Nanoszerkezet i anyagok eldallitasa,
vizsg alata és alkalmazasa
az MTA-SzFKI- Metallurgia és

Magness eg laborjaban

Témak és munkatarsak:

nano - fémporok (Au, Ag, Cu, Fe), Gulyas Gabor, végzbés diak
nano - SiC, Fazakas Eva, végzds PhD
nano-bevonatok - széaraz viz, Vida Adam, diak

- aktivalt Al , Temesi Otto, Macsuga Mate, diak
nanostrukturalt lagymagnesek , Huszar Adam, diak
emlékez 6 otvozetek , Pawel Kamasa, munkatars

Varga Lajos Karoly
MTA-SzFKI



Allapotsiiriiség N(E) (a) 3D, (b) 2D, (c) 1D és (d) OD rendszerekben



Fém nanoporok készitése
vizalatti femhuzal robbantas elektromos impulzussal.
(Gulyas G abor)

Torténeti visszatekintés:

Ewald Georg von Kleist: 1745 - Az elsé kondenzator

Pieter van Musschenbroek : 1746 — Leydeni palack

E.. Nairne 1774 — Az els6 drot robbantas kondenzator kistitése altal
Anderson 1920 - Kimutatta, hogy a felrobbantott drot hémérséklete eléri a
Nap hémérsekletét

E. Martin 1959 - Vizalatti drot robbantas
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"’ Demonstration

Leyden Jar
This jar can be separated into three parts: The outer metal
can, the glass jar, and the inner metal electrode. It was
used to demonstrate that the charge in a Leyden jar is held
in the glass, not the metal.

o




Vizalatti fémhuzal robbantas elektromos aramimpulzussal
Elonyok:

1. A vizes médium nagy atutési feszultsége (>300 kV/cm).

2. A viz nagy slrlsége csokkenti a fém parolgasat. Megné az egy
atomra esé energiaatadas

3. A viz 6sszenyomhatatlansaga csokkenti a drot tagulasat, néveli az
aramsirdseget.

4. CsoOkkenti a rovidzar energiaveszteseget.

5. Egyszer( kisérlet.



A folyamat feltétele, hogy a gyakorlatilag RLC aramkoér gyengén (alul)
legyen csillapitva, tehat az aram néhany oszcillacié utan szdnjon meg.

Ennek a feltétele, hogy R? 1
<

4L° LC
Ekkor az aram lefutasa: R
R? \/

— 2
U e 1 R

sin -——
L\/l LC 4L
LC 4L?

C =100 pyF, U =2000 V, | ~104 - 10°A/mm?Z,
A generator energigja: E = CU2%/2 =200 J = 12.5 eV/atom (30 mg-os Au drot esetén).
A Joule ftés meghaladja az atomizacios entalpiat.

Arany esetén H = 8,6eV/atom .

atom
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Figure 1. Principle scheme of experimental setup: 1 — high-voltage power source, 2 —
capacitor battery, 3 — wire supply unit, 4 — exploding wire, 5 — high-voltage electrode, 6 —
commutator, 7 — explosion chamber filling with liquid
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Nagyaramu impulzust el6allitd készilek a TOKAMAK maradvanyaibol:
- aramimpulzus alatti kompaktalasa amorf poroknak
- aramimpulzussal vizalatti fémhuzal robbantas



ompa_Vv_ AU38
150k 50 nm

A nanoarany szolok képe balra
60 ppm jobbra 120 ppm Elektronmikroszkopos felvetel

toménységben 3 hetes allas utan az arany szolrél Barna Péter
szivességeb 6l



Arany nanoporok alkalmazasa katalizatorként
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A CO katalitikus reakcio h émerseklet-id 6-tdmegarany abrazolasa
20%0,/Ar gazkeverekben, 10 °C/perc

hordozé: 3Ti + 2Fe, O, = 4Fe + 3TiO, , 20 h drles
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A CO konverzi6 alakulasa a h tés illetve f Gtés hatasara
Schay Zoltan (IKI) mérése.
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Eddigi hazai projektek a fém-nanorészecskék temaban:

Nanobakt projekt vezeto kkv: Auro-Science kft So6s Miklés

e-mail: soos@auroscience.hu
Cim: 1031 Budapest, Drotos u. 1.

