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ABSTRACT

Since the isolation of graphene in 2004, much research has been conducted to understand
this novel material and how its properties can be utilizetifferent applicationsOnetype of
venture involves graphene as a reinforcing filler in metal matrix ositgs(MMC) whichis
becoming increasingly prevalent in the automotive and aerospace indu&ticgescomposites
combine the machinability and processing flexibility of metals withutigueproperties of
grapheneln fact, coppegraphenecomposites ha demonstrated ameliorated mechanical
strength withthermal conductivies elevated beyond pristine copggowever the challenges
that remain to commercialize copggaphene composites are numerod$ie most
challengeable one is thgtaphene must beniformly dispersed in the matrix and adheéoe
copper through an industrially scalable and affordable prokksgover, the volume fraction
of graphene must befficiently controlled, lest superfluous amounts lead to structural
detriment.

In thisregard, he emphasis of this study was to investigate a scalable and simafiledto
obtain suchMMC via powder metallurgy. Specificallygas atomizeccopper powdemwas
functionalized with 3aminopropyitriethoxysilangd APTES)in tolueneg(APTES Cu), resuting

in a positively charged surfacthen aqueously disperse@nd negatively chargegraphene
oxide (GO) could thenbe selfassembled on the surface APTES@Wa electrostatic
interaction(Cu@APTESCu). The thickness o&0 layers and morphologyn the powlerwas
controlled by modulatingAPTES grafting durationand APTES concentration in tole
Cu@APTESCu powders were thermally annealed before compaction and sintering in inert
atmosphere.

The results show that surface modification of metal powders serves as a scalable and versatile
approach t@oatgraphen®nmetalparticles for the preparation of grapkeémetalcomposites.
Surface modification of copper with Ov@l% APTES in toluene for 30 minutes was sufficient

to obtain composite powders with incomplete GO coatmigich nonethelesslemonstrated
improved hardnessiowever, cold working of sintered comgites was essential to densify the
porous structure created by redu@dduring sintering. On the other hand, sintered composite
samplesthat exhibited higher thermal conductivity than copper walstainedwith higher

APTES andGO loading. After thermal anealing, these thicker GO coatings were found to
improve thermal conductivity in sintered composites by acting as thermal bridges between
individual composite particles. Despite incomplete sintering of these composites, a 20%
increase in thermal condudtiy was attainable. Finally, both polarization scans and etching
measurements concentrated HCand ammonium persulfatAPS) indicate thatthe GO

coating decomposes on the outer surface during sintering. However, the reduced GO coating
can retard corrasn of the internal composite structure by diffusiohibition.

Keywords: Copper, surface functionalization, graphene oxmletal matrix composite
anticorrosion.
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Abbreviations
2D
APTES
APS
ASTM
Dl
EDS
GO
HIP
HV
LFA
rGO
SEM
SE
SLM
SLS
SPS
TGA
XPS
XRD
4PP

Two-dimensional
3-aminopropyltriethoxysilane
Ammonium persulfate
American Society for Testing and Materials
Deionized

Energy dispersivepectrometry
Graphene oxide

Hot isostatic presisg

Hardness Vickers

Laser flash analysis

Reduced graphene oxide
Scanning electron microscopy
Secondary electrons
Selective laser melting
Selective laser sintering
Spark plasma sintering
Thermogravimetric analysis
X-ray photospectrometry
X-ray diffraction
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Chapter | - Introduction

Graphenehas been extensivelstudiedsince its isolation from graphite by Novoselov and
Geim in 20041, This attention owes tthe unique physical rpperties ofgraphenewhich
include exceptional electrical conductiity (1.5x1¢ cn?/Vs), thermal conductivif§!
(5x10W/ mK) and Yo ¥{igT®a Sime tben,fosus has gradually shifted from
understanding grapheneds f undamenmdicllyuspd opert
andcommercializedOne of the main challenges developing a readily scalablagh yield
process for producing monolayers graphene witHarge lateral sizeAs an alternative of
perfect graphene which can only be prepared by mechanical exfoliation of graphene in small
size,graphene oxid€GO) canbe synthesized by a solution processing method from graphite,
and after reduction, theeduced graphene oxideGO) with high surface area and electrical
conductivity can be obtained in large scale for various applications

