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ABSTRACT

PRODUCTION OF CARBON DOPED BORON TO SYNTHESIZE HIGH
PERFORMANCE MGB:SUPERCONDUCTOR
MSC THESIS
EMIR PILTEN
BOLU ABANT IZZET BAYSAL UNIVERSITY GRADUATE SCHOOL OF
NATURAL AND APPLIED SCIENCES
DEPARTMENT OF PHYSICS
(SUPERVISOR: PROF. DR. IBRAHIM BELENLI)

BOLU, AUGUST 2019

MgB: has been known almost six decades although its superconductive
property is discovered only in 2001. Since then the usage in superconductive
wires, coils and magnets became quite common due to its convenience and cost-
effective availability. MgB: is a unique superconductor when it comes to critical
temperature (Tc = 39 K) occupying middle place between the so called low
temperature (LT) superconductors (e.g. NbTi, 9K) and the high temperature
BSCCO (Bismuth strontium calcium copper oxide) which is 108 K.

Superconductors need to reach these critical temperatures in order to work
efficiently. MgB2 can be easily cooled by the usage of liquid hydrogen or solid
state nitrogen/cryocooler that is readily available at a significant cost difference.

In this study we aimed to improve the superconductivity properties of
MgB:2 by doping with different carbon containing sources (sugar and malic acid)
at mass percentages of 3, 6 and 9. In the preliminary experiments, malic acid and
sugar were decomposed under thermogravimetric conditions (DTG, Ar) and the
weight changes, the temperature of decomposition and formation of pure carbon
(ca. 400 °C) were determined. The addition of Mg at this stage is not favorable
due to presence of the water which forms during the decomposition of the
precursor’s malic acid and sugar. The phase purity of the samples was analyzed
by X-Ray diffraction method. For the determination of the lattice constants in
each sample Rietveld analysis performed. To obtain numerical precession from
the XRD the measured reflections were calibrated with the well-known Si
standard. The results show the expected shifts in the lattice parameters a and ¢
axes with respect to the pure MgB2. Very typical hereby is the increase of the c/a
ratio in the doped specimen proportional to the amount of C insertion into the
lattice of MgB2. Starting from the same nominal carbon contents, the doping with
sugar is more effective than when malic acid was employed as C-precursor. We
believe that this is directly related to the homogeneity of the reactants - and
particularly to that of carbon - in the overall process.

KEYWORDS: MgB2, Malic Acid, Critical Temperature, Superconductor , Ball
Milling , Reitveld Analysis, Lattice Parameter
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OZET

YUKSEK PERFORMANSLI MGB2 URETIMI iCiN KARBON
KATKILANMIS BOR SENTEZI
YUKSEK LiSANS TEZi
EMIR PIiLTEN
BOLU ABANT iZZET BAYSAL UNiVERSITESI
FEN BILIMLERI ENSTITUSU
FiZiK ANABILIiM DALI
(TEZ DANISMANI: PROF. DR. iBRAHIM BELENLI)

BOLU, AGUSTOS 2019

MgB2, siiper iletken 6zelligi yalnizca 2001 yilinda kesfedilmesine ragmen
neredeyse on yillardan beri bilinmektedir. O zamandan beri, siiper iletken
kablolarda kullanim, bobinler ve miknatislar, kolaylilk ve uygun maliyetli
kullanilabilirligi nedeniyle oldukca yaygin hale gelmistir. MgB2, diisiik sicaklik
(LT) stiper iletkenleri (6rnegin NbTi, 9K) ile diislik sicaklik (LT) siiper iletkenleri
(6rnegin NbTi, 9K) ve yiiksek sicaklik BSCCO (Bismuth stronsiyum kalsiyum
bakir oksit) arasindaki ortadaki yer olan kritik bir sicakliga geldiginde benzersiz
bir stiper iletkendir. 108 K.

Siiper iletkenlerin verimli ¢alismasi i¢cin bu kritik sicakliklara ulagmasi
gerekir. MgB2, onemli bir maliyet farkinda kolayca bulunabilen sivi hidrojen
veya kati hal nitrojen / kriyo sogutucu kullanimiyla kolayca sogutulabilir.

Bu c¢aligmada, MgB2'min siiper iletkenlik Ozelliklerini, toplam karbon
iceriklerinin % 3/6/9'u arasinda degisen ve karbon igerikli farkli karbon igeren
kaynaklarla (seker ve malik asit) katkilanarak, kritik akim yogunlugunu ve
sicakhigini gelistirmeyi amacladik. On deneylerde, termogravimetrik kosullar
(DTG, Ar) altinda malik asit ve seker ayristirildi1 ve agirlik degisiklikleri, ayrisma
sicaklig1 ve saf karbon olusumu (yaklasik 400 ° C) belirlendi. Mg'nin bu asamada
eklenmesi, Onciil malik asit ve sekerin ayrigsmasi sirasinda olusan suyun
varhigindan dolayr uygun olmadi. Numunelerin faz safligi, X-Ray difraksiyon
yontemi ile analiz edildi. Her bir 6rnekte hicre sabitlerinin(lattice constant)
belirlenmesi i¢in Rietveld analizi yapilmistir. XRD'den sayisal bir terkip elde
etmek icin ol¢iilen yansimalar Si standardi eklenerek ile kalibre edildi. Sonuclar,
hiicre parametrelerinde a ve ¢ eksenlerinde saf MgB2'ye gore beklenen kaymalari
gostermektedir. Cok tipik olarak, katkili 6rnekteki MgB2'nin hiicrelerinde C
yerlestirme miktariyla orantili olarak ¢ / a oranmin artmasidir. Ayn1 nominal
karbon igeriklerinden baglayarak, sekerle doping, malik asidin C katkilayici olarak
kullanilmasindan daha etkilidir. Bunun, genel siirecte reaktanlarin ve 6zellikle de
karbonun homojenligi ile dogrudan ilgili olduguna inaniyoruz.