Nanomereti Ag por és kolloid oldat
eloallitasanak részlépései
( kémiai redukcios eljaras )
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H. H. Nersisyana, J. H. Lee , H. T, Sona, C. W. Wona, D. ¥, Maenga:A new and effective chemical
reduction method for preparation of nanosized silver powder and colloid dispersion, Materialg



Metanano

nemesfém szolokat el 6allito (elektrokemiai és kémiai redukcios),
vizalapu és kdrnyezetbarat eljarascsalad
Kornyezetvedelmi és biztonsagtechnikai célu termékek fejlesztése

Vezetd véallalkozas:
Metal-Art Nemesfémipari Zrt. (Konzorciumvezetd Banki Sandor, sbanki@metalart.hu)
www.metal-art.hu.

P 0800341  Eljaras nagytisztasagu szabalyozhato nano méretl fém vagy
fémoxid részecskéket tartalmazoé vizes bazisu szoélok eléallitasara
Bejelentés napja: 2008. 05. 29.

P0800342 Eljaras karbon nano csdvek kémiai fémbevonasara
Bejelentés napja: 2008. 05. 29.

P0900632 Eljaras nano arany emulzio eléallitasara kémiai szintézissel
human alkalmazasokhoz
Bejelentés napja: 2009. 10. 06.



Nano-SiC eloallitasa mechanikai 6tvozéssel:

Si+C=SIC



nano — SIC kristalyos modosulatjai

Properties of major SIC polytypes

Polytype 3C @) 4H 6H (o)
Zinc blende
Crystal structure (cubic) Hexagonal Hexagonal
Space group T2-F4A3m C4,-P6,mc C4,-P6,mc
Pearson symbol cF8 hP8 hP12
Lattice constants ) )

A) 4.3596 3.0730; 10.053 3.0730; 15.11
Density (g/cn?) 3.21 3.21 3.21
Bandgap (eV) 2.36 3.23 3.05
Bulk modulus

(GPa) 250 220 220
Thermal
conductivity 3.6 3.7 4.9
(W/(cm-K))

Nekink a 3C (b) —SiC kell




Szaraz 6rlés SPEX malomban 5 gr minta 100 gr golyo, 56 h &rlés
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Raman intensity, a.u.

785 nm excitation

SiC: 700-100cm™

Si

grafit: 1000-1700 cm™
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488 nm excitation

Raman intensity, a.u.
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A Si és SIC fazisok szorasi hataskeresztmetszete joval kisebb 488nm-es gerjesztésnél,
ezért ezek tartomanyaiban alig lathato intenzitas.

A szén fazis tartomanyaban az als6 gorbe amorf szenre,

a fels6 pedig rendezettebb grafitos szerkezetre utal.



Nanobevonatok



Nanobevonatok

Szaraz viz

Két egymast taszitd, nem elegyed6 anyag onszervezédese

erdteljes mechanikai keveres altal
10-100 pm —es vizcseppen 10-20 nm-es hidrofob szilika bevonat = szaraz viz (DW)

ToOrténete: 1968 USA szabadalom: igazi mesterséges anyag

United States Patent Office 3,393,155

Patented July 16, 1968

ArrmUALMAYING POWDERED SCL
AND PROCESS FOR FORMING SAME
Filed Feb. 26, 1965

the reagent about 0.8 millimole of dichloro dimethyl silane
per gram of silica, The treated silica 'was most resistant
to wetting out in water and was found, by analysis, to have
a carbon content of about 1.3% by weight. Twenty grams
of this fluffy, hydrophobic silica powder was placed 1n a
quart can together with 180 grams of water, leaving al-
most half of the inside volume of the can in free air space.
The can was then covered and shaken vigorously on a Red
Devil paint shaker for about 214 hours.




Alapanyagok:
-pirogén szilika (SICl, égetése H, —ben), mérete 10-20 nm-es ,hépehely”
- Hidroféb adalék: dichloro-dimethyl silane 0,8mg /1 gram silica

-Gyari terméek: AEROSIL® R 812 S Degussa
- HDK ® H20 Wacker



A kisérletek soran két klilonb6z6 ceg, a Degussa és a Wacker cég
saltal gyartott szilikat hasznaltuk.




o

,Szaraz viz”, dry water (DW) egyszeri keveréssel.
A kevero felépitése sematikusan, aranyokkal:

N

d/D 1/3
H/D 1
Y/d 1
Si02

H20




& késotmerey




Az elkészult DW optikai mikroszkop alatt. A sétéet mez6k a vizet magukban tarto
silicarészek,a kovetkez6 dian nagyobb felbontasban is lathato az anyag szerkezete.