While potentialapplicationsof rGO are numerouspne of particular interest is asfiler in
copperto create a metamatrix composite(MMC) material’l. For instance,f properly
integrated into the copper matriO can complement copper witis own unique properties.
Specifically, it is proposed tha&O can anelioratewear resistancevhile improvingc opper 6 s
thermal and electric conductivity In addition,rGO can act as a protective coating against
corrosioffH7,

However for suchMMC composites to be commerciabyailable their production must be
inexpensive andeadily scalable. Thisequiresdeveloping a facile methotb uniformly
incorporateGO throughout the copper matriin addition to stringent requirements on sheet
size and morphologyMoreover, since the interfacial imgetion between graphene (oxide)
sheets and metal surfacesésy weak and onliimited tovan der Waals forces, it is necessary
to modify the surface chemistry of either constituenimprove their interaction

To this endpowder metallurgy of surfaceodified copper powder is promisingy modifying

the surface chemistry of copper particles vagecific functional molecules, th&sO can be
homogeneously dispersed in a powder feedstocikdrngased interaction between graphene
andthe copper surfac@.he resultangraphene/Ceomposite powder can then be utilized in
processes ranging from conventional prasdsintering to additive manufacturirigr further
applications

Research objectives

The main purpose of this research isdvelop afacile and scalable method for surface
engineering of copper power wi@O. To this end, the work in this thesis is twofold.

The first part concerns the process and chemistry behind surface modificat@perf powder
with GO. This involvesadjusting the processing parameters such as loading of functional
molecules and graphene to control the thickness of graphene coating

The second part investigates the effect of this coating and what propertieswshds$erein,
sintered composites of coppgraphene are evaluated and compared with pure copper. This
involves investigation of corrosion rates of powders, as well as mechanical and conductive
performance in sintered samples.



Thus, the overarching reselrabjectives are the following:

1.
2.

3.
4.

What synthesis mechanisms determine the coating qual&pafn copper powders?
How can GO thickness and morphology be controlled by changing synthesis
parameters?

How the graphene coating affects the properties and performance of copper?

How can copper powder modified withGD coating find use in industry?

Limitations

Samples in this work were only sintered in a conventional ceramic furnace, so an evaluation of
sample properties as a factor of thermal processing metliaglsnot part of this scope
Furthermore, limitations in machining prevented preparation of specifoetensile testing

Only hardness testing could be used to evaluate mechanical performance of samples.



Chapter Il - Background
Graphene and its properties

Graphends a two-dimensional 2D), oneatom thick lattice consisting solely abvalently
boundcarbon atomgFigure 1a) To form this highly orderedtructure thevalence electrons

in carbon arén planar sporbitalsand cov al e nt I-bpndbThasalhybrichorbitals g h G
are amalgamations of 3 valence electron orbital configurations in ¢cardorely the s,pand

py orbitals In other words, 3 out of 4 valence electrang carbon atonare tightly bound to

the base planén these electron orbitaland covalently bindo the s, p or p, orbitals of
neighboring atomsThe fourth electron is ia delocalized, unbound state in th@gbital which
caninteract withp, electrons inadjacentcarbon atomsThis is called a-bondandtogether

wi t h -bonksgit canstitutes the double bonds found in aromatic compounds. In this sense,
graphene is sticturally similar tgpolyaromatic molecules

() (b)

Figure 1: (a) Crystalstructureof Graphenavi t h  vi s i bl e?configwatinint al s,
grapheneAdapted from Karimi et df! under the Creative Commons license

This highly orderedand covalent structure, in conjunction with delocalized electrons, gives
graphenesome interesting properties not found in most other mateRal$ect graphene,

meaning a detached single laji'am graphite can boastfo a 1 TPa Youngb6s mi
intrinsic strength of 130 GPa, making it one of the strongest materials knosiatefh In
addition, electrons in graphene has no forbi
resulting inreminiscent of metallic electron transport. Combined withdite | oc a-1 i zed
electrans, thisendowsgraphenevith very high eleabn mobility® and electical conductivity

in the lateral plarié.