ANAHTAR KEI__]MELER: MgB2, Malik Asit, Kritik Sicaklik, Siiperiletken,
Reitveld Analizi, Orgu parametresi

Vi



TABLE OF CONTENTS

ABSTRACT ettt sttt %
[ 4 I SRR Y
TABLE OF CONTENTS ...ttt vii
LIST OF FIGURES ......oo ot viii
LIST OF ABBREVIATIONS AND SYMBOLS ..ot X
1. INTRODUCTION ....ociiiiiie ettt 1
1.1 Magnesium DIDOrde .......ccoevveieiieiicie s 3
1.2 PropertieS OF MgB2......ccoiiiiiii e 4
1.3 Structure of Applied SUPErcoNdUCLOrS .........cccoeivieerieiieieere e 6
1.4 Production of MgB2 CondUCLOrS .........cccceieeiverieiie e 10
1.4.1  Carbon AItION ......cccooeiieiiiieiiee e 12
1.4.2  POWAEI PrOCESSING ..c.veviiiieiiiieiieiesiesie sttt 13
1.4.3  Carbon doping on MgB2zand Its Effects ...........ccccovviiiinciinnnn, 14

2. AIM AND SCOPE OF THE STUDY .....ccciiiiiiinieieieiee s 18
3. MATERIALS AND METHODS........ccooiii it 19
3.1  Synthesis of Carbon Doped Boron powder ...........cccooveveeveiieneenenne. 19
3.2 General Synthesis of C Doped Boron with Sugar and Malic Acid ....20
4. RESULT AND DISCUSSION ..ottt 22
5. CONCLUSION AND RECOMMEDATIONS .....ccccooeiiiineneseseeeeeens 31
6. REFERENCES. ........co oo 32
7. APPENDICES ..ottt 36
8. CURRICULUM VITAE ..ottt 46

vii



LIST OF FIGURES

Figure 1.1. Graph of world helium extraction.(L. David Roper “Helium
Depletion,” 2016) ......oiveiiiiiiieiiic i 1
Figure 1.2 Crystal structure of MgB: (Silva-Guillén et al., 2015) ...........c........ 3
Figure 1.3. Critical surface and their use on conventional applications. ........... 5
Figure 1.4. Superconductive wire which is formed by comb ..........c.ccceevenee 7
Figure 1.5. Graph of superconductors by year and their cooling agents............ 8
Figure 1.6. Yield strength of the NbTi/Cu composite wire (Guan et al., 2015) 8
Figure 1.7. Stress-strain and its effect on Superconductors. ............ccccevveennnene 9
Figure 1.8. Method of production of powder in tube fabrication..................... 11
Figure 1.9. Thermal treatment of MgB2.........ccceoeiiiii i 11
Figure 1.10. Depiction of ball-milling process of any solid state material. ..... 13
Figure 1.11. TEM image of sample doped with 10% sugar...........c.cc.ceevevenes 15
Figure 1.12. TEM image of pure MgB2 sample. (Zhou et al., 2007) ............... 15
Figure 1.13. Crystal structure of MgB2C2 (Sawada et al., 2018) ..................... 17
Figure 3.14. Picture of cylindrical furnace...........cc.ccoovvvniiiiineiinciiseeees 20
Figure 3.15. Diagram of MgB2 Test and Production Appliances .................... 21
Figure 4.16. TGA Graph of Commercial Sugar. (“Thermal Decomposition of
Sucrose in Nitrogen Atmosphere | Lamentations on Chemistry,”
2U03) ... dr . A A ... W 22
Figure 4.17. TGA Graph of Malic ACId.........cccoeviiiiiieie e 23
Figure 4.18. XRD diagrams of all C-doped MgB2 powWders. ..........cccevuereennenn 23
Figure 4.19. XRD of 6% sugar carbon doped MgB2 .........ccccceveieniiiniiniennn, 24
Figure 4.20. Comparison of the XRD patterns of MgBa...........ccccocevveveiiennnn, 24
Figure 4.21. Miller indices for MgB2.......ccooveiiiiiiiiiiie e 26
Figure 4.22. The lattice parameters of carbon (sugar) doping of MgB2.......... 28
Figure 4.23. The malic acid assisted version of the C doping method ............ 29
Figure 7.24. XRD of sample no:1 3% carbon doped (Sugar) MgBa................. 36
Figure 7.25. Rietveld analysis of 3% carbon (Sugar) doped MgBa................. 36
Figure 7.26. XRD of sample no:2 6% carbon doped (Sugar) MgB:2 sample. ..38
Figure 7.27. Rietveld analysis of 6% carbon doped (Sugar) MgB2 sample.....38
Figure 7.28. XRD of sample no:3 9% carbon doped MgB:2 (Sugar) sample. ..40
Figure 7.29. Rietveld analysis of 9% carbon doped (Sugar) MgBs.................. 40
Figure 7.30. XRD of sample no:4 3% carbon doped with malic acid.............. 42
Figure 7.31. Rietveld analysis of 3% carbon doped (Malic Acid) MgBs:......... 42
Figure 7.32. 6% carbon doped with malic acid addition MgB2 sample........... 44
Figure 7.33. Rietveld analysis of 6% carbon doped (Malic Acid) MgB=........ 44

viii



LIST OF TABLES

Page

Table 1.1. List of some known superconductors and their corresponding

critical temperature ValUES. .........ccccevvveiiiiiieie e 2
Table 1.2 Tc value of MgB2 and other SuUperconductors............ccoceeeevvrerneeene. 4
Table 1.3. Transition temperatures of some High-Tc¢ superconductors. (A.

AUGUSEYN, 2019) . 5
Table 1.4. A collation of thermal stabilities superconductors.............c.ccccvevnee. 7
Table 1.5. Decomposition temperature of few aromatic hydrocarbons

(Troyanov et al., 2002) .......c.cccveiieeiiiciiecie e 16
Table 3.6. Specification of the mixing of carbon content with boron............. 19
Table 4.7. Carbon doping with sugar of MgB2and yield in grams. ................. 25
Table 4.8. Carbon doping with DL-Malic acid of MgB:z and yield. ................. 25
Table 4.9. a and c lattice parameters of SUDStANCES. .........ccevviieerverriiiriieenne, 27
Table 7.10. Rietveld analysis of 3% carbon doped (Sugar) MgB.................... 37

Table 7.11. Lattice parameters calculated from (Klug & Alexander, 1974)....37
Table 7.12. Result from LECO Carbon analyzer 3% carbon doped (Sugar) ... 37
Table 7.13. Rietveld analysis of 6% carbon doped (Sugar) MgB.................... 39
Table 7.14. Lattice parameters calculated from (Klug & Alexander, 1974)....39
Table 7.15. Result from LECO Carbon analyzer 6% carbon doped (Sugar) ... 39
Table 7.16. Rietveld analysis of 9% carbon doped (Sugar) MgB.................... 41
Table 7.17. Lattice parameters calculated from (Klug & Alexander, 1974)....41
Table 7.18. Result from LECO Carbon analyzer 9% carbon doped (Sugar) ..41
Table 7.19. Rietveld analysis of 3% carbon doped MgB2 (Malic Acid).......... 43
Table 7.20. Lattice parameters calculated from (Klug & Alexander, 1974)....43
Table 7.21. Result from Carbon analyzer 3% carbon doped Malic Acid ........ 43
Table 7.22. Rietveld analysis of 6% carbon doped MgB2 (Malic Acid) .......... 45
Table 7.23. Lattice parameters calculated from (Klug & Alexander, 1974)....45
Table 7.24. Result from Carbon analyzer 6% carbon doped Malic Acid ........ 45



