje Mandrino (IMT), Bostjan Markoli (NTF), Irena Paulin (IMT),
Danijela A. Skobir Balanti¢ (IMT), Darja Steiner Petrovi¢ (IMT), Bojan Podgornik (IMT), Sre¢o Skapin (IJS), Rok Zaplotnik (IJS),
Ema Zagar (KI)

Tehnic¢ni urednik (Technical Editor): Erika Nared (IMT)
Lektorji (Linguistic Advisers): Erika Nared (IMT) (slovenski jezik), Paul John McGuiness (IMT) (angleski jezik)

Mednarodni pridruzeni ¢lani uredniSkega odbora (International Advisory Board):

Leonid B. Getsov, NPO CKT, St. Petersburg, Russia ® Massimo Pellizzari, University of Trento, Italy ® Bozo Smoljan, University of
Rijeka, Croatia * David Nolan, Bluescope Steel Ltd. & University of Wollongong, Wollongong, Australia * Karlo T. Rai¢, University
of Belgrade, Faculty of Technology and Metallurgy, Belgrade, Serbia * Nicola Gargiulo, Engineering University of Naples, Naples,
Italy » Francesco Colangelo, Parthenope University of Naples, Naples, Italy * Peter Jur¢i, Faculty of Materials Science and
Technology, STU, Trnava, Slovakia * Smilja Markovi¢, Institute of Technical Sciences of the Serbian Academy of Sciences and
Arts, Belgrade, Serbia » Stefan Zaefferer, Max-Planck Institute for Steel Research, Dusseldorff, Germany ¢ Urban Wiklund,
Uppsala University of Sweden, Sweden ¢ Zdenka Zovko Brodarac, University of Zagreb, Metallurgical Faculty, Sisak, Croatia

Uredniski odbor (Editorial Board):

Igor Beli¢ (IMT), Jaka Burja (IMT), Monika Jenko, Varuzan Kevorkijan (IMPOL), Aleksandra Kocijan (IMT), Andraz Legat (ZAG),
Vojteh Leskovsek (IMT), Matjaz Godec (IMT), Paul McGuiness (IMT), Djordje Mandrino (IMT), BoStjan Markoli (NTF), Jozef
Medved (NTF), Peter Panjan (1JS), Irena Paulin (IMT), Danijela A. Skobir Balanti¢ (IMT), Darja Steiner Petrovi¢ (IMT), Tatjana
Vecko Pirtovéek (METAL Ravne), Bojan Podgornik (IMT), Bozidar Sarler (IMT), Janez Setina (IMT), Avgust Sibila (TALUM),
Srec¢o Skapin (IJS), Borivoj Sustarsi¢, Rok Zaplotnik (IJS), Ema Zagar (KI)

Izdajateljski svet (Editorial Advisory Board):

MatjaZz Godec (Institut za kovinske materiale in tehnologije), Edvard Slac¢ek (IMPOL), Marko Drobni¢ (TALUM), Andrej Gradi$nik
(METAL Ravne)

Clanki revije Materiali in tehnologije so indeksirani v/Articles published in Materials and Technology are indexed in:
SCIENCE CITATION INDEX EXPANDED, MATERIALS SCIENCE CITATION INDEX® AND JOURNAL CITATION REPORTS/
SCIENCE EDITION.

Po bazi podatkov JCR15 ima Materiali in Tehnologije dejavnik vpliva 0,439./ In JCR15 Database Mater. Tehnol. has an
impact factor of 0.439.

Clanki objavljeni v periodiéni publikaciji MATERIALI IN TEHNOLOGIJE so indeksirani v mednarodnih sekundarnih virih:
(Articles published in journal are indexed in international secondary periodicals and databases):

— DOAJ (Directory of Open Access Journals) — Civil Engineering Abstracts

— Google Scholar — Ceramic Abstracts/World Ceramic Abstracts

— SCIRUS — Corrosion Abstracts

— CA SEARCH® — Chemical Abstracts® — Mechanical & Transportation Engineering Abstracts
— METADEX® — CSA Aerospace & High Technology Database

— TEME - Technology and management — Solid State and Superconductivity Abstracts

— Inside Conferences — Materials Business File

— Engineered Materials Abstracts® — Referativnyj zurnal: Metallurgija

— Aluminium Industry Abstracts - COBIB

— SCOPUS

Na INTERNET-u je revija MATERIALI INTEHNOLOGIJE
dosegljiva na naslovu (ELECTRONIC ACCESS):
http://mit.imt.si

Izhajanje: 6 Stevilk letno / Published: 6 issues per year
Naroc¢nina / Subscription: 42 EUR - tujina / abroad: 85 EUR

Naslov urednistva (Editorial Address):

MATERIALI IN TEHNOLOGIJE Elektronska posta (E-mail): mit@imt.si

IMT Ljubljana Oblikovanje ovitka (Design): Ignac Kofol

Lepi pot 11 Oblikovanje plakata na naslovnici (Poster

1000 Ljubljana, Slovenija on the Cover): Ajda Schmidt

Telefon: +386 1 470 18 60 Racunalniski prelom in tisk (Prepress and Printed by):
Telefax: +386 1 470 19 39 NONPAREL grafi¢ne storitve d.o.o., Medvode

Podracun pri UJP §t. 01100-6030344339 Naklada (Circulation): 400 izvodov/issues



MATERIALI IN TEHNOLOGIJE/MATERIALS AND TECHNOLOGY (1967-2017) — 50 LET/50 YEARS

ISSN 1580-2949

UDK 669+666+678+53 MTAECY, 51(4)555-705(2017)
MATER.  |LETNIK 51 | STEV. 4 |STR. ss5.705 | LJUBLIANA | JUL-AVG. .,
TEHNOL. | VOLUME NO. P. =7 SLOVENUA |JULY-AUG. 7

VSEBINA - CONTENTS

IZVIRNI ZNANSTVENI CLANKI — ORIGINAL SCIENTIFIC ARTICLES

Mechanical properties of laminated steel-based composite materials fabricated by hot rolling
Mehanske lastnosti slojev jekla, osnovanega na kompozitnih materialih, izdelanih z vro¢im valjanjem

T. Kubina, J. NaChazel . . . .. .

Properties and structures of bulk metallic glasses based on magnesium
Lastnosti in struktura masivnega kovinskega stekla na osnovi magnezija

A. Kiljan, R. Nowosielski, R. Babilas . . . ... ...

Mechanical and tribological properties of nanofilled phenolic-matrix laminated composites
Mehanske in triboloske lastnosti fenolnih matric v kompozitih, pridobljenih z nanotehnologijo

G. Pelin, C.-E. Pelin, A. Stefan, I. Dinca, E. Andronescu, A. Ficai, R. Trusca . .. ... ... .. e

Mechanisms of hardness increase for composite surface layers during laser gas nitriding of the Ti6Al4V alloy
Mehanizmi povecanja trdote povrSinskih slojev kompozitov zlitine Ti6Al4V med lasersko-plinskim nitriranjem

AL LISIECKI .« o ottt

Study of the properties and structure of selected tool steels for cold work depending on the parameters of heat treatment
Studija lastnosti in strukture izbranih orodnih jekel za hladno oblikovanje v odvisnosti od toplotne obdelave

M. Kuiik, J. Lacza, T. VIach, J. SODOtOVA . . . . . ..o e e

Influence of a cryogenic treatment on the fracture toughness of an AISI 420 martensitic stainless steel
Vpliv podhlajevanja na lomno Zzilavost martenzitnega nerjavecega jekla AISI 420

G. Prieto, W. R. Tuckart, J. E. Perez Ipifia. . . . .. ..o e

Predictive model and optimization of processing parameters for plastic injection moulding
Model za napovedovanje in optimizacijo procesnih parametrov pri brizganju plastike

D. Kramar, D. CICa. . . . . .o

Chromium-based oxidation-resistant coatings for the protection of engine valves in automotive vehicles
Prevleke na osnovi kroma, odporne proti oksidaciji, kot zasc¢ita ventilov motorja pri avtomobilih