Ezen és a kdvetkezd dian egy-egy kiszemelt vizcsepp lathato,
melyeknek megmeértik az atlagos atmergjet.










Az utolso kép pasztazo elektronmikroszkoppal késziilt. Itt
lathatd igazan a vizcseppet korulvett silika szerkezete,
ahogy mint egy kis gomb, koruloleli a cseppet.




Solubility {g gas per kg water)

Kulonb6z6 gazok olddédasa tombi vizben
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Alkalmazasok:

1. Katalitikus reakciok: példaul, a maleinsav és a hi  drogén reakciojat,

melynek soran succinic sav keletkezik.

A maleinsavat elkeverték a tombi vizbe, amibdl azutan szaraz vizet keszitettek.

A szilika héjon keresztul atdiffundalt a hidrogen és minden keverés nélkil vegbement
a reakcio.

2. CO, megkotése:

A Liverpool Egyetem kutatoi (Ben Carter) azt talaltak,

hogy a szaraz viz 3x tobb CO2-t képes elnyelni hidrat formaban,
mint az azonos térfogatu tombi viz.

3. CH, tarolasa (kutatasunk alatt):

A szarazvizben tarolt metant egyszer( és biztonsagos szallitani

A tarolt metan térfogata 180x —osa a szaraz vizcsepp térfogatanak

Elvben, az igy tarolt metant tizemanyagkeént lehet adagolni bels6égéesi motorokban.
Ez a lehetéség még bizonyitasra var.

4. Szenyviz tisztitasa (kutatasunk alatt):  ammonia, és hidrogénszulfid (H,S)
megkotese és szallitasa.

5. Au és Ag nanorészecskek tarolasa (kutatasunk alatt)  : kozmetikum alapanyag



Aktiv alt Alum inium
Aktivald katalizator GIS = 68Ga-20In -12Sn
szobah omeérsékleten folyékony fém

Hidrogén termelés az aktivalt Al +viz reakcigja altal

2Al + 3H,0 =AL(OH), +1,5H,
1. Lassu kinetika: Folyékony fémben oldjuk az Al-t + viz

2. Gyors kinetika: Folyékony fémmel (GIS) nanobevonatot hozunk létre a
mikrométeres Al szemcséken mechanikai érléssel +viz

Energias Uriiség:
- 6lomakkumulator: 40 Wh/kg
- aktivalt Al+viz : 2000 Wh/kg, kb 50x jobb



Overview & History

Originally discovered by Prof. Jerry Woodall in late
1960's and patented by IBM

Alloys Initially contained low weight percent aluminum
(<5 wt. %) and were reacted in liquid form with
water

New work began on alloys with higher wt.% after
Prof. Woodall's arrival at Purdue University in the
spring of 2005.

First successful solid alloy was created in March
2006 and was ~ 18 wt.% Al

A mi modszeriink Ujdonsaga az 6érléssel valo apritasa és bevonatolas
a 10-100 mikrométeres Al szemcseknek 10-20 nm-es GIS folyekony fémmel.
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Preferalt —_
szemcsehatar t=0 perc

nem ragadt ra
LM

Preferalt t=6 perc
szemcsehatar

t =19 perc

Fellleten is
terjed

A szemcsehatar menti behatolas GBP jelensége GIS altal Al-ban



GIS haladasi sebességek a
kilonb6z6 szemcsehatarokon

megtett ut ido sebesség
[pm] [s] [km/s]

1 14511 54,0 268,7
2 26915 280,0 96,1
3 9637 1569 6,1

4 20684 300 68,9
5 12222 411 29,7
6 6111 63 97,0
7 15748 79 199,3
8 14338 314 45,7
9 16923 372 45,5
10 10107 1196 8,5

11 19979 4329 4,6




A folyékony fém kivalasa az AlgGIS,, éntecsbl



Skéla : 5um
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Az aktivalt Al szemcseék feluleti bevonatanak DSC jele.