LIST OF ABBREVIATIONS AND SYMBOLS

BCS : Bardeen—Cooper-Schrieffer theory
Je : Critical Current Density

K : Kelvin

MgB:2 : Magnesium Diboride

MgO : Magnesium Oxide

MRI : Magnetic Resonance Imaging
Nb-Ti : Niobium Titanium

Si : Silicon

T : Tesla

Tc : Critical Temperature

TEM : Transmission Electron Microscopy
TGA : Thermogravimetric Analysis

XRD : X-Ray Diffraction

kV : Kilovolt

mA : Milliampere

Nb Sn : Niobium-Tin

NbTi/Cu : Niobium — Titan

MRI : Magnetic Resonance Imaging
ITER . International Thermonuclear Experimental Reactor
HEP : High Energy Physics

NMR : Nuclear Magnetic Resonance



ACKNOWLEDGEMENTS

| wish to express my deepest gratitude to my supervisor Prof. Dr. Ibrahim
BELENLI for his guidance, advice, criticism, encouragements and insight

throughout the research.

| would also like to thank Assoc. Prof. Dr. Mehmet SOMER for his suggestions

and comments.

Xi



1. INTRODUCTION

In this thesis we have aimed to improve methods used for synthesis of carbon
doped MgB2. MgB: itself is a great superconductor because of its high Tc. This
enables it to be cooled with liquid hydrogen or using combined solid nitrogen-cryo-
cooler, while the most Type-I superconductors require liquid helium environment to
be cryo-cooled. Another problem with the coolant and Tc is the helium reserves of
earth. Very few natural gas wells in the world have enough helium to separate it
economically from natural gas. The gas wells with the most helium content do not

exceed 3% percent, so it is in short supply.(Kornbluth, 2019)
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Figure 1.1.  Graph of world helium extraction (L. David Roper, 2016).

While world helium reserves are diminishing, need for reducing helium usage
initiated new developments in cryo-coolers. Use of solid nitrogen opened a new area
for cooling method. Temperature is lowered down to 10K with a cryo-cooler and
meanwhile the superconductor is submerged in solidified nitrogen. The only
downside of this application is the cooling time of the liquid nitrogen bed (77K) into
solid nitrogen using a cooling power of 6 W at 10 K and 15 W at 15 K which may
take 5to 7 days. (Yao et al., 2008)



With Tc = 39K, MgB: is the perfect candidate for this operation due to its
availability and low upkeep costs compared to other superconductors that require
liquid helium to operate (Table 1.1)

Table 1.1. List of some known superconductors and their corresponding
critical temperature values.

Compound Tc (K) Compound Tc (K)
BasSias 8.07 CeoRbx 28
CsCa 11.5 FeB4 2.9
CsLisCaz 11.15 InN 3
0.14 In203 3.3
CsK
CsKHg 14 LaBs 0.45
CeK 15 MgB:2 39
CsK 3.0 NbsAl 18
CsLi <0.35 NbsGe 23.2
CoLi 1.9 NbO 1.38
CsNa 2.3-3.8 NbN 16
C2Na 5.0 NbsSn 18.3
CsRb 0.025 NbTi 10
CeSr 1.65 SiC:B 1.4
CsYb 6.5 SiC:Al 1.5
Cs0Cs2Rb 33 TiN 5.6
CeoK3 19.8 ZrN 10



On the Table 1.1 as it can be seen that MgB2’s critical temperature is at the
range of liquid hydrogen coolant, which makes it a lot cheaper to operate than its

peers shown above.

1.1 Magnesium Diboride

Magnesium diboride was discovered around late 50’s but its superconductive

properties did not acknowledged up until early 2000°s (High & Field, 2001).
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Figure 1.2 Crystal structure of MgB: (Silva-Guillén et al., 2015)

MgB: has a higher T than its previous metallic versions of superconductors,
such as NbTi, NbsSn etc. revealing two-gap superconductivity (Buzea & Yamashita,
2001). Which means it has two superconducting gaps with different sizes on different

disconnected parts of its Fermi surface.

What makes magnesium diboride an appealing is that, it can be easily
operated below 39 K (especially around 20 K) which can be achieved with relative
ease by conventional methods. In contrast to other high Tc conductors, MgB2 became
more popular due to its simple composition and ease of synthesis from the starting
elements. The price of its components are cheaper than those of the other LT and HT

than other conductors, its simple production makes its performance/cost ratio to be



around 50 to 200 times higher than any other high Tc superconductor (Cooley,

Ghosh, & Scanlan, 2005).

Table 1.2 Tc value of MgB2 and other superconductors

Material T_(K) A (meV) £qL (nm) A (hm) B_.B,(T)
Pb 7.2 1.38 51-83 32-39 0.08 (B,)
Nb 9.2 1.45 40 3244 0.2(B.)
NbN 13-16 2.4-3.2 4 250 16
Nb3Sn 18 33 4 80 24
NbsGe 23.2 3.9-4.2 3—4 80 38
NbTi 9.6 1.1-1.4 4 60 16
YBa,Cu, O, 92 15-25 1.6 (ab) 150 (ab) 240 (azb)
(max., ab) 0.3 () 800 (c) 110 (¢)
Bi, Sr,CaCu, Oy 94 15-25 2 (ab) 200300 (azb) =60 (ab)
(max., ab) 0.1(c) >15 000 (¢c) =250 (¢)
Bi, 8r,Ca,Cu, 0, 110 25-35 2.9 (ab) 150 (ab) 40 (ah)
(max., ab) 0.1 {c) 1000 (¢) »250 (¢)
MgB, 40 1.8-7.5 10 (ab) 110 (ab) 15-20 (ab)
2 {c) 280 () 3(c)
Ba, K, ,Fe,As, 38 4-12 1.5 (ab) 190 (ab) 70-235 (ab)
c>5(c) 0.9 (c) 100—-140 (¢)
NdO, g, F, FeAs 50 37 3.7 (ab) 190 (ab)c 62-70 (ab)
0.9{0) >6000 (¢) 300 (¢)

Above table 1.2 shows the Tc value of MgB: and other superconductors and

also their london penatration depth AL and their critical magnetic field Bc (Alecu,
Stancu, Zamfir, & Cosac, 2007).

1.2 Properties of MgB:

Superconductors in magnet systems drastically reduce the power

consumption rate but it also affected by critical surface of the material that is being
made. High Tc superconductors are always preferred for electromagnets applications
for performing at 77 K.