M. Drozdz, K. Kyziol, Z. GrzesiK . . . . ..o

Carbide distribution based on automatic image analysis for cryogenically treated tool steels
Prikaz porazdelitve karbidnih delcev v orodnih jeklih, obdelanih s podhlajevanjem s pomocjo avtomatske analize slik

P. Jimbert, M. Iturrondobeitia, J. Ibarretxe, R. Fernandez-Martin€z. . . . . . .. . .. it e e e

Effects of an Al203 nano-additive on the performance of ceramic coatings prepared with micro-arc oxidation on a titanium
alloy
Ucinki Al,O3 nanododatka na titanovo zlitino pri izvedbi keramicnih prevlek, pripravljeno z mikrooblo¢no oksidacijo

C. Demirbas, A. Ayday . . . ...

Oxidation of molybdenum by low-energy oxygen-ion bombardment
Oksidacija molibdena z nizkoenergetskim kisikovim ionskim obstreljevanjem

I. Jelovica Badovinac, I. Kavre Piltaver, I. éarié, R. Peter, M. PetraviC. . . . . ... e

A carbon-nanotubes counter electrode for flexible dye-sensitized solar cells
Elektroda iz ogljikovih nanocevk za tankoplastne barvno obcutljive son¢ne celice

A. Drygata, L. A. Dobrzanski, M. Prokopiuk vel Prokopowicz, M. Szindler, K. Lukaszkowicz, M. Domanski. . ..................

Porous HA/Alumina composites intended for bone-tissue engineering
Porozni HA/Aluminijevi kompoziti, namenjeni za nadomestno uporabo pri kostnem tkivu

E. Bartonickova, J. Vojtisek, J. Tkacz, J. Porizka, J. Masilko, M. Moncekova, L. Parizek . . .. ......... ... .. ... ... . ... ...

Comparison of the physicochemical properties of Al,O3 layers applied to the surfaces of cpTi and the Ti6Al7Nb alloy using
the ALD method
Primerjava fizikalno-kemijskih lastnosti Al;Os plasti, nanesenih na cpTi povrsine in zlitino Ti6Al7Nb z uporabo ALD metode

M. Basiaga, M. Staszuk, T. Tanski, A. Hyla, W. Walke, C. Krawczyk . .. ... ... . e

Impact toughness of laser-welded butt joints of the new steel grade Strenx 1100MC
Udarna Zilavost lasersko varjenih celnih spojev pri novolegiranem jeklu Strenx 1100MC

AL KUrC-LASIECKA. . . o oot

557

563

569

577

585

591

597

603

609

613

617

623

631

637

643



MATERIALI IN TEHNOLOGIJE/MATERIALS AND TECHNOLOGY (1967-2017) — 50 LET/50 YEARS

Fabrication and optimum conditions of a superhydrophobic surface using a facile redox reaction and a solution-immersion

method on zinc substrates

Izdelava in optimalni pogoji za superhidrofobno povrsino z uporabo redoks reakcije in z metodo potopitve v raztopino cinkovih substratov

S. Wei, F. Ma, W. Li, H. Li, M. Ruan, Z. Yu, W. Feng. . . . ... e e e e 651

Experimental analysis of the influence of concrete curing on the development of its elastic modulus over time
Eksperimentalna analiza vpliva utrjevanja betona na razvoj modula elasti¢nosti v daljSem ¢asovnem obdobju
D. Kocéb, M. Krilikova, P. Cikrle, P. Misdk, B. Kucharczykova . ... .. ... .. . e e 657

Effect of particles size on the mechanical properties of SiC-reinforced aluminium 8011 composites
Vpliv velikosti delcev na mehanske lastnosti s SiC ojacanih aluminijevih 8011 kompozitov
N. Ashok, P. Shanmughasundaram. . . . . ... .. 667

Increasing the wear resistance of Al-Mg components using thermal-spray coatings
Povecevanje odpornosti Al-Mg komponent proti obrabi z uporabo toplotno naprsenih prevlek
R. Lukauskaité, O. Cernaséjus, J. Skamat, S. Asadauskas, A. Rucinskiené, R. Kalpokaité-Dickuviené, N. Visniakov. . .............. 673

Formation of Ni-Ti intermetallics during reactive sintering at 800-900 °C

Oblikovanje NiTi intermetalnih zlitin med reaktivnim sintranjem pri 800-900 °C

P. Noviék, V. Vojtéch, Z. Pecenovd, F. Prisa, P. Pokorny, D. Deduytsche, C. Detavernier, A. Bernatikova, P. Salvetr, A. Knaislova,

KLNOVA, L. JaWorsKa . . ..o e 679

Effect of tool geometry and welding parameters on the microstructure and static strength of the friction-stir spot-welded

DP780 dual-phase steel sheets

Vpliv geometrije orodja in parametrov varjenja na mikrostrukturo in stati¢no trdnost torno vrtilnega tockovnega varjenja dvofazne jeklene
plo¢evine DP780

O. Abedini, E. Ranjbarnodeh, P. Marashi. . . ... ... 687

Characterization of structural materials by spherical indentation
Karakterizacija strukturnih materialov pri sferi¢nem vtiskovanju
J. Cech, P HauSild, O. KOVAHK . . . ..ottt e et et e e e e e e e e 695

ZxrMoN films on 304 stainless steel as bipolar plates for PEMFCs using physical-vapor-deposition (PVD) technology
ZrMoN prevleke na nerjavnem jeklu 304 kot bipolarne plos¢e za PEMFC-je z uporabo tehnologije nanasanja iz parne faze (PVD)
C.-B.Zheng, X. Chen . . . ..o 699



MATERIALI IN TEHNOLOGIJE/MATERIALS AND TECHNOLOGY (1967-2017) — 50 LET/50 YEARS

UDK 67.017.620.1:62-419:621.78
Original scientific article/Izvirni znanstveni ¢lanek

ISSN 1580-2949
MTAECY, 51(4)557(2017)

MECHANICAL PROPERTIES OF LAMINATED STEEL-BASED
COMPOSITE MATERIALS FABRICATED BY HOT ROLLING

MEHANSKE LASTNOSTI SLOJEV JEKLA, OSNOVANEGA NA
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VALJANJEM
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The fabrication of laminated steel composites by hot rolling is described. Composite sandwiches were made from martensitic
stainless tool steel with an increased nitrogen content and from standard AISI 304 steel using 3 to 7 layers. The maximum
strength of the martensitic steel was 1370 MPa. The composite sheets had strengths in the range 950-1200 MPa, depending on
the number of layers and the proportion of the steels. A metallographic observation of the fractures revealed that the first occur-
rence was fracture in the martensitic steel layers, followed by deformation of the layers of tough austenitic AISI 304 steel. The
notch toughness values were the highest when the notch was oriented from the sheet surface to the sheet interior.

Keywords: laminated composite, steel sandwich, tension test, hot rolling, notch toughness

V delu je opisana izdelava laminiranih jeklenih kompozitov z vro¢im valjanjem. Kompozitni sestavi so bili narejeni iz marten-
zitnega nerjavecega orodnega jekla s povecano vsebnostjo dusika, in v skladu s standardom AISI 304 je bilo uporabljeno jeklo s
3 do 7 sloji. Maksimalna mo¢ martenzitnega jekla je bila 1370 MPa. Mo¢ kompozitnih slojev je bila med 950-1200 MPa,
odvisno od Stevila slojev in proporcev jekla. Metalografska analiza zlomov je pokazala, da je najprej priSlo do zloma pri slojih
martenzitnega jekla, sledila je deformacija slojev tezkega avstenitnega jekla AISI 304. Vrednosti Zilavosti v zarezah so bile

najvisje, kjer je bila zareza usmerjena iz povrsine sloja v njegovo notranjost.