Graphene is also hydrophobic, chemically inert, and imper@aédgbmost gasedMoreover

the pure and isolated monolayers of graphehew ultrahigh thermatonductivity? (5000
W/mK), which is more than ten times higher than bulk coppérthese properties make
graphene a very attractive material for a plethora of applications, including microele€ftfonics
heat exchangdtd!, filters and sensoF$l. Another interesting application iss afiller in
polymer or metal basedomposite materidfs!, in which grapheneanosheetsvould be
incorporatedo improve thephysical propertiesf matrix material.

However,while these novel propertiexf graphenecreatedentirely new fields of materials
research anghow promisingndustrial applicationsmore efforts are needed to realize their
commercializabn. Firstly, the extraordinary propertiesf graphene arextraordinarybut
closely tied to the high crystallinity of the covalent &tice. In other words, if the surface
chemistry is modified byntroducingcovalent bond, the delocalized electrons in thstate
must be used for bonding Bgrming a hybrid sp orbital. As a result, the recosdreaking
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tensile strength and thermabructivity of graphene are only representative for controlled
systems in which grapheneasnonolayer and suspende&timilarly, the electric conductivity

relies heavily on the delocalized electrons. Introducing dopants or adjacent graphene layers
will perturb electron conductivity by reducing charge carrier density and mean fré&!path

short, these stringent conditions make graphene a challenging material to engineer.

Synthesis of graphene

Another challenge in industrial application of graphene lies imaigescalesynthesis In

nature, graphenis abundantbut it only existsin graphitewith ordered structures/an der

Waals forces between individual graphene layers in graphite maintains the structure, but also
makes it difficult to completely isolate single layers from graphite. Althdbgtstructure of
graphite has been known for some time, graphene was only isolated for the first time by
Novoselov and Geim in 2084 Their simple method involved mechanically exfoliating
graphene from graphite by using transparent tape. With enough exfoliations, a single layer
could be obtaineddowever, mechanicdy exfoliated graphiteexhibits the best perforamce,

but it is hardly to be used for practical applications due to low yietdyever,it is the best
choicein research tareate small yet pristine layers of graphene

Despiteits simplicity, mechanical exfoliation is netable for use at industrial scaléMore
scalable processes such as electrochemical exfoliation rely on good dispersion in affordable
solvents, such aBimethylformamide Since graphene is hydrophobic, exftdd graphene

layers in water will be poorly dispersed and aggregate oveFtm@ombined with poor
procesmg for monolayersthis is one of themain challenges ircommercializing graphene.

Pure, monolayer graphene can only be obtained lvithed methods,few of which are
sufficiently fast for high throughpu©One of the most widely usadethodsfor synthesizing
pristine monolayerss chemicalvapor deposition (CVD}hat needsa precursor gas, like
methane or ethane to grow grapheneon a copper substeatas both catalysis and
substrat@®h7],

As shown in figure 2 he synthesisf single hyer graphene via CVD methaiperformed at

high temperaturesndthegasdecomposes and diffuses into copper. Carbonaceous compounds
have low solubility in copp&F!, which forces carbon to nucleate at @esurfece. The carbon

atoms then bond with one another since this is energetically favorathler than remaining
dissociated. Once a monoatomic layer of desirable size has been synthesized, the graphene can
be transferredby etching away the copper substraiher technique$or example ??are
variations of this methodologly constructing single layers by assembly of precursors on a
molecular scale.
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Figure 2: Schematidgllustration of the CVD process for synthesizimgnolayergrapheneon
coppet showing catalytic decomposition and aggmn (i), nucleation (ii) and lateral
growth (iii). Reused from Chen et!&! with permission.

Graphene oxide and its properties

While graphenehave great potentiain industrial applications, its stringent fabrication
requiremerg and low throughpuare challenges thaieedto be solved™. As an alternative

to perfect graphen&O hasgarneredattention due tits scalable synthesis in solution, aitsl
combination of rich surface chemistry and potential as an inexpensive precursor for graphene
synthesis.