Table 1.3. Transition temperatures of some High-Tc superconductors.
(A. Augustyn, 2019)

Transition Temperatures of Some
High-T,. Super conductors
compound T.iE)
Nd1_85060_15CuD4 24
¥ Bay Cug 04 oz
T'IEEEECEECUSDID 12-?
HgEBEECEECu3D3 1534

Nowadays, the vast majority of superconductor magnets are made out of Nb-

Ti wires or its combination. Reason for that is NbTi wires can carry supercurrent up

to5 T at around 4.2K. (Larbalestier, 1980)
Considering the commercial use of superconducting electromagnets, both Nb-

Ti and MgB:2 have similarities since magnetic field dependence of their transport

behaviors are similar.
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Figure 1.3. Critical surface and their use on conventional applications.



The high T of MgB2 magnets allows them to be used in high temperature
applications, also Jc performance ratio of MgB:2 conductors can have a high
magnetic fields at 8 Tesla operating temperature around low temperatures around 18
to 20K. (Vajpayee et al., 2008 n.d.)

Since this temperature can be relatively easily reached and these magnets are
significantly better in terms of cost/efficiency, there is no need of using a liquid

helium cryostat to cool the conductor.

Temperature of 20K can be easily reached with solid nitrogen or Hz which
can be used as a cryagenic liquid (Larminie & Dicks, 2003). Although it looks

convenient to use liquid hydrogen, it has some flaws as well;

e Low gas density, the size of a gasoline tank is three times less the amount
compared to a liquid hydrogen tank. (“The Advantages and Disadvantages of
Liquid Hydrogen - Liquid Hydrogen vs. Fossil Fuels,” 2018)

e High specific heat

e High thermal conductivity: The value of thermal conductivity for most gases
and vapors range between 0.01 and 0.03 W/mK at room temperature while
that of hydrogen gas is 0.18 W/mK. (“The thermal conductivity of gases |
Electronics Cooling,” 1998.)

1.3 Structure of Applied Superconductors

The application of conventional superconductors illustrated by their stable
and easy to use operation. Superconductors are made having various number of
superconducting filaments which are placed in highly conductive matrixes as show in

figure 1.4.
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Figure 1.4. Superconductive wire which is formed by comb

It is an important factor for a superconductor to carry a high current density
without any losses during the transfer of current due to thermal loss. It is possible to
release a small amount of heat during the transfer of current even for
superconductors which results in increasing temperature of the material locally above
its Tc (Kovalenko, 2017). These temperature increases could eventually cause a hot-
spot at which heat would accumulate overtime, and this hot spot can cause a local
increase of temperature on the magnet and evidently melt down the wire if the

accumulated heat is not equally drained while generated.

Wire itself has to turn back to normal zone which is inversely proportional to
its minimum quench energy. This is determined by few factors which; volumetric
heat capacity, heat generation, and thermal conductivity for heat drainage. Also it is
affected by heat propagation speed along the wire. A faster propagating heat means it

is quick spreading along the wire which makes wire to stay on its local temperature.

Table 1.4. A collation of thermal stabilities superconductors

Nb4Sn MgB, Bi;y5ryCag Cuy O,
T=42K T=42K T=20K T=TTK
Matrix Cu Cu (Fe)® Ag
f [%] 35 55 ¢ 30
B® [T] 10 3 0
T.(B)* [K] 13 35 110
J(B)* |1 []U_ﬂs,.-"lumi: 40 20 [i} 2
K% [W/mK] 384 173 (3) 691 (35) 436
p° [10790m] 0.3 0.6 (15) 0.6 (14) 5
c® [-10% T /m*K] 1.2 0.7 (1.7) 34 (20) 1550
Dt [-107%m? /5] 320 243 (1.5) 21 (L.7) 0.3
MQE  [1073]] 0.1 3.3 (0.04) 00 (D.14) 611

Minimum quench energy and normal zone depending on matrix materials as

can be seen from figure above. Higher the conducting matrix results in heat drainage

7



faster. Normal zone is hard to detect due to its slow expansion rate. At operating

temperature of 4.2K NbsSn and MgB:2 have a lot of similarities, but MgB: can

function up to 20K in terms of suitability.
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Figure 1.5. Graph of superconductors by year and their cooling agents

In addition to thermal stability, mechanical stress response may also impose

strict boundary conditions in a practical superconductor design.
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r T
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Figure 1.6. Yield strength of the NbTi/Cu composite wire (Guan et al., 2015)



At low stress level superconducting properties show a reduction in Tc when

the pressure is increased (Muller & Saur, 1964).
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Figure 1.7. Stress-strain and its effect on Superconductors.

(a) Stress-strain characteristics of high-strength Nb Sn superconductors. The

strength of Ta=Nb Sn wire was much higher than not only that of conventional



Cu=Nb Sn but also high-strength CuNb=Nb Sn wires. (b) Normalized critical current
as a function of tensile strain (Nishijima et al., 2005).

Even though, the effect of hydrostatic pressure on superconductors known for
a long time it took some time to characterize the superconductors by their mechanical
strain. Strain in applied superconductors by thermal strain built up in a composite
superconductor after its cooled down from its heat treatment phase to its operating
temperature, due to difference between thermal contraction of its filmament and
matrix. Then, its subjugation to wire when conductor is subjected to a large bending
and torsion when its first bundled up into a cable and wound into a coil. Lastly, and
the most importantly the stress build up due to Lorrentz force generated by high

current and high magnetic field.

Although there is limited amount of research in terms of MgB:2 in regards to
mechanical and thermal strain, these subjects are an important study for further

scientific findings.

1.4 Production of MgB2 Conductors

Conventional conductors are made of thin films of superconducting material
placed on to conducting matrixes. Wires are adjusted to the desired sizes by drawing
or pressing. While for some superconductors its easy to do these processes, MgB: is

hard to follow up due to its intermetallic compound structure.

Since this diffusion technique is not conventional to be used, putting powder

inside a tube became the regular the production method of the MgB: wire.
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Figure 1.8. Method of production of powder in tube fabrication

The tube in which powder resides in a part of the matrix at the end so it has to
be both electrically and thermally highly conductive. MgB: reacts with a lot of
known elements such as copper or aluminium which makes it hard to decide what
tube that has to be used. Materials that are relatively chemically stable for MgB: are
steel, iron or nickel. Although these materials are hard and not good at electrical and
thermal conductivity, they are stable enough to be used without having any diffusion
deformations with less chemical incompatibility in the form of diffusion of B. (Tolga
& Ibrahim, 2016)

Thermal Treatment of VigB2

1200

—_—
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400 -

=
Temperature 5

15

Figure 1.9. Thermal treatment of MgB2
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Thermal treatment of MgB:2 superconductor during its production, T1 and T2

signifies the ramp, heating and cooling temperatures accordingly.