Kljucne besede: laminirani kompozit, sestav jekla, napetostni preizkus, vroce valjanje, Zilavost zareze

1 INTRODUCTION

Various fabrication methods can be used for making
composite materials. For multi-layered laminated com-
posites, pressure-based joining comes into consideration.
In the review article by H. J. McQueen,' the differences
between pressure-based joining, diffusion bonding and
friction joining are explained. In terms of production ef-
ficiency, rolling is an advantageous method, which per-
mits the pressure-based joining of two or more dissimilar
materials.

Various combinations of dissimilar roll-bonded me-
tallic materials have been described in the literature.
These included, for instance, titanium alloy/steel,> alu-
minum alloy/aluminum alloy,* aluminum alloy/steel,’
brass/steel,® steel/steel’”® and other possible combina-
tions.'0

Laminated metallic composites offer an abundance of
topics for study, ranging from fabrication, where the flow
of layers during deformation can be explored,!''-!?
through their overall mechanical properties'* measured,
for instance, by conventional tension testing!®!> or by
three-point bend test;'!7 used for mapping delamination
during failure.'® One can also investigate internal stresses
on the interlayer interface, for instance, in a composite
fabricated of martensitic and austenitic steels.!® It is

Materiali in tehnologije / Materials and technology 51 (2017) 4, 557-561

these two steel types, austenitic and martensitic steel,
that receive attention in the present paper. The focus of
the paper is conventional. It covers the fabrication of
laminated composite sheets and a description of their
fundamental properties.

2 EXPERIMENTAL PART

Two stainless steels with different properties upon
heat treatment were chosen for the experiments. The
first, soft constituent was AISI 304L austenitic steel. It is
characterized by its relatively high ductility and by an
average level of tensile strength. Martensitic stainless
steels have an inverted combination of properties: high
strength and very low elongation upon heat treatment.

The attention was focused on a carbon steel (mark as
55C15N) with a high nitrogen level. It was made for this
particular purpose by melting in an electrical induction
furnace using N, overpressure in the final melting stage.
A round ingot was cast and rolled into a 7-mm-thick
sheet. The chemical composition of the SSC15N steel
obtained in this way is given in Table 1. It clearly shows
that the 55C15N steel is a carbon tool steel, in which
corrosion resistance was achieved by no other means
than alloying with chromium. As opposed to normal
practice, the carbon content has been reduced and a part

557
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of the original carbon content has been substituted with
an increased nitrogen content of 0.15 % of mass fraction.

Table 1: Chemical composition of the experimental steels in mass
fractions (w/%)

Steel | C | Co | Cr [Mn|Mo| Si S P |[Ni| N
AISI 30410.08 1820 2 0.75 1 0.03 |0.045| 8.6

X_ 1Y X 3
S %
A —
X 2. Y

55CI5N |0.52]0.007 |13.628]0.56{0.03|0.185]0.003|0.007]0.07|0.15

The surface of the sheets was ground. Stacks were as-
sembled from 55C15N steel blanks of 7 mm thickness
and AISI 304 steel blanks of 3 mm thickness. The blank
size was 65x250 mm?. The stacks were assembled ac-
cording to the schematic drawing in Figure 1.

The designation of the specimens and the numbers of
layers of the individual sheets were as follows:

e S1 — 55C15N steel sheet,

e S3 — 1 sheet of 55CI5N steel, 2 sheets of AISI 304
steel,

e S5 — 2 sheets of 55C15N steel, 3 sheets of AISI 304
steel,

e S7 — 3 sheets of 55C15N steel, 4 sheets of AISI 304
steel.

A verified method was employed to hold the stack to-
gether. It was GMAW welding along the entire circum-
ference of the stack. The positions of the welds were
such that in each case, a pair of sheets of different steels,
i.e., 55C15N steel and AISI 304 steel, were joined by the
weld.

The first pass in the rolling process involved a thick-
ness reduction denoted as &. It was approximately equal
to 23 % engineering strain, as calculated from the actual
stack height h. Additional passes involved thickness re-
ductions of 27 %. All the specimens were rolled to a
thickness of 4.1 mm. The soaking temperature and time
were 1100 °C and 40-60 min, respectively. The rolling
operations were carried out in the laboratory rolling mill
at COMTES FHT a.s. The work rolls had a diameter of
550 mm. Upon rolling, the scale was removed by grind-
ing to achieve the final thickness of 4 mm.

The S7 specimen was reheated upon the fifth pass us-
ing the soaking parameters: 1100 °C and 40 min. The
rolled specimens were cooled in still air.

Given the limited width of the laminated rolled sheet,
the orientation of the specimens for tension testing was
chosen in the rolling direction.?! The test pieces for im-
pact testing with the dimensions of (4x4x25) mm?® were

A

S1 S3 S5 Y

Figure 1: Configuration of sheets in stacks. Each white layer repre-
sents a 7-mm-thick sheet of 55C15N steel, each black layer represents
a sheet of AISI 304 steel of 3 mm thickness

558

Figure 2: Schematic representation of samples taken from rolled
sheets for Charpy impact test; X stands for the stack number and Y de-
notes the sequential number of the test piece

machined according to the sketch in Figure 2, which
shows the orientation of the 1-mm-deep V notches.

The procedure for finding the appropriate heat-treat-
ing sequence is described in 2'. Considering the expected
use of the 55C15N steel, the final hardness of this steel
in the sandwich products was specified as 57 HRC. All
the mechanical testing specimens were pre-treated as fol-
lows:

¢ sheets were painted with a protective coating,
e heating to 1050 °C and holding for 30 min,

e 0il quenching,

e tempering at 175 °C for 2 h.

The specimens were then prepared using a standard
metallographic procedure involving grinding and subse-
quent polishing.

The macro and microstructure in the ingots and
rolled sheets of 55C15N steel were revealed by etching
with nital, i.e., a 5 % solution of nitric acid.

The microstructure in the tension test pieces was re-
vealed by etching with Marble’s reagent (bringing out
one constituent) and then with Beraha 2 (bringing out the
other constituent). The un-etched microstructure and the
microstructures upon consecutive etching steps were
documented using a Carl Zeiss — Observer.Z1m optical
microscope. The microscope workstation is equipped
with AxioVision Rel. 4.8 digital image-processing soft-
ware.

The fracture surfaces in tension and the impact test
pieces were documented using a JEOL JSM 6380 scan-
ning electron microscope (SEM), which is provided with
an Oxford INCA X-sight EDX detector for measuring
the local chemical composition.

3 RESULTS AND DISCUSSION
3.1 Sandwich fabrication by rolling

In the course of the sandwich rolling process, rolling
forces, torque values, surface temperatures measured by
pyrometers and the set rolled product thickness were re-
corded. An example of mean values measured and calcu-
lated for S3 specimen is given in Table 2. The first-pass
rolling force F for all three stacks was around 630 MPa.
Due to different initial heights, the torque values (M)
were in the range from 20 kNm to 45 kNm. The strain
rate (&) in the first pass was 2.3-3.6 s7'.

Materiali in tehnologije / Materials and technology 51 (2017) 4, 557-561
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Table 2: Measured and calculated mean values of fundamental rolling
parameters for S3 specimen

pass h & Vy F M é
mm - ms™! kN kNm s!
0 14
1 10.7 | 0.238 0.5 629 20.6 3.6
2 7.8 0.267 0.9 857 19.8 8.2
3 5.7 0.267 0.9 1283 29.8 9.6
4 4.2 0.267 0.9 1519 28.2 11.0

Considering the initial sandwich width of 65 mm, the
rolling-force values are not high. They are normally be-
low 2000 kN, despite the fact that the reductions ¢, in in-
dividual passes exceeded 25 %. The calculated strain
rates (¢) were between 2 and 11 s7'. The rolling speeds
(v,) were 0.5 and 0.9 m-s..

These rolling parameters were sufficient for adequate
layer bonding within all the sandwiches. A joint in the
S5 specimen is documented in Figure 3. A line of iron
oxides on the interface can be seen. Similar structures
were found in the S3 and S7 specimens.

Table 3: Layer-thickness ratios in individual sandwiches

Layer thickness ratios

specumen Initial Post-rolling
S3 1:2.33:1 1:2.614:1
S5 1:2.33:1: 2.33:1 1:2.59:0.93:2.59:1

1:2.56:0.87:2.27:0.87:2.