As the nomenclature implies, grapleeandGO are structurally similar. However, whereas
graphene is chemically inert and solely composed of hybfidritals, theGO monolayer
contains a substantial amount of hybrid spbitals bound taxygenatedunctional groups.
GO is a derivative ofraphenes illustrated in figure3, on the surface and edges@®, there

are hydroxide (OH), carboxyl {COOH) carbonyl {CO) and even epoxide groupsCf).
Carboxyl groups are confined to edges on@®t layer, while hydroxides can exist both on
edgesnd bonded thybritl drbétalsl Briggieg epoxidegyups also egistl are
confined to the lateral face§he exact chemical composition and oxidation states vary
depending on synthesis method

Epoxide Hydroxyl Carbonyl Carboxylic

Figure 3: Molecular structure o50. Adapted from Chua et & with permission.



Addition of these polar functional groups to a graphene monolayer significantly alters its
properties. In terms of tensile streng®0 is considerably weaker than graphene since the

| ayer most |l y-bondsntlan nfsa st ,n gtl ee 0 Ysoepartgddosbeimodul u
the range 207.6 + 23.4 GP4 which is an order of magnitude lower than graphéilly

oxidized, the structure entirely consists of hybritispitals formed by bonding the previously
delocalized electrons in.pn this casefully oxidized graphene has completely transitioned

from being asemmetal with no bandga eV, into an insulatowith O 1teV. This is

also reflected in the el@rical resistancé?, whichincreaseso 1.64*10¢° Y.

Figure 4 depicts the electronic band structures of graphenezahdAt six discrete points in
momentum spacehe valence band (VB) and conduction band (CB) in graphene are conical
and intersect at the Dirac point. Not only is the bandgap zero at this poifeyroigncharge
carriers such as holes and electrares considered masslesstroducingfunctional goupsto
graphene breaks down this quantum mechanical propedseating a band gap. However, the
exact bandjap ofGOvaries and is heavily affected bhymber of functional groups

Graphene Graphene Oxide Reduced Graphene Oxide

A

Momentum

Figure 4: Electronic band structure of grapher@O and reduced GOAdapted from
Sehrawat et df%! under theCreative Commons license

Introducing functional group® graphen&ot only deteriorates itslectrical conductivity, but

also its thermal conductivity in the lateral plame.fact, the thermal conductivity ifully
oxygenatedsO is reported to be only 6 B5W/mK at roomtemperaturé®. This reduction in
thermal conductivity owes to the increds#isorder instructure caused by an increase in
possible vibrational modes by transitioning front gpsp’ bonding. In addition to disorder
caused by functional groupS0 synthesis is quite aggressive and tends to introduce defects
either by incorporating adatomsaeaving lateral bonds, creating vacancies indtiece
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Synthesis ofGO and reducedGO

While fbottomupo methods like CVD are the only viable means for obtaining pristine
monolayer graphengithout impurities the synthesis d&Ois both more flexible and scalable
Thefi t -d p wwas used to synthesize G@m graphite. The current standard for tpwn
synthesis ofGO is often attributed to Hummersnd Offemal®!, who impoved existing
methods involving strong oxidation of graphiteyield GO. Most commercially availabl&O

is produced with this metllo

The principles behind HHigore® Firstda carbon souscd suchs i | |
asgraphite ore ismmerse in a protonated solvent with a strong oxidizing agert NaNG,

which catalyzes the reactio@ommonly the agent is(MnO4 and the solvent is a strong acid

such adH>SQu. Oxidizing the graphite causes it to expand significatklys increasing the

interlayer spacing andiminishing van der Waals interact®IThis causes the graphite oxide

to delaminate intélakes which can then be treated with dilute HCIH¥O. to remove metal
contaminantsintense stirring is often involved tdelaminate the GQayers The resultant

powder can then be furtheinsed with water until thgpH of solution reaches % before

sonication to furtheexfoliate graphite oxide intGO.