1.4.1 Carbon Addition

After its discovery, MgB2 conductors became popular among the
conventional superconductors due to their easier fabrication process and higher
operation temperature which does not requires liquid-helium-free coolants. Second
impact has been made after realizing that it can also be significantly enhanced by
addition of carbon based compounds. This enhancement is expressed by the increase
of the critical current density Jc as a function of applied magnetic field (Zhou, Pan,
Wexler, & Dou, 2007).

Almost 20 years of extensive research efforts gave rise to noticeable progress
in MgB2wire fabrication showing superior high field properties with respect to other
superconductors. However, the low field performance could not be improved in the
same measure. Indeed, Jc is even lower than the other conductors below 5 T which

has been associated to lack of permeable nature of the material.

Mg + 2B — MgB:

Mg + 2B + xC — C:MgB2

Chemical reaction formula above shows the production of MgB: doped with

C of our choice in equation.

Carbon doping to MgB:is not a straight forward process. There are different
techniques which have their advantages and disadvantages. The simplest one is the
mixing and reacting of the solid components Mg, B and graphite which unfortunately
yields non-homogenous products. Better results were achieved when hydrocarbons
instead of pure carbon was employed. Most widely used one is DL-Malic acid. Due
to its soluble nature, low melting point and simple structure, it has an advantage over
other direct carbon dopants such as graphite, graphene etc. Homogeneity acquired by
using hydrocarbons resulting in a high Jc value matched with nanoparticles of SiC (L.
& Dou, 2010)
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1.4.2 Powder Processing

Ball-milling has been frequently employed to produce fine MgB2 (Xu et al.,
2006).

Materials

Balls

Figure 1.10. Depiction of ball-milling process of any solid state material.

Since MgB: is a relatively hard material, particle size distribution is an
important issue (Loh, Samanta, & Sia Heng, 2014). Separately, improved
connectivity which leads to higher Jc values, reducing the particle size can also lead
to better field of retention of the critical current (Giunchi et al., 2004). Also
confirmed is the contribution of the grain size to increase of the irreversibility field

B, which can be associated to improved boundary pinning.

The ball-milling method is conventionally easy and applicable to almost
every solid material when it comes to mixing. But there is a small problem regarding
the compounds nature when it comes to mixing this way. The longer ball milled
matter remain in the chamber, the more agglomeration occurs which affects the
particle size in the end product. An important challenge is achieving homogeneity
around a small amount of nano-additives and matrix materials, since dry mixing

poses the major problem of nanoparticle agglomeration. (T. Arai, 2015)
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1.4.3 Carbon doping on MgB2and Its Effects

Since the discovery of MgB:, various dopants have been introduced to
improve its properties and to enhance its superconducting performance. However, as
discussed above there is a problem with homogeneity regarding small amount of
nano-additives and matrix materials. Since homogeneity is a problem in dry mixing
process due to nano particle agglomeration, we have tried improving the
homogeneity by introducing most readily available carbohydrates into MgB:2 by
liguid homogeneous doping, namely sugar. Sugar doping has turned out to be an
effective substitution method for carbon and boron in MgB:2 so that a significant

enhancement of Jc could be achieved over an applied range field (Zhou et al., 2007).

One major problem for pure MgB is the presence of relatively weak pinning
centers leading to a rapid deformation of Jc as a function of B. Chemical doping is a
way to prevent or even strengthen the pinning centers. The method is easy, cheap and

a suitable way to introduce pinning sites into a superconductor.

As afore mentioned, carbon is introduced into MgB: crystal lattice by
replacement of boron which leads to a decrease of the anionic charge coupled with
formation of additional Mg vacancies due to the requirement of the overall charge
balance. Parallely, the substitution enhances the charge carrier scattering occurring

on Carbon substituted sites in Mg vacancies (Bateni et al., 2015).

Generally, nanometer sized particles are needed to ensure a homogeneous
doping procedure, but no matter how well mixing, grinding, milling is carried out

doping process is always impeded by agglomeration of particles.
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Figure 1.11. TEM image of sample doped with 10% sugar.

Figure 1.12. TEM image of pure MgB2 sample. (Zhou et al., 2007)

TEM images show the impurities in sugar doped sample. Sugar doped
contains more impurities are slightly bigger than undoped sample. The reduction of
grain size is the result of impurity particles introduced by the doping which can serve

as an additional nucleation site for grain formation.

Although, nano-size precursor particles were chosen for doping, it is a great
challenge to reach homogeneity distribution of small amount of nano dopants within

15



the matrix materials through solid state mixing. Agglomeration has always been a

problem on nano additive precursors.

Various forms of C have been attempted to introduce into boron but a
remarkable success could not be achieved yet, due to its poor reactivity at the
reaction temperature of MgB2. Also the use of carbon in form of hydrocarbons failed

because of their high volatility already at moderate temperatures.

Table 1.5. Decomposition temperature of few aromatic hydrocarbons
(Troyanov et al., 2002)

Decomposition AH .20 Solubility,

Adduct Composition Temperature, °C kJ/mole mg/mL (£0.04)
CeoF13-2CsHs 50-130 b 0.48

C(,()F| 8" C(,H(, 130-160 ] 70(8)

CeoF 15 - CeHsCH; 120-190 55(3) 0.52

CeoF 15 - 20-CgHy(CH;), 40-80 61(6) 0.75
CeoF 15 - 0-CsH4(CH;3), 110-180 55(5)

CeoF s - m-CeH4(CHs), 120-160 47(4) 1.23
CeoF 15 - 2p-CHy(CH;), 50-100 38(4) 0.96
CeoF 13 - p-CeHa(CH3) 100-160 31(4)

To overcome such a problem, other hydrocarbon based materials were
utilized as dopant, one of which is DL-malic acid (Bateni et al., 2015). There are
several advantages of using hydrocarbons instead of pure carbon. Firstly, they can
easily be dissolved in organic solvents forming slurry with boron which evidently
increase its homogeneity. After evaporation of the solvent the obtained boron powder

is uniformly coated with previously applied carbon material (Kim et al., 2006).
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Figure 1.13. Crystal structure of MgB2C: (Sawada et al., 2018)

Secondly, hydrocarbons melt at lower temperature and decompose long
below the formation temperature of MgB2.Therefore generation of a fresh layer of C
on atomic scale reduces also the amount of carbon monoxide which may lead to
formation of by products, such as MgB2Ca. Lastly, due to the high reactivity of
freshly formed carbon, the substitution of boron by carbon can take place at the same

temperature as the formation MgB:.

The simultaneous reaction promotes C substitution for boron in the lattice and
the inclusion of excess C within the grains resulting in enhancement of Jc. Although
it results in small depression in Tc, carbohydrate substitution significantly increases
the C substitution levels which results in diminishing of the impurity level and

therefore improving the performance on all operating temperatures in the field range.