S7 1:2.33:1:2.33:1:2.33:1 56:1

The layer thicknesses in specimens S3, S5 and S7 are
given in Table 3. These post-rolling ratios were found by
microstructure examination under an optical microscope.
A detailed analysis of thickness evolution vs. rolling pa-
rameters, as reported in !, was impossible, due to multi-
ple passes having been carried out. Despite that, it was
confirmed that the "soft" constituent, AISI 304L steel,
undergoes larger reductions than the 55C15N steel.

O — e

; 50 pm
Figure 3: Joint between the 55CI5N steel layer and AISI 304 steel
layer; un-etched microstructure
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3.2 Mechanical properties of rolled sandwiches

The test pieces used for the tension testing were ori-
ented in the forming direction. Three specimens from
each sandwich were tested. The test results plotted as en-
gineering stress vs. strain curves are shown in Figure 4.

The specimen denoted as S1 represents the 55CI5N
steel upon heat treatment to a hardness of 57 HRC. The
laminated composite sheets exhibit lower hardness val-
ues. Among the composites, the highest strength of
1210 MPa was found in the 7-layer sheet. This sheet
contained the largest volume fraction of 55CI15N steel.
The AISI 304 steel had a strength of 580 MPa and elon-
gation to fracture of more than 85 %. The pure 55C15N
steel had a low ductility, which corresponds to the heat
treatment procedure used. This is characteristic of tool
steels. The micrographs of the fracture regions in the ten-
sion test pieces (Figure 5) show that the fractures were
of the brittle type, initiating in the S5CI5N steel layers.
Then, the austenitic steel layers underwent large defor-
mation and the fracture of the entire specimen occurred.
This is in agreement with the behavior described in the
review article by J. Wadsworth.?

Three different specimen orientations were used for
taking samples for impact testing. No effect of the notch
or specimen orientation was proved by the impact tough-

1600 . ; . . . . . . . :

1400 -

AISI 304 —--—-
1200 §

1000

800 |-

Stress, MPa

600

400

200 A { b e T R SR T -

Strain extensometer, %

Figure 4: Engineering stress vs. strain plot of the sandwich sheet ten-
sion test

S5 Cs7

Figure 5: Micrographs of fractures in tension test pieces of sandwich
sheets
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Figure 6: Impact energy KCV measured in heat-treated composite
sheets

ness test of the material with a single 55C15N steel
layer, as illustrated in Figure 6, specimen designation
S1. For the specimens taken in the transverse direction
with respect to the rolling direction and provided with
notches in a direction oriented from the rolled sheet sur-
face (the group denoted 1), the impact energy
(13-15 Jem™) approximately doubled when compared to
the previous case. There is a clear effect of the AISI 304
steel layer, which retards the crack propagation. Neither
the orientation of the notch across all the layers, nor the
transverse or longitudinal orientation of the specimen
has any effect, as evidenced by the minimal differences
between impact energy levels. In the specimens made en-
tirely of AISI 304 steel, the impact energy was
135 Jem™.

The fracture surfaces in the tensile and impact test
specimens were examined using scanning electron
microscopy. In the fracture surfaces of the tension test
pieces, inclusions were found in the 5S5C15N steel. They
were identified by means of EDX analysis as complex
aluminum oxides. Examples of the measured chemical
composition of the inclusions are summarized in Table
4. Figure 7 shows the fracture surface in the 55C15N
steel layer in the seven-layer sandwich. In all cases, the

Figure 7: Fracture surface of S7 test piece
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fracture surfaces examined showed transgranular fracture
morphology. In the fracture surfaces of the impact test
pieces, no aluminum oxides were found.

Table 4: Chemical composition of inclusions in mass fractions (w/%),
measured by EDX

Elements O Al Si Cr Mn |Fe +C
Inclusion 1| 53.24 | 32.57 | 1.28 5.22 - balance
Inclusion 2 | 42.77 | 40.82 - 3.64 - balance
Inclusion 3 | 35.11 | 37.80 | 5.01 | 14.76 | 4.75 |balance

4 CONCLUSIONS

A fabrication procedure for laminated composite ma-
terials was mastered, in which two different steels were
joined by hot rolling. The resulting sandwiches contain-
ing martensitic stainless tool steel and austenitic steel
were rolled to a thickness of 4 mm and heat-treated to a
hardness of 57 HRC in the 55C15N steel layers. Oxides
were found at the interface between the martensitic
55C15N and austenitic AISI 304 steels. They, however,
had no impact on the delamination between the layers
during the mechanical testing.

No contribution of austenitic AISI 304 steel to ductil-
ity enhancement was proved. It can be attributed to the
small number of its layers. The impact energy value
measured with impact tests suggests an increased resis-
tance in cases where the notch is oriented from the sheet
surface to its centerline, where the presence of the tough
austenitic steel layers is beneficial.
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Nowadays, Mg-based amorphous alloys are very attractive materials used in industries such as the automotive, aviation and
medical industries. This group of bulk metallic glasses has specific properties such as corrosion resistance, strength and stiffness
that are higher than those of crystalline ones. Also, Mg-based amorphous alloys are characterized by their high glass-forming
ability, low density, good ductility, light weight, low cost, and good thermal and electrical conductivities. This work presents the
basic information regarding metallic glasses. The project was focused on Mg-based bulk metallic glasses. The work shows the
results of a differential thermal analysis (DTA), differential scanning calorimetry (DSC) and calorimetric surveys that
determined the temperature at the beginning and at the end of crystallization. X-ray studies were performed and they confirmed
the formation of the alloy’s amorphous structure. The results of cross-sectional SEM and EDS were presented using a scanning
electron microscope. This confirmed the homogeneity of the chemical composition and the structure of amorphous samples in
the form of a plate with a thickness of 1 mm and a width of 5 mm. The value of the average sample microhardness is 295 HV.

Keywords: bulk metallic glasses, Mg-based amorphous alloys, SEM, XRD, microhardness

Dandanes so amorfne zlitine zelo atraktiven material, ki se uporablja v industriji, kot je npr.: avtomobilska, letalska ter medicin-
ska industrija. Ta skupina kovinskega stekla ima specifi¢ne lastnosti, kot so npr.: odpornost proti koroziji, zdrZljivost in togost,
precej boljse kot kristalna skupina. Prav tako je za amorfne zlitine na osnovi Mg znacilna njihova visoka sposobnost oblikovanja
stekla, nizka gostota, dobra duktilnost, majhna teza, nizki stroski in dobre toplotne in elektri¢ne prevodnosti. Delo predstavlja
osnovno informacijo o kovinskih steklih. Projekt je bil fokusiran na masivnih kovinskih steklih na osnovi magnezija. Delo
prikazuje rezultate diferencialne termalne analize (angl. DTA) in diferencne dinamic¢ne kalorimetrije (angl. DSC), kolori-
metri¢nimi analizami, ki so dolo¢ile temperaturo na zacetku in na koncu kristalizacije. Izvedene so bile rentgenske Studije, ki so
potrdile nastanek amorfne strukture zlitine. Rezultati pre¢nega prereza SEM in EDS so bile predstavljene s pomocjo skeniranja
z elektronskim mikroskopom. To je potrdilo homogenost struktur kemijske sestave in amorfnih vzorcev v obliki plosce z debe-

lino 1 mm in §irine 5 mm. Vrednost mikrotrdote povpre¢nega vzorca je 295 HV.