Hidrogeén kihozala [ml/g]

Mintak hidrolizise ioncserélt vizben
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Szabadalmi bejelentés: P0900730



volumetric capacity (g/L)
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Nanostrukturalt lagym agneses anyagok
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“CO2 emissions from fuel combustion”, International Energy Agency, 2011 Edition.

Az energiafelhasznalas nbvekedésével nbvekszik a lagymagneses anyagok
szerepe és felhasznalasa. Ma a legjobb lagymagneses anyag a nanokr. Finemet
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nyomtatott aramkori lapba impregnalva.



Vékony szalag hiszterézis gorbéjének tervezése mechanikai fesziltség alatti h6kezeléssel
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Permeability, ¢’
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A lefektetett gorbejl, u = 60-as permeabilitast vasmag 50 MHz-ig mikodik



Ferromagneses emlékezd Otvozetek
Indiai egyluttmukddésben

Saurabh Kumar Srivastava, Vijay Kumar Srivastava, Lajos K. Varga, Viadimir ¥. Khovayle, Ryvousuke

Kainuma, Makato Magasako & Batnamals Chatterges, “Systematic study of strugturl, tinsport, and niagneic
properties of Migs, Mas, Als (1 <x <3} melt-spun ibbons”, J. Appl. Phys, 109, 083915 {21 1)

Saurabh Kumnr Srivastava, Vijay Kumar Seivastava, Anupom Joshi, Pawel Kamasa, Lajos Kdroly Vargn, V. V.

K lovaylo & Rememala Chatferjes, A lew tempernture anomaly obaerved i off-sto0ichi omeiric M- Mn-Cra Svsteni

siuligd by I'-igl||_'-r'll:'|rr|;1-;:-1||-|..'-:|-:-'-.|.'.--_'|.'|:|I.i|.'pilil].' measurements”, Appl. Phys. Let 97, 122305 (2010]
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e




Active Materials-Definition-coupling

electric

T g8 Piezoelectric
’* Curie in 1880

Shape Memory
Chang & Read
1932

Magnetostrictive
Joule 1842




What i1Is SMART material?

Material that changes the coefficient of one
SHAPE
of Its properties In response to an external

| T/evmp | S@PE
stimulus and when this change can be used
Tome

to control the stimulus.



Comparison between SME and other Smart Materials

SME Piezoelectric Magnetostriction

Physical Martensitic
phenomenon Transformation | Piezodectricity | Magnetostriction

Actuation Thermal Electrical Field Magnetic Field
Principle
Bandwidth | 100 Hz 100K Hz 100K Hz

Working | Bending, tension|Depends on Electri¢c Magnetic field
mode Compression  |Field direction direction

Typical Strain ~ 1% -8% 0.12-0.15% 0.58-0.81%




Shape Memory Alloy (SMA)

Shape Memory Effect (SME)—

(a) Low temperature deformed phase

(b)-(d) reverting to the original shape
upon

heating[3]. (e

To explain we need to understand
Martensitic Transformation

Shape Memory Alloy by K. Utsuka



How do we understand Shape Memory
SMART Alloys ?

e Bains mechanism

 Ferromagnetic Shape Memory Effect
(FSME)



Notion of Martensitic
Transformation (MT)

Solid State transformation

Diffusional/ \Displacive

LR movement is required Do not require LR mov  ement
Different chemical composition = Same chemical composition

Depend on Both Time and Temp. Depend only on Temp.

M-T are of displacive kind and formed upon
cooling from high temperature parent phase
known as Ausfenite



(3)

Bain’'s Mechanism

FCC BCT (Body centered

tetragonal)

. W

(b) z4




Strain can be reduced by introducing twins

a ] [+ d e
Define shape Coolto low Mechanically Heat to high Cool to low
at high temperature deform at low temperature temperature
temperature (martensitic temperature (austenite) {martensitic
{austenite) twinning) (martensite) twinning)

[ SR

Heat

Cool

Austenite Twinned domalins of
phase martensite phase

e Deformation may take different direction in different regions of the sample.
o These structural domains have well defined boundaries (twin

boundary) and are called variants.



Shape Memory Alloy

AP

“* A material, previously deformed In
MARTENSITE (the low temperature) phase-
recovers its original shape, when heated up to
the austenite-the high temperature phase.