Carbohydrates like sugar, DL-malic acid are easily available and cheap. This
procedure solves also the problem regarding agglomeration on nano sized particles
and no longer need to use expensive nano additives while achieving high
performance properties. Doping with them provides an efficient and desirable way to

obtain homogeneous inexpensive and most importantly deformation free mixing.
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2. AIM AND SCOPE OF THE STUDY

In this study the major part of the investigations is focused on the question
which method and precursor compound is the most suitable one for the production of

C doped MgB2 powder to be used in superconducting wires.

For this purpose, we have synthesized MgB2 with two carbohydrate
containing precursors as dopant; DL-malic acid, and sugar. It is a well-known fact
that a good amount of enhancements in electromagnetic properties in MgB2 has been
acquired through doping with various carbon forms. Doping effects are limited by
agglomeration due to the mixing methods. For this purpose, Mg and boron (molar
ratio 1:2) will be thoroughly blended with 3%, 6%, and 9% -wt of sugar or DL-malic
acid, respectively. After the heat treatment, the results will be discussed analyzed in

terms carbon content.
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3. MATERIALS AND METHODS

Amorphous elemental Boron reagents were provided by Pavezyum Advanced
Chemicals, Magnesium and malic acid were purchased from Sigma-Aldrich and
Alfasol, respectively. Household sugar was used as second carbon source. Bruker D2
phaser — X-ray diffractometer and Bruker D8 — advanced X-Ray diffractometer was
employed for the analysis of the educts and products in the 2theta range of 20°- 80°
and at 40 kV and 15 mA with a variable rotation at 20 rpm along with 360° Phi. Slit
width of 0.100mm and increment of 0.01160 were used. All measurements were
performed with an increment of 1°/per minute in a total time of 60 minutes. The
powder samples were mixed in a LORTONE tumbler for 1 hour for before the
reaction for the heat treatment a vertical tube furnace was used equipped with a
standard Cr-NiCr thermocouple. Carbon content (%-wt) of precursor’s malic acid
and sugar) has been analyzed by TGA (Thermogravimetric Analyzer) Q500 after the

reaction.

3.1  Synthesis of Carbon Doped Boron powder

The stoichiometric synthesis of MgB: requires 0,47 / 0,53 mol ratio of B and
Mg, but since pure carbon cannot be used for doping, the exact amount of the
precursor sugar/malic acid has to be calculated separately beforehand. For this

purpose, we used the thermogravimetric analysis method.

Table 3.6. Specification of the mixing of carbon content with boron

C type C ratio Amount
Sugar 3% 0,29
6% 0,49
9% 0,69
DL-Malic Acid 3% 0,68
6% 1,36
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3.2 General Synthesis of C Doped Boron with Sugar and Malic Acid

Using the thermogravimetric analysis (TGA), one can easily calculate how
much carbon is left after thermal decomposition of the precursor. This amount
corresponds to the real carbon content to be accumulated in the MgB2 sample. We
used a standard batch consisting of 0.94 g B along with 1.06 g Mg to be mixed with
the required amount carbon source. It is important to note that this mixing cannot be
accomplished straight forward, i.e. Mg + 2B + carbon source, since both precursors
decompose at ca. 400 C to yield H20, CO and CO: as gaseous products. Since Mg is
very sensitive to water, air and CO, a major part of the magnesium would react with
water vapor and air to form magnesium oxide and would be lost for the main

reaction.

Figure 3.14. Picture of cylindrical furnace

Therefore, thermal decomposition of the precursor has to be done in presence
of boron which results in formation thin layer of reactive, amorphous carbon coating
onto boron powder. In the case of sugar addition, 0,94g B powder is placed inside a
metallic tube together with the required amount of sugar (0,2 for 3%/ 0,4 for 6%/ 0,6

for 9%) which in turn was inserted in an outer silica tube in Fig.3.15.
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2 2- Silica tube
/ 3- Gas inlet
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1 5- Bubbler

6- Thermocouple
7- Substance holder
8- Cylindrical
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6 10 AR | 9- Heat jacket
10- Inter gas

container (Argon)

Figure 3.15. Diagram of MgB2 Test and Production Appliances

The silica tube was then heated to 400 °C within 3h and annealed for 1h.
Argon gas was passed through the reaction vessel to remove oxygen and moisture
and the purge was maintained until the reaction was finalized. The obtained powder
was blended in a tumbler with the stoichiometric amount of Mg for the doping
reaction and the mixture placed in a steel ampoule. The latter was inserted in a
protective silica tube and heated in 3h to 800 °C, sintered for 6h and cooled down to
room temperature over a period of 12h. Again argon gas was purged through the
apparatus to avoid contact with air and moisture. Nitrogen as inert gas is not suitable,
due to formation of BN at T > 500 °C.

Same procedures were employed also for the DL-malic acid added version of MgB..
Since both dopants are solid and can be converted to fine powders revealing only

slight differences in the decomposition temperature.

The C-doped MgB:2 specimens were investigated by X-ray diffraction analysis with
respect to small but significant changes of their lattice constant due to carbon doping.
Particularly the a-axis seemed to be very sensitive to dopants on B site, as will be

explained in the next chapter.
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4. RESULT AND DISCUSSION

In this thesis, two different precursors were used to produce carbon doped
MgB: powder: carbon based sugar and malic acid. Both substances were thermally
decomposed and the grade of decomposition was analyzed by Thermogravimetric
Analysis (TGA).

Sample : Sucrose

Size : 6.9470 mg
Method : Ramp TGA
Comment : Sucrose Instrument: TGA Q500
RO |
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Figure 4.16. TGA Graph of Commercial Sugar. (“Thermal Decomposition
of Sucrose in Nitrogen Atmosphere | Lamentations on
Chemistry,” 2008)
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Sample: Malic Acid
Size: 20.8420 mg
Method: Amberlyst TGA
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Figure 4.18. XRD diagrams of all C-doped MgB2 powders.

It can be seen on figure 4.18 that even with argon gas there can be some

oxygen impurities and also some unreacted possible B4C formations marked with
red star.
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Figure 4.19. XRD of 6% sugar carbon doped MgB:
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Figure 4.20. Comparison of the XRD patterns of MgB:

There are no obvious differences between the XRD patterns of carbon doped
MgB:2 and its non-doped peer, slight but significant shifts in the peak positions

resulting from changes in lattice parameters.
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The accuracy of the peak shift can be observed on the figure 4.20. This can be
relayed to the use of a standard in order to see the peak shift accurately. In our XRD
measurements we used Si for a standard to separate peaks from the pure MgB.. In all
our XRD measurements we used Si as a standard to locate peak shifts in this

experiment.

Table 4.7. Carbon doping with sugar of MgB2and yield in grams.