Kljucne besede: masivna kovinska stekla, amorfne zlitine na bazi Mg, SEM, XRD, mikrotrdota

1 INTRODUCTION

It is widely known that amorphous alloys, called bulk
metallic glasses, are characterized by favorable proper-
ties due to their structural qualities. These properties
include high resistance, high ductility, high corrosion
resistance and surface quality. For the bulk metallic
glasses based on La-, Mg-, Zr-, Pd-, Fe-, Ni-, Cu-, Co-,
investigations were conducted, initiating wide applica-
tion possibilities.* Due to the high glass-forming ability
and excellent mechanical properties, especially low
density, Mg-based BMGs are considered to be new,
promising materials.!~3

Mg-based amorphous alloys are often prepared in an
Mg-TM-RE system, in which TM is a transition metal,
while RE is a rare-earth element. In 1991, Inoue, with
his colleagues, generated an amorphous alloy of the
following chemical composition: MgesCu,sY . For such
alloys, the high cooling rate of amorphous samples with
a 4-mm diameter was found to be about 102 Ks.

Materiali in tehnologije / Materials and technology 51 (2017) 4, 563-567

Mg-based amorphous alloys are typically characterized
with a better resistance to the ultimate tensile strength,
crack resistance or compressive strength than their crys-
talline equivalents.*

There are various methods for producing bulk me-
tallic glasses including the method of rapid cooling of
crystalline alloys. Other methods for the production of
bulk metallic glasses include: high-pressure die casting,
copper-mold casting, the cap-cast technique and the
suction-casting method. High-pressure die casting is the
most popular and common method for producing bulk
metallic glasses. The advantages of this method are:
rapid molding, which can achieve a high cooling rate,
and a good contact with the copper-alloy form, espe-
cially under the influence of high-pressure applications.
However, a disadvantage of this method is that pores
form as a result of shrinkage during the solidification of
the liquid metal. This method is used for the production
of complex shapes, where differently shaped molds
allow the casting of the material in the forms of rods and

563



MATERIALI IN TEHNOLOGIJE/MATERIALS AND TECHNOLOGY (1967-2017) — 50 LET/50 YEARS

A. KILJAN et al.: PROPERTIES AND STRUCTURES OF BULK METALLIC GLASSES BASED ON MAGNESIUM

plates. This method was used by Inoue to produce BMGs
in the Mg-Cu-Y alloy system.>®

In this paper, the authors report their fabrication and
investigation of the MgesCuysYyo alloy in the form of
plates, which were prepared with the method of high-
pressure die casting. The purpose of the investigation
was to obtain amorphous plates that can be sintered in
the future.

2 EXPERIMENTAL PART
2.1 Materials

Three samples with a composition of MgesCuzsY o
were prepared using elemental cuts of magnesium
(99.99 % purity), copper (99.95 % purity) and yttrium
(99.99 % purity). Weight masses of individual elements
(Mg, Cu, Y) are shown in Table 1.

Table 1: Characteristics of the elements utilized (Mg, Cu, Y)

Element Mgf,scustlo/sog Meltl?hgetzggl?r?tture of
Mg 11.608 ¢ 650 °C
Cu 11.7458 g 1085 °C
Y 6.5733 ¢ 1522 °C

2.2 Research methodology

The studied alloy was made in two steps. The first
step was the preparation of pure Cu and Y to obtain a
binary alloy in an ALLOs crucible by means of induction
melting in an argon atmosphere. Then the Cu-Y alloy
was melted with pure Mg in the Al,O; crucible in an
electric chamber furnace in an argon atmosphere.>’ The
studied three samples were produced with the pressure-
die-casting method in the form of plates with a thickness
of 1 mm and a width of 5 mm (Figure 1).

By means of a differential thermal analysis (DTA),
investigations were conducted on the thermal properties
of the preliminary alloy MgesCuasY 10, which was applied
to the cast bulk metallic glasses in the form of plates.
These investigations were conducted with a scanning
calorimeter, Netzsch DSC 404C, in a temperature range
of 200-800 °C. The heating rate was found to be
10 K/min and the measurements were conducted in the

protective argon atmosphere. By means of the DSC
(differential scanning calorimetry) method and the
scanning calorimeter Netzsch DSC 404C, investigations
of the crystallization process of the generated bulk
metallic glasses in the form of plates, cast in a tempera-
tures range of 100-600 °C, were conducted. The
measurements were conducted in the protective argon
atmosphere with a heating rate of 10 K/min. After the
analysis of the obtained thermal results, the crystalli-
zation temperature and glass formation of the studied
samples in the form of plates were established. The
glass-forming temperatures were read at the inflection
point of the DSC baseline towards the endothermic
effect. The temperature of the crystallization beginning
at T, was set at the tangent intersection point with the
line of the exothermic process. Meanwhile, the tempe-
rature of the crystallization peak represented the peak of
the exothermic process 7}.!°

An X-ray diffractometer, X’Pert Pro Panalytical, was
used to study the structures of the fabricated plates. The
data of diffraction lines were recorded using the step-
scanning method in a 20 range of 20-90° and with a
0.013° step.'!

The particle size and shape of the MgesCuasY o plate
fractures were characterized using the scanning electron
microscopy (SEM) SUPRA 25 ZEISS with a magnifi-
cation of up to 2000x.'?

Microhardness values of the samples were measured
with a Vickers hardness-testing machine with automatic
track measurement using the image analysis FUTUR-
ETECH FM-ARS 9000.3 The microhardness measure-
ments were made under a load of 100 g For each of the
prepared samples, seven particles were tested.

3 RESULTS AND DISCUSSION

3.1 DTA

The DTA method was used to determine the onset
(Tw) and end (7.) melting temperatures of the
MgesCussYp master alloy. The tests were carried out
using the Netzsch DSC 404C calorimeter within the
temperature range of 200-800 °C, at the heating rate of
10 K/min in an argon protective atmosphere. The T,

Figure 1: Three samples: a) sample 1, b) sample 2, ¢) sample 3, produced with the pressure-die-casting method
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Figure 2: DTA curve for the MggsCuasY 9 master alloy

temperature was 440 °C and the 7}, temperature was 592
°C (Figure 2).
3.2 DSC

The DSC method was used to determine the glass-
transition (7,), onset-crystallization (7%) and peak-crys-
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Figure 3: DSC curves: a) sample 1, b) sample 2, c¢) sample 3 of
MgesCursY 1o metallic glasses
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tallization (7},) temperatures. The investigations were
carried out using the Netzsch DSC 404C calorimeter in
the temperature range of 100—400 °C. The measurements
were carried out in an argon protective atmosphere and
at the heating rate of 10 K/min.

The results of the calorimetric DSC investigations are
presented in the Table 2.

Table 2: Results of the calorimetric DSC investigations

T, (°C) T, (°C) T, CO) | AT (°C)
Sample 1 122 180 188 58
Sample 2 141 184 190 43
Sample 3 138 187 192 49
Average 134 184 190 50

The glass-forming temperature of the plates was
within a range of 122—-141 °C. The difference between
the initial temperature and the crystallization peak was
consecutively 8 °C, 6 °C and 5 °C. The value of the AT,
parameter for Sample 1 was — 58 °C, for Sample 2 — 43
°C, and for Sample 3 — 49 °C (Figures 3a to 3c). The
average value of the AT, parameter was 50 °C. The
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higher the value of AT, the better was the glass-forming
property of the material. AT is the difference between
temperatures 7x and 7.

For the MgesCuns Yo alloy, the value given in the lite-
rature is 65 °C.

3.2 XRD analysis

X-ray diffraction tests were carried out with an X-ray
diffractometer X’Pert Pro with a cobalt anode. Figures
4a—c show that the test samples of the MgesCuasY o alloy
have an amorphous structure. The XRD patterns show a
broad halo between 30-50°, which is typical for
amorphous structures of magnesium alloys. Even more, a
single diffraction peak (Figure 4a) can be observed on
the amorphous halo, which might suggest the beginning
of oxidation of the prepared sample.

3.3 Microstructure

Fractographic investigations of the sample fracture
surfaces (Figures 5 to 7) revealed that they were charac-
terized by a mixed-mode morphology. Selected areas
were characterized by both "smooth" and "flake-like"
fracture morphologies. The areas with the "flake-like"
morphology are characteristic of hard and brittle alloys.
These properties are characteristic of bulk metallic
glasses based on magnesium. A photographic analysis
showed that the investigated fracture surfaces had an
appearance characteristic of an amorphous material.