“*The martensitic transformation occurs across a
given range of temperature (M, to M;, from
austenite to martensite and A, to A;, from
martensite to austenite)



Phase transformation
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Thermodynamic Aspect

« Transformation temperatures are defined as
follows

M.- Martensite start temperature
M- Martensite finish temperature
A.-Austenite start temperature
A~ Austenite finish temperature

Phase transformation temperatures can be
determined by measuring physical
properties as a function of temperature



Need for Ferromagnetic Shape Memory
Alloy (FSMA)

The material should show following property for best
actuator and sensor application

 High frequency response with large strain

No smart material seems to satisfy the above conditions
simultaneously so there is a need for some other material.



FSMA- realised In Heusler
Alloys

“* Firstly reported by Ullako in single crystal Ni,MnGa

“* Magnetic control of the shape memory leads to
rapid response of the actuator than thermal control

“» Magnetic field induced twin boundary motion

“* Recent research In off-stoichiometric Ni-Mn-(M) for
ductility and applications near R.T range



Enthalpy of allotropic transformation is ~ 0.25
kJ/mol ~ same magnitude or even lower than
the energy stored by cold working (Houska et
al, Acta. Metall.18, 81, 1960)

Assume a Molecular weight ~ 50g, density ~
8g/cc = 0.25 kJd/mol ~ 250J/50g = 5J/g

U
martensite- austenite transformation

On the other hand magnetocrystalline energy ~
10° J/m3=10° J/ 10°cm?/8g/cm* = 1/8 J /g

Zeeman energy : 1T*5000*80 A/m =
40*104J/m3 = 40*1043/10%cm3/8g/cm? =5*10-J/g



Deformation of a magnetic shape memory
alloy by moving a twin boundary by rotation
of an external magnetic field.

» Field-induced strain in FSMAs is tied to the crystallography, not the direction of M; it is
due to twin-boundary motion, which brings with it a change in preferred direction of
magnetization. = it is possible to rotate M (with no FSMA strain, only conventional
magnetostriction) in FSMAs of relatively weak anisotropy. In magnetostrictive
materials, on the other hand, field-induced strain is tied to M, not the lattice; it is a
result of magnetization rotation relative to the crystallography.

http://www.magneticshape.de/funktionsprinzip.html



Requirements for FSM Effect

 The material should be ferromagnetic and
exhibit martensitic transformation, thus
TM—>A< TC

 The magnetic anisotropy energy should be
greater than the energy needed to move
the twin boundary.



Progress in FSMA

The work on FSMA started in 1996 when both ferromagnetism and shape
memory effect were observed in Ni-Mn-Ga alloy by K.Ullako in R.C.
O’Handley’s group .

In 1999, 0.3% strain was reported by Wu et. al., 1.3% by Tickle et al., 4 % by
James et al., 4.3 % by Tickle et al.

In 2000, 5 % and 5.1% reported by Heckzo et.al , 5.7 % by Murray et. al.

Later, Murray et al. reported 6.2% strain and Srivastava et al. reached 5.9%
strain at composition around NisyMn,;Ga,, and Ni,,Mn,,Ga,, respectively
almost reaching the theoretical maximum.

A .Sozinov et. al. obtained a maximum strain of 9.5% in Ni-Mn-Ga.

Y. Tanaka et.al. obtained 13 % in Fe-28Ni-17Co-11.5Al-2.5Ta-0.05B (at% )
Science 327, 1488 (2010)



A real actuator made from FSMA by Adaptamat

This demo is animated, but it shows the motion of the
axis. The actuator can be driven faster/slower (average
/7/0mm/s) and in bigger/smaller steps (accuracy <lum).

Source: www.adaptamat.com/demos/



HEUSLER ALLOYS

e Named after Friedrich Heusler

* Discovered Cu,MnAl Ferromagnetic,
although the alloy only consists of non-
magnetic elements

 Now, Heusler Alloy Is attributed to two class
1. Half Heusler alloy
2.
X,YZ
where X and Y are the elements of transition
metal and Z component from Ill-V elements



We have worked on the following aspects:

Single Crystal

Evidence of intermartensitic phase in single crysta | Ni-Mn-Ga- magnetically &
electrically verified

Observation of three martensitic phases in Ni-Mn-Ga single crystal- in
magnetic measurements