Bi Sugar
in
No Specification Sugar in Before After Yield
gram
gram
% G G Nominal Real %
1h mill -
3 0,94 0,2 1,14 1 71,15
400C°
1h mill -
0,94 0,4 1,34 1,06 79,10
400C°
1h mill -
9 0,94 0,6 1,54 1,12 72,75
400C°

Table 4.8. Carbon doping with DL-Malic acid of MgB:z and yield.

No Specification Malic Bin MAcid Before  After Yield

acid gram in
gram
Theoretical Real
% G g %
gram gram
1h mill —
0,94 0,68 1,62 1 61,72
400C°
1h mill —
0,94 1,36 2,3 1,06 46,09
400C°

Regarding the results of the initial decomposition given in Tab.4.3 and 4.4,
the C-content of the sugar results are considerably higher than those of maleic acid.

This proves that insertion of carbon into boron and MgB2, respectively, seems to be
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more readily and straight forward when sugar is employed as carbon precursor.

Furthermore, sugar is cheaper and more convenient.

After doping, Rietveld refinement was employed for the analysis of the
changes in lattice parameters a and ¢ which are directly related to the amount of C-
doping. Prior to the refinement, the respective d and 2theta values of the undoped
MgB: were directly taken from the literature (Abe et al., 2009) and used. The most
relevant d values are stemming from the planes (100), (101) and (002). The
relationship between d-spacing and lattice constants in a hexagonal unit cell is given
in (1) [38]. The 2theta values for 100 and 002 peaks are directly related to a and ¢
axes, respectively, thus using the formula (1) next page the lattice parameter values
for a and ¢ were calculated. As mentioned above, the change of the lattice constants
in the carbon doped MgB:2 samples with respect to the pure magnesium diboride can
easily be derived from the shift of 2theta values of the XRD diagrams of the

specimen depicted in figures 6-7.

(101)

(100)

Intensity —
=
-_—
—_—

(001)
10 20 30 40 50 60 70 80

Figure 4.21. Miller indices for MgB:2

For the lattice parameter calculations, Rigaku software was employed. Every
% of carbon doping is calculated by the equation below (1). 2theta values are

selected from XRD powder patterns and corresponding d values are inserted into the
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equation. For hkl = 100, I?/c? is equal to 0, and for hkl = 002, (h? + hk + k?) / a° is
equal to 0, enabling the calculation of a and c lattice parameters for these specific

planes. For instance, 3% sugar MgB: lattice parameters are calculated as follows;

V3a2dz

L 4
3

Cc=——
23a2_

+M+L )_,_ I

':'\._

a = 3,091 for 2theta 42,52 degree

d = 2,124 for 2theta 42,52 degree

Here we find ¢ = 3,490

(1)

Table 4.9. a and c lattice parameters of substances.

Substance a c % ‘
3% sugar 3,091 3,490 3
MgB2
6% sugar 3,084 3,525 6
MgB2
9% sugar 3,068 3,522 9
MgB2
3% DL - 3,095 3,519 3
malic acid
MgB2
6% DL — 3,088 3,520 6
malic aid
MgB2
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Figure 4.22. The lattice parameters of carbon (sugar) doping of MgB2

In figure 4.22, as the concentration increase so does the a and ¢ parameter in

the lattice accordingly due to C changing the crystal structure as it substitutes MgB2

It is a well-known phenomenon that doping MgB2 with C has a drastic
negative effect of its critical temperature Tccoupled with an increase of the critical
current density Jc on higher fields (Mickelson, Cumings, Han, & Zettl, 2002).
Furthermore, it has also been reported that MgB:2 superconducting temperature
decreases with applied pressure; i.e. Tc decreases along with the reduction of the
lattice constants(Buzea & Yamashita, 2001). In the figure 4.20 we see the
comparison of the XRD patterns of the undoped MgB2 vs sugar and doped ones with
a C content of 3%-, 6%- and 9%-wt. Despite small errors, it can be clearly seen that
for both dopants the ¢ axis remains almost invariant. In contrast to the marginal shift
of a axis of only 0.002 A (3.090 A -3.088 A) in the malic acid case, the difference
for sugar-doped samples is markedly: 0.026A (3.090 A -3.064 A).
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Figure 4.23. The malic acid assisted version of the C doping method

Above shown the yield in terms of %wt carbon inside the final product as
much as sugar does, still have at least 65% of its carbon content transferred to final
product in MgB:a.

During the C doping into MgB2, the carbon atoms can migrate into the boron
sites or into interstitial positions within boron rings and grain boundaries. It is
reported that the very small changes observed for the c axis in doped samples are
related to C substitution into the holes of the 6-membered boron rings. Therefore, we
can assume that the real C doping into B sites and the nominal C concentration,
which is the theoretical amount of added C, and the terms nominal and real are used
in the literature to separate them. VVarious methods are reported to calculate the real C

concentration x (Bateni et al., 2015).

x=75(a))

Hereby A (c/a) is the difference between the c/a ratio of C-doped samples and
the c/a ratio of undoped sample, A._,) corresponds to:

C C
A(c—a)= (E)undoped - (E)doped

Using the experimental data for a and ¢ for pure and 6% sugar doped MgBa,

one obtains for undoped sample:
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A 3,515 3,525
=™ 3090 3,084

= 0,002

x=75%0,002 =0,015

From this result, we can see that the “real” and “nominal” concentrations are
1,5-10and 6-102, respectively, meaning that ca. 25% of the theoretically measured
carbon is inserted into the MgB: lattice. Using the above equation, one obtains for
the 6% malic acid doped sample x = 0.008. The latter finding confirms that in this
case the real carbon concentration in the MgB2 specimen is ca. 12%, approximately
half of the amount calculated for the sugar based one. The significant differences in
the carbon contents between the malic acid and sugar based C-doping experiments
are very likely due to the homogeneity of the overall process. There are no other
effects since all doping reactions were performed under the same temperature and
pressure conditions and no other element was used. Thus the slight but significant
changes in lattice parameters can be explained by different homogeneity and small
experimental errors. As summary, can say that substitution of carbon into MgB:2
would decrease the lattice parameter a while the ¢ parameter practically doesn’t alter
so that overall one observes an increase of the c/a ratio the lattice constants which is

proportional to the amount of carbon inserted into the MgB: lattice.
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5. CONCLUSION AND RECOMMEDATIONS

In the present study, five samples of carbon doped MgB2 compounds are
synthesized three of them with sugar and two with DL-Malic acid by means of
cylindrical furnace and conventional methods. Also, it is seen that sugar starter
shows greater yields than the DL-Malic acid on decomposition. All samples are
characterized via BRUKER XRD machine. Additionally, how much of the carbon is
reacted with the MgB: is checked and excess formation of MgO and B4C products

reported which also can conclude less than inserted amount is obtained.