3.4 Microhardness

Three samples in the form of MgesCussY o alloy
plates were subjected to a microhardness investigation.
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Figure 7: Fracture morphology of sample 3 of Mg65Cu25Y 10, SEM images with magnifications of: a) 200x, b) 500x, c) 2000x
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Figure 8: Results of the measured microhardness for three samples of
MgesCuzs Yo

Seven measurements were performed for each sample,
on random areas of the sample (Table 3). The obtained
microhardness values for the amorphous plates of
MgssCunsY o alloys were found to be between 239 uHV
and 318 pHV (Figure 8). The mean hardness was 295
uHV.

Table 3: Microhardness measurements of the samples

Measurement| Sample 1 Sample 2 Sample 3
(UHV) (UHV) (UHV)
1 304 300 304
2 307 239 316
3 300 285 295
4 304 277 302
5 302 291 289
6 285 318 283
7 300 314 281
Average 300 289 296

4 CONCLUSIONS

Based on the conducted DTS, DSC, X-ray investi-
gations, fracture-surface and microhardness investiga-
tions of the MgesCuysY 1o samples, the following conclu-
sions were formulated:

Samples of bulk metallic glass in the form of plates
with a thickness of 1 mm and a width of 5 mm were
created using the method of pressure casting.

X- ray investigations confirmed that the samples had
an amorphous structure.

Calorimetric investigations allowed the establishment
of the mean glass-forming temperature of 7, = 134 °C,

Materiali in tehnologije / Materials and technology 51 (2017) 4, 563-567

the temperature at the beginning of crystallization of
T, = 184 °C, the crystallization peak temperature of
T, = 190 °C and the calculation of the parameter
AT, =50 °C.

Fractographic investigations of fracture surfaces
indicated the presence of a "flake-like" fracture morphol-
ogy, which is characteristic of brittle materials and a pro-
perty characteristic of Mg-based bulk metallic glasses.

Microhardness investigations allowed the determi-
nation of the mean hardness, which was 295 uHV.
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Phenolic-resin composites have attractive properties for applications in various fields from the wood and adhesive industry to
the automotive, aeronautics and aerospace industries. The paper presents the obtaining of SiC-nanofilled phenolic-resin-based
composites reinforced with a bidimensional fabric. Different contents of nanometric silicon carbide (0.5, 1 and 2) % mass frac-
tions) were dispersed into the phenolic-resin matrix, using the ultrasonication method, to ensure the optimum dispersion. Sev-
eral layers of the bidimensional fabric were impregnated with the obtained mixtures and the final laminated composites were
obtained using high-temperature pressing, followed by a multistage temperature program. The obtained laminated
nanocomposites were characterized with FTIR spectroscopy and evaluated in terms of mechanical and tribological properties.
After mechanical testing, fracture cross-sections were characterized with SEM and optical microscopy. The results highlight the
positive effect of the nanometric silicon-carbide addition to the phenolic-resin matrix of the laminated composites, in terms of
mechanical and tribological performance, improving their strength, stiffness and abrasive properties.

Keywords: laminated composites, tensile strength, flexural strength, nanometric silicon carbide, nanocomposites, friction coeffi-
cient

Kompoziti fenolnih smol imajo moZnosti raznovrstne uporabe na razli¢nih podrocjih, tako na podrocju lesne industrije, v
industriji lepil, kot v avtomobilski in letalski industriji. Prispevek predstavlja pridobitev SiC fenolnih kompozitov na osnovi
smole, ojacanih z bidimenzionalnimi vlakni. Razli¢ne vsebine nanosilicijevega karbida (0,5, 1 in 2) % masnega odstotka, so bile
razprSene z uporabo ultrazvo¢ne metode v matrici, pridobljeni s smolo, da je bila zagotovljena optimalna disperzija. Ve¢ plasti
bidimenzionalnih vlaken je bilo impregniranih s pridobljenimi meSanicami in kon¢ni laminirani kompoziti so bili pridobljeni z
visokotemperaturnim tlacnim pritiskanjem, kateremu je sledil vec¢stopenjski temperaturni program. Pridobljeni laminirani
kompoziti so bili preucevani s FTIR-spektroskopijo in ovrednoteni glede na mehanske in triboloske lastnosti. Presek zloma po
mehanskem testiranju je bil preu¢evan s SEM-mikroskopijo in opti¢no mikroskopijo. Rezultati kazejo pozitiven u¢inek dodatka
nanometri¢nih silicijevih karbidov, s smolo pridobljenih matric v vecplastnih kompozitih, zaradi njihovih mehanskih in
triboloskih lastnosti, in ker se tako izboljSa moc, togost in abrazivne lastnosti.

Kljuc¢ne besede: laminirani kompoziti, natezna trdnost, upogibna trdnost, nanosilicijevi karbidi, nanokompoziti, koeficient trenja

1 INTRODUCTION

Due to their high strength and rigidity combined with
low density, fiber-reinforced polymeric composites
(FRP) are extensively used in a wide variety of fields,
from sports equipment!? to the automotive, civil engi-
neering,*> military,*” aeronautics and aerospace®'° in-
dustries. The oldest thermoset polymers are phenolic res-
ins. This type of resins are mostly used as heat insulation
in aerospace applications, due to their low cost and facile
processability!! as well as their attractive properties such
as chemical, heat and friction resistance and superior
thermal insulation characteristics.'> They are generally
used in combination with other materials such as powder
fillers and short or long fiber reinforcements. Pheno-
lic-resin-impregnated fibers (glass, carbon, aramid) re-
sult in phenolic-resin-laminated composites and are
mostly formed with compression molding.!>!* During
the obtaining process of this kind of materials, vola-
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tile-compound management is crucial in producing
high-quality laminates.'* An efficient management of
volatile compounds during the development stage of
phenolic-resin/fiber laminates leads to void-free compos-
ites and, consequently, fewer stress-concentration sites
that contribute to creating a stronger interface. The fi-
ber/matrix interface is a decisive factor for the final me-
chanical and physical properties of the composite materi-
als.!s

Composite materials based on phenolic resins/carbon
fibers have been used by NASA as the standard material
for high-temperature applications. These composites
have different micronic fillers added to the matrix for the
stabilization of charred polymer during the combustion.'®
Howeyver, the use of nanofillers instead of the micronic
ones allows a weight reduction in the aerospace systems,
and it also leads to thinner protection layers with better
ablative properties.'® Studies show that mechanical, ther-
mal and friction properties of phenolic-matrix/fiber com-
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posites can be improved by adding nanometric fillers
such as carbon nanotubes,'”'® layered silicates (nano-
clays),'” POSS compounds,? silica?'-??> or silicon car
bide?*-% to the phenolic resin. In the case of carbon-phe-
nolic composites with nanoclays, studies show that
higher nanoclay contents decrease the erosion rate, sur-
face temperature and insulation index,? and can improve
some properties, such as the flexural strength, stiffness
and glass-transition temperature.”’” On the contrary, there
are studies that report a decrease in the flexural strength
and stiffness.!® Literature also presents studies that exam-
ine the effect of montmorillonite nanoclays on the me-
chanical and morphological characteristics of the glass-
fiber-reinforced composites based on the novolac phe-
nol- formaldehyde matrix, showing that a nanoclay addi-
tion enhances the mechanical properties when a strong
matrix-fiber interface is observed.!!

The other interesting nanofiller is silicon carbide
(nSiC) that is mostly used to improve the thermo-oxida-
tive resistance® and wear resistance?>* of carbon/pheno-
lic ablative materials. However, literature reports no
studies involving carbon- and/or glass-fiber-fabric-lami-
nated composites based on the nSiC-modified phenolic
resin. The aim of this study is the evaluation of the effect
of a silicon-carbide nanofiller addition to the pheno-
lic-resin matrix of carbon- and glass-fabric-reinforced
composites, taking into consideration morphological,
mechanical and tribological properties. The paper pres-
ents the obtaining of nanometric silicon-carbide-filled
phenolic-resin-matrix composites reinforced with glass
or carbon-fiber bidimensional fabric. The obtained lami-
nates based on different nanofiller contents were charac-
terized in terms of chemical, mechanical and tribological
properties. The results highlighted the positive effect of
nSiC on the laminated composites, when added in the
optimum weight content relative to the phenolic-resin
matrix.