Effect of twin boundaries on electrical properties

Crystal structure identification of different martensite phases by low temperature X-
ray diffraction

Bulk Polycrystals

Series Nio., Mn.. Al (X=0,+1+2) prepared and detailed Structural property
studies of the alloys prepared by different heat treatment

Magnetic properties of the Aged Sample

Magnetic and electrical properties of annealed samples followed by equilibrium
cooled

Thin Films

NissMn,sAl,, studied in detailed



Summary

We have obtained an intermartenistic phase that starts
at ~270K which is electrical as well as magnetic in
nature

Existence of three martensitic phases is confirmed

It was found that three martensitic phases were
hysteretic in nature

Electric measurements by changing the twin

configuration are carried out ; which show that ins tead
of twin configuration direction of current along c- axis
affects the resistivity

At 2.5 % when twin boundary is maximum both T1 and
change in slope is found to be minimum.

Crystal structure at room temperature is identified as
Orthorhombic ( 7 layer modulated) & at 270 K it was
found to be 5M Monoclinic by using Rietveld refinement

MOST IMPORTANTLY- the 150 K transition was found to
be electronic only



Sample Preparation

Nickle Managnese&Aluminium of 99.99% purity

&

o

Pellets Of NE; Mn,:, Al,,

.

Vacuum (2 X 10°) annea

ed, 1000C for 72 hours

.

Quenched in ice

water ,Some samples

are taken out for
characterization

Some samples are
aged in vacuum (2
X10~> Torr), 400°C
for 450 hours




Four sets of samples having composition Ni;;,Mn,-Al,, were prepared and
different heat treatments were employed to achieve optimised properties
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X vSs. T plots of the samples prepared by different heat treatment. x -T
data were taken at the filed of 1000 Oe. x-1vs T and x vs. T for set IV.



Magnetic Measurements of Quenched & aged @ 400°C

S, — lowest Ni,
— 0.0035-‘4< = S]
X=-4 | ° S2
0.0030 4« - G
Martensitic vome] S5
. N P <« S6
: ‘ 0.00020
transiton above < J < R T
T O 0.0020- y & 000016
1 2
C o E £ 000012 ,:\x!?z;{;’%
S 0.00154 = BB \hv?‘zu..,ﬂ_
& 0.000084,, 44 1u DR 5,
o “‘“‘“‘MMMMA
>< 0.00104""rv . 250 260 270 280 290 300
0.0005 ] %‘« Temp (K)
0.0000 ——— . —_—
0 50 100 150 200 250 300
Temp (K)

T, Is quite low, however transition in three of composition at high temperature is
observed




AH

Calorimetry was used to measure
the AH and AS

 The change In enthalpy as obtained from
the heat capacity curve Is AH=-6748.46
J/mol (-1.33 J/g)

 The change in entropy for the
transformation thus calculated from DSC
data (by AS= AH/T, , where T ;=1/2(A;+M,)

e AS=-27.54 J/mol.K or (-5.43 mJ/gK)




Electronic and structural transitions In

Nis,Mn,eAl 5, PO

ycrystalline alloy
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Comparison of the enthalpy and boundary friction energy
obtained in the present case with the previous reports

Alloys AT (K) T, (K) AH J/mol | AS J/mol.K | F, J/mol
Cu29%Zn3%Alz | 10 254 -416.2 -1.42 21.21
Culd%Al2.5%Ni | 10 303 -515.0 -1.70 19

b
Ni,Mn,,Ga,:° 6 311 -1617.2 -5.20 12.76
Nig,Mn Al 35 247 -6748.46 | -27.54 o8

aY. Deng and G. S. Ansell, Acta Metall. Mater.

¢ Wong et al. Phys. Rev. B (2001)
dThe present work

38, 69 (1990)
bR. J. Salzbrenner and M. Cohen, Acta Matall. 27, 739 (1979)




Summary

e Set | confirms that

(a) The annealed sample followed by
guenching and aging at 400°C for 24 days

(b) Sample annealed at 1000°C followed by
equilibrium cooling to RT

exists in single phase known as L2,

» Formation of magnetic field induced phase
causes the virgin curve to lie outside the M-H
loop In set Il of aged sample

 DSC confirms the high temperature
transformation phase set |l of aged sample

* S4 (set Il of aged sample) shows the
magnetic as well as structural transition at RT