From figure 4.16 we can see the amount of C produced when 6.9470mg
sucrose is being burnt. Remaining carbon content after its initial decomposition is the
carbon substance that we acquire from burning our sugar or malic acid in the furnace
at 400 °C. Unfortunately, there are no easy methods doing these aside from putting
carbon containing contents one by one into the furnace then taking them out and
mixing with B and Mg then to put back once again to synthesize MgB2. This method
is fast yet even with an inert gas in presence; Oxygen always reacts with the sample

contents.

Table 4.7 and 4.8 clearly shows that carbon doped MgB2 whose starting
material is sugar has a lot better reaction in terms of yield. Although both carbon
containing substances fairly easy to obtain and handle, sugar is dominating with a
little margin which can be explained as having a better decomposition and reaction
ratio with given Mg and B in furnace at 800 °C. Table 4.9 shows the lattice
parameters of a C doped MgB.. Figure 4.22 and Figure 4.23 shows the differences
between doped and non-doped version of lattice parameters and the shift when C
inserted in MgB.. This shift can be explained by changes in a and c lattice parameters

due to change in crystal structure when C fills the Boron vacancies.

To sum up, we have tested the best way to dope MgB:2 with carbon to get
highest yield and easiest method in terms of industrial production in between malic
acid and sugar. Crystal structure and lattice parameter a and c it is found that sugar is

a better candidate for its reaction % and its yield overall.
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7. APPENDICES
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Figure 7.24. XRD of sample no:1 3% carbon doped (Sugar) MgB:
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Figure 7.25. Rietveld analysis of 3% carbon (Sugar) doped MgB:
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Table 7.10. Rietveld analysis of 3% carbon doped (Sugar) MgB:2

Sample-1-3%

2theta d-value

e
N o©Wo~No obhwN PR

e el el
~N o U~ WN

32.200 2,777
33.500 2,677
33.640 2,661
34.480 2,599
36.680 2,448
42.520 2,124
43.720 2,068
44.000 2,056
47.860 1,899
51.960 1,758
57.520 1,600
60.020 1,540
61.700 1,502
62.080 1,493
63.340 1,467
76.260 1,247
83.420 1,157

Table 7.11. Lattice parameters calculated from (Klug & Alexander, 1974)

a

c

%carbon

3,091

3,490

3

Table 7.12. Result from LECO Carbon analyzer 3% carbon doped (Sugar)

Bilesen
(Component)

Birim
(Unit)

Spektler
(Specs)

Sonuglar
(Results)

%

2,711
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Figure 7.26. XRD of sample no: 2, 6% carbon doped (Sugar) MgB:2 sample.
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Figure 7.27. Rietveld analysis of 6% carbon doped (Sugar) MgB:2 sample.
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Table 7.13. Rietveld analysis of 6% carbon doped (Sugar) MgB..

Sample-2-6%  2theta d-value
1 33.520 2,671

2 36.860 2,436
3 37.720 2,382
4 42.420 2,129
5 51.800 1,763
6 51.900 1,760
7 59.980 1,541
8 62.160 1,492
9 63.040 1,473
10 76.580 1,243
11 76.780 1,240
12 83.480 1,157

Table 7.14. Lattice parameters calculated from (Klug & Alexander, 1974)

a c %carbon
3,084 3,525 6

Table 7.15. Result from LECO Carbon analyzer 6% carbon doped (Sugar)

Bilesen Birim Spektler Sonuglar
{(Component) (Unit) (Specs) (Results)
C % 4,50
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Figure 7.28. XRD of sample no: 3, 9% carbon doped MgB: (Sugar) sample.
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Figure 7.29. Rietveld analysis of 9% carbon doped (Sugar) MgB:2
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Table 7.16. Rietveld analysis of 9% carbon doped (Sugar) MgB:2

Sample-3-9% 2theta d-value
1 17.780 4,984
2 18.840 4,797
3 33.700 2,657
4 36.840 2,537
5 37.180 2,416
6 38.960 2,309
7 42.580 2,121
8 42.920 2,105
9 52.000 1,757
10 60.220 1,535
11 62.400 1,486
12 63.260 1,468
13 76.540 1,243
14 78.540 1,216

Table 7.17. Lattice parameters calculated from (Klug & Alexander, 1974)

a

c

%ocarbon

3,068

3,522

9

Table 7.18. Result from LECO Carbon analyzer 9% carbon doped (Sugar)

Bilesen
(Component)

Birim
(Unit)

Spektler
(Specs)

Sonuglar
(Results)

%

543
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Figure 7.30. XRD of sample no: 4, 3% carbon doped with malic acid
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Figure 7.31. Rietveld analysis of 3% carbon doped (Malic Acid) MgB:2
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Table 7.19. Rietveld analysis of 3% carbon doped MgB:2 (Malic Acid)

Sample-4- 2theta  d-value

3%MA
1 17.620 5,029
2 18.080 4,902
3 18.300 4,833
4 18.700 4,741
5 33.400 2,680
6 36.420 2,464
7 37.940 2,369
8 40.400 2,230
9 41.800 2,159
10 42.200 2,139
11 44.200 2,047
12 51.660 1,767
13 51.920 1,759
14 61.220 1,512
15 61.920 1,497
16 62.920 1,475

Table 7.20. Lattice parameters calculated from (Klug & Alexander, 1974)

a c %ocarbon
3,095 3,519 3

Table 7.21. Result from Carbon analyzer 3% carbon doped Malic Acid

Bilesen Birim Spektler Sonuglar
(Component) (Unit) (Specs) (Results)
% 2,29
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Figure 7.32. 6% carbon doped with malic acid addition MgB2 sample
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Figure 7.33. Rietveld analysis of 6% carbon doped (Malic Acid) MgB:2
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Table 7.22. Rietveld analysis of 6% carbon doped MgB2 (Malic Acid)

Sample-5- 2theta d-value
6%MA
1 33.480 2,674
2 35.340 2,537
3 37.040 2,425
4 38.060 2,362
5 38.300 2,348
6 42.280 2,135
7 42.440 2,128
8 43.880 2,061
9 51.720 1,766
10 51.900 1,760
11 58.440 1,577
12 60.020 1,540
13 60.200 1,535
14 60.440 1,530
15 60.900 1,519
16 62.000 1,495
17 62.360 1,487
18 63.160 1,470

Table 7.23. Lattice parameters calculated from (Klug & Alexander, 1974)

a

c

%carbon

3,088

3,520

6

Table 7.24. Result from Carbon analyzer 6% carbon doped Malic Acid

Bilegen
(Component)

Birim
(Unit)

Spektler
(Specs)

Sonuglar
(Results)

%

2,10
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