2 EXPERIMENTAL PART
2.1 Materials

The matrix used was the resole-type phenolic resin
ISOPHEN 215 SM 57 % (PR) provided by ISOVOLTA
S.A. Bucharest, with a density of 1135 g/cm3. The
nanofiller used was the 5-type nanometric silicon carbide
(nSiC) purchased from Nanostructured & Amorphous

Figure 1: a) glass-fiber and b) carbon-fiber-PR-based composites;
specimens for tensile tests
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Materials Inc., USA, with the following characteristics: a
purity of 97.5 %, the average particle size of 45-55 nm,
the specific surface area of 34-40 m?/g and true density
of 3.22 g/cm?. The reinforcing materials were the carbon
fiber (CARP/T 193, produced by Chemie Craft, France)
and E-glass-fiber bidimensional fabrics.

2.2 Method for obtaining nanofilled-laminated com-
posites

The development of the nanofilled-laminated com-
posites was a 3-stage process. The first stage consisted of
nSiC additions of different contents (0, 0.5, 1 and 2) %
of mass fractions to the phenolic resin (PR), bulk ho-
mogenization achieved with mechanical stirring for
approx. 5 min and nanofiller dispersion carried out with
the ultrasonication technique, using a Bandelin Sonopuls
probe for 15 min. In the second stage, 5 layers of carbon
fiber (CF) and glass fiber (GF), respectively, were im-
pregnated with the obtained mixtures. The soaked layers
were maintained at 25 °C for 30 h for a better impregna-
tion, then they were subjected to methanol-solvent elimi-
nation at 70 °C for 30 min.?® The final stage was the
heat-curing process that took place under pressure using
a CARVER hydraulic press. Along with pressing, the
temperature was raised from 25 °C to 150 °C at a
30 °C/min heating rate, followed by a 30 min dwell pe-
riod at 150 °C and cooling under pressure down to room
temperature. Laminated composite plates were obtained;
from them, dumbbell and rectangular specimens for me-
chanical and tribological tests were cut. Figure 1 shows
two of the specimens used for tensile tests, illustrating
the dumbell geometry.

2.3 Characterization techniques

The phenolic-based nanocomposite laminates were
subjected to a spectroscopy analysis using a Nicolet iS50
spectrometer (operated in the ATR mode) and scanning
electron microscopy (SEM) using a QUANTA INSPECT
F microscope with a field emission gun and 1.2 nm reso-
lution, and an energy-dispersive X-ray spectrometer
(EDS). The materials were tested in terms of mechanical
performance with an INSTRON 5982 machine. The ten-
sile tests carried out on dumbbell specimens were per-
formed according to SR EN ISO 527-2?° using a
5 mm/min tensile rate, while flexural (3-point bending)
tests carried out on rectangular specimens were per-
formed according to SR EN ISO 14125% using a
2 mm/min speed, conventional deflection and the nomi-
nal span length (16x the specimen thickness). Tribo-
logical tests were performed using CETR UMT 3 (Uni-
versal Macro Materials Tester) — the block-on ring
module — on a 35 mm (diameter) x 11 mm (width)
stamped steel roller (A4138 Timken outer rolling bearing
ring), in the counterclockwise testing direction under a
10 N normal force, using samples with dimensions of
16 mm (length) x 6.5 mm (width) x 2 (thickness) mm. A
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test was performed for 60 s using two different rotation
speeds: 1000 min~! (1.75 m/s) and 1500 min~! (2.62 m/s).
The tests were conducted on a minimum of 3 specimens
per sample, at the standard atmospheric conditions,
(25 °C and 45-55 % relative humidity).

3 RESULTS AND DISCUSSION
3.1 FTIR-spectroscopy

The nanofilled phenolic matrix of the laminated com-
posites was subjected to FTIR spectroscopy analyses af-
ter polishing the analyzed area. The nanofilled-ma-
trix-based laminated composite samples were compared
with the control sample to evaluate the interactions be-
tween nSiC and the phenolic resin that could generate
peak-position shifting and/or peak-intensity variations.
Figure 2 presents the spectra of the nSiC nanofiller pow-
der and simple nSiC-filled phenolic resin from the lami-
nated composites; all the composite samples present the
characteristic peaks of the cured resin. The peak at
3290 cm™! corresponds to the OH stretching from resole,
the one at 2920 cm! is due to the CH, stretching, while
the peaks in the 1600-1470 cm™' range are due to the
-C=C stretching in the aromatic ring. The CH, bending
vibration generated the peaks at 1435 cm™' and
1330 cm™!, the C-O stretching at approximately
1190 cm! and the C-O-C stretching at 998 cm'.3! The 3
peaks between 900-600 cm™' are due to ortho-disub-
stituted, meta-disubstituted and monosubstituted ben-
zenes.’'=¥? The meta-disubstituted benzene peak at
815 cm! overlaps with the nSiC characteristic peak, as-
signed to the Si-C vibration that appears at approxi-
mately 800-815 cm! 33-3* go that the nSiC presence is
more difficult to highlight. However, it is noticed that the
peak intensity increases with the nSiC content in the PR
matrix of the laminated composites, which could be due
to the higher nSiC content interacting with the phenolic
resin.® The absorption of a diamond crystal generates a
noise between 1900-2300 cm™!, which, therefore, must
be ignored.

a
3207.7

8
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Figure 2: FTIR spectra of PR and nSiC/PR from the laminated com-
posites
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3.2 SEM analysis

A SEM analysis was performed on the fracture
cross-sections of the mechanically tested laminated sam-
ples to evaluate the fiber/matrix interface at high magni-
fication levels. SEM images of carbon and glass-fab-
ric-based control samples (Figure 3a to 3c) illustrate that
the resin did not embed the entire surface of the fibers
that the fabric is made of, and that the stress induced dur-
ing the mechanical testing generated both a detachment
of the polymer from the fibers as well as the matrix mi-
cro-cracking. In the case of the 1 % nSiC-filled matrix, it
can be observed that the polymer layer covering the fi-
bers is more compact, suggesting that the matrix was
able to undergo the mechanical stress without being sub-
jected to a detachment or micro-cracking. This could be
due to the strengthening of the matrix caused by the
nSiC presence that, along with a proper fiber/matrix in-
terface, helps sustain a better mechanical load transfer
within the composite. Figure 4 illustrates high-magnifi-
cation images of the samples with 1 % and 2 % nSiC
contents added to the phenolic resin of the carbon-fi-
ber-reinforced composites. A higher agglomeration ten-
dency of the nanoparticles can be observed in the sam-
ples with a higher nSiC content. Also, in the case of
5CF/PR+1% nSiC (Figure 4a) the polymer layer uni-
formly covers the fiber surface, embedding the nano-
particles, while in the case of SCF/PR+2% nSiC (Figure
4b) the agglomerated nanoparticles produce voids
around that area. The areas composed of voids and ag-
glomerated nanoparticles can act as stress-concentration
sites, sustaining crack propagation, which influences the
mechanical behavior.

3.3 Mechanical testing

The mechanical-performance evaluation was done
through tensile and three-point bending tests. Mechani-

Figure 3: SEM images of: a) 5CF/PR, b) 5CF/PR+1% nSiC,
¢) 5GF/PR, d) 5GF/PR+1% nSiC
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Figure 4: High-magnification SEM images of: a) SCF/PR+1% nSiC,
b) SCF/PR+2% nSiC

cal test results (Table 1) show the fact that an nSiC addi-
tion to the phenolic-resin matrix significantly improves
the mechanical performance of both carbon- and glass-fi-
ber-reinforced laminated composites. Overall, all the
nanofilled samples exhibited higher strength and stiff-
ness compared with the control samples.

Table 1: Mechanical properties of nSiC-filled SCF/PR and 5GF/PR
laminated composites

nSiC Tensile | Tensile Tens.ile Flexural |Flexural Elonga-
(WI%) strength jmodulus| strain |strength modulus tion (%)
(MPa) | (GPa) (%) (MPa) | (GPa)
5CF/PR based laminated composites
0 318.0 | 47.8 0.8 382.1 43.9 1.22
0.5 344.5 50.5 0.75 420.3 48.6 1.09
1 384.5 68.6 0.7 458.0 | 56.3 1.04
2 331.9 52.9 0.48 440.2 45.0 1.02
5GF/PR based laminated composites
0 300.3 22.0 2.02 350.7 27.4 2.41
0.5 314.3 27.1 0.83 363.2 32.7 1.29
1 342.5 37.5 0.77 423.6 34.6 1.23
293.3 22.1 0.71 352.0 33.3 1.17

The same trend was observed in both carbon- and
glass-fiber laminates in terms of the nSiC-content effect.
The highest results were exhibited by the samples based
on the 1 % nSiC-filled matrix, in the case of 5CF/PR,
where the 1 % content samples showed an increase of
20 % in the tensile and flexural strength and an increase
of 30-40 % in the tensile and flexural modulus, while for
5GF/PR, the 1 % nanofiller led to an increase of
15-20 % in the tensile and flexural strength and an in-
crease of 30-70 % in the tensile and flexural modulus.
The nanoparticles embedded into the phenolic-resin ma-
trix that covers the fibers (Figure 4a) could act as a
crack-propagation hindering agent, enhancing the matrix
strength and stiffness and, consequently, the mechanical
properties of the laminated composite based on this ma-
trix. This phenomenon was observed also in the case of
phenolic-resin/nSiC nanocomposites presented in a pre-
vious study.® At higher contents (2 %), the properties
decrease compared to 1 %, probably due to the existent
nanofiller agglomeration, showed by SEM images (Fig-
ure 4b), that could lead to stress-concentration sites
and/or crack-initiation sites that sustain earlier mechani-
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cal failures and contribute to the decrease in the mechan-
ical-properties.

In both tensile and flexural tests, elongation de-
creases with the nSiC content increase due to the brittle
nature of nSiC that enhances the composite rigidity.

3.4 Fractography

Fractography represents the fracture-mode analysis
through light microscopy. Being an important tool in a
material investigation related to a failure analysis and
quality control,* light microscopy was the main method
used to analyze the damage after the mechanical testing
and to establish the failure mode type and mechanism.
Light microscopy was the first method used to investi-
gate the failure mode as it allows a visualization of the
entire fractured area along the whole length of a sample.
Figure 5 illustrates the fractured areas of the repre-
sentative specimens of laminated composite samples.
Both carbon- and glass-fiber-based composites showed
the same behavior as the nSiC content in the phenolic
matrix. All the samples exhibited a certain degree of
delamination, generated by crack propagation. While the
control samples (Figure 5a and 5e) and the PR-matrix
laminates including 0.5 % nSiC (Figure Sb and 5f)
showed more extended delaminated areas, the 1 %
nSiC-content-based sample showed the lowest delamina-
tion degree in both carbon and glass-fabric laminates

Figure 5: Optical-microscopy images of the tensile-test specimens:
a), b), ¢), d) 5CF/PR+ 0; 0.5; 1; 2 % nSiC and e), f), g), h) SGF/PR+ 0;
0.5; 15 2 % nSiC
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(Figure 5c and 5g), where only the external layers exhib-
ited detachment.

In the case of the 2 % nSiC laminates (Figure 5d and
5h), all the fabric layers ruptured after the tensile testing,
showing delaminated layers only in the fracture regions.

The optical-microscopy method was further sup-
ported with higher-magnification images of the fracture
cross-sections, captured with SEM (Figure 6). Opti-
cal-microscopy images provide valuable information
when choosing the most appropriate locations to be visu-
alized with scanning electronic microscopy.*® SEM im-
ages of the entire fracture cross-sections of the samples
show that the control samples (Figure 6a and 6c) were
subjected to a higher damage extent; delaminated areas
are still visible on the 0.5% nSiC-based sample (Figure
6b), while the image of the 1% nSiC sample (Figure 6d)
suggests that the fabric-layer fracture occurred due to the
strain and that the fibers broke on the same fracture sec-
tion line.

3.5 Tribological testing

The positive effect of the nSiC addition was also re-
flected on the tribological test results. The laminated
composites were tested at two speed rates: 1000 cm™
(1.75 m/s) and 1500 cm™ (2.62 m/s), on a minimum of
three specimens per sample, over a short period of time
(60 s) to evaluate the friction-coefficient trend at the ini-
tial stage of the friction-force action. Figure 7 and Fig-
ure § illustrate the friction-coefficient function of the
nSiC weight content in the matrix of the carbon- and
glass-fabric-laminated composites. It can be observed
that there is a significant increase in the friction coeffi-
cient with a nanofiller content increase in the matrix,
where substantial increments are obtained at the higher
testing speed.

500 pm (b)

Figure 6: SEM images of fracture cross-sections of: a) SCF/PR,
b) SCF/PR+0.5% nSiC, c¢) SGF/PR, d) 5GF/PR+1% nSiC
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Figure 7: Friction-coefficient values for SCF/PR/nSiC composites
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Figure 8: Friction-coefficient values for SGF/PR/nSiC composites

In the case of carbon-fiber-based composites, the
friction coefficient increases by approximately 10-16 %
when adding 0.5 % nSiC, 30-50 % for 1 % nSiC and
70-90 % for the 2 % nanofiller compared with the con-
trol sample.

For glass-fiber-based composites, the friction-coeffi-
cient increments are not as significant as in the case of
carbon fiber, as nSiC generates an increase of 14 % in
the case of the 0.5 % addition, 30-37 % in the case of
the 1 % addition and 4045 % in the case of the 2 % ad-
dition.

The differences between the GF- and CF-based sam-
ples regarding the friction-coefficient values are due to
different tribological characteristics of the two fiber
types, where the carbon fiber is an anti-friction mater-
ial*’, while the glass fiber promotes friction.?

4 CONCLUSIONS

The paper presents the obtaining and characterization
of glass- or carbon-fiber bidimensional, reinforced com-
posites based on the phenolic-resin matrix with different
nSiC contents. The obtained results showed that the ad-
dition of nanometric silicon carbide improved the tensile
and flexural strength and the modulus of the laminated
composites, and that the best results were obtained with
the 1 % mass fractions of the nanofiller contents for both
carbon- and glass-fiber-reinforced composites. The ten-

573



MATERIALI IN TEHNOLOGIJE/MATERIALS AND TECHNOLOGY (1967-2017) — 50 LET/50 YEARS

G. PELIN et al.: MECHANICAL AND TRIBOLOGICAL PROPERTIES OF NANOFILLED PHENOLIC-MATRIX ...

sile and flexural strength increased by 15-20 % with the
1 % nSiC content in the PR matrix for both glass- and
carbon-fiber-reinforced composites, while the tensile and
flexural modulus increased by 30-40 % for the car-
bon-fiber and 20-30 % for the glass-fiber composites.

In terms of the tribological behavior, the friction co-
efficient increased with the nanofiller-content increase.
For the glass-fiber-based composites, nSiC generated an
increase of 30-37 % when the 1 % content was added
and an increase of 40-45 % for the 2 % weight contents.
In the case of the carbon-fiber-based composites, the
control sample had a very low friction coefficient (0.13);
therefore, the nanofilled sample’s friction coefficient in-
creased significantly: by 30-50 % for 1 % nSiC and by
70-90 % for the 2 % nanofiller. It was observed that
higher speed rates led to higher friction-coefficient val-
ues.

The results highlight that 1 % nSiC by weight is the
optimum content for phenolic/fabric composites in order
to obtain both the maximum mechanical and tribological
improvements as, at this content, the optimum nanopart-
icle embedment into the phenolic resin is achieved.
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