Reduced graphene
Graphite oxide

Crraphite

Mt Lt
U g
M LA 4 Exfoliation

U

® carbon

. oxygen

Figure5:1 | | ustr ati on ofdrobtainimyre®.rAdaptedrfrent Amaevh et &f!
under theCreative Commons license

Although it is a standard method for synthesizB1, Hummer s met hod has
Oneissuethatprevents industrial scalability is its production of toxic NOx gases via catalysis
reactions. For this reasaesearchers aim tmprove thenethodby eliminating use of NaN©

Improved versiort§’ often use alternatives suchtagP Qs or $0s2. Another limitation is that

the quality of GO obtained from Hummeéamethod is affected by both the quality of raw
graphite and process contrdhe lateral sheet sizg usuallysmaller than the original graphite

due to elastic strain introduced by addition of oxygen groups and shearing forces from intense
stirring. However, resultsreportecby Zhang et &f® showthat foregoing mechanical agitation

in favor of a stationary Hummersethod can produd8O layers more than 10@m long.

Removal of oxygen grougeom GO and restoration of thesgtructure is often desirable, since
this significantly improves the thermal, electrical, and mechanical propefti&S. However,
although therareseveral approaes toreduceGO (rGO), a complete restoration of the?sp
structure is unfeasible with most methods
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The most commomethods foisynthesis of GO are either via chemical or thermal reduction

of GO. For the chemical reduction method strong reductant is used with GO in a
hydrothermal redoxreactionto chemically dissociate the oxygen functional groups. In
research, hydrazinNH2NH,) is commonly usééf! since it is reported toeban efficient
reductant, obtaining rGO with C/O ratios near 10:1 while also restoring some of hoadjng
structur€®. However, hydrazine is both costly and far from -&dendly, which limits its
potential in commercializing rGO. Consequently, many researchers are devoting their attention
to finding better and more affordable altermasi. While few can match the efficacy of strong
reductants like hydrazine, findings indicate that simple chemical compounds-digeokbic

acid® and alanin&?! can be viat# candidates

As for thermal reductiomethod it is an annealing process for bond dissociation by heating
GO in an inert atmospherdhe most common approach for heating GO is by using a
conventional ceramic furnace, though more advanced setups employ mictosedives.

Unlike chenical reduction, thermal reduction is characterized by a stepwise change in which
oxygen containingpecies are released from the GO. In GO, there is a significant amount of
water intercalated between sheets. These intercalated water molecules are tbebgrst
released upon heating due to weak hydrogen bonding with adjacent hydroxide and epoxide
groups in GO Dehydration occurs in the 10@00 °C regime and coincides with
decarboxylation of labile oxygen functional grouige hydroxide and epoxidérom 300°C

and to 500 C, decarboxylation becomes more severe and causes significant structural defects
in the sheets as more stable groups are removed in the form of CO ardo@@natelythis
pyrolysis can be somewhat offsgttemperatures 508C to 900°C due to partial resration

of the sp structure in rG&*3],

GO metal composites

A metal matrix composite (MMC) is @latively new class of material consisting of a filler
componentdispersed in a metal matriXhe filler material can be a metal, though due to
differences in solubility and melting points they do not alloy with the matrix metal but retain
their morphology. Development of MMCs has been motivated by growing desdmd
specialized componentsspeciallyin the automotive and aerospace industries which favor
strong yet lightweight mateifito reduce fuel consumptidi 8. As suchspecialized MMCs
have become increasingly common in industry.

In this regard, graphene is interesting as a reinforitieg material in ©pper Monolayers of
grapheneare light with a ery low density of only 1.06 g/cfhy y et possesses hi
modulus, thermal conductivity and electric conductiviityaddition, the chemical inertness of
graphene makes it a possible to combine these features with corrosion pa&ivation

However, homogeneous dispersion of graphene fillers in a copper matrix has proven.difficult
Ideally, dispersednonolayers of graphene should have laterallaizgerthanacritical size*®!

(ca.30 nm for standargpolymercompositespndbe structurally stable withomanydefects,

even after heat treatment processes @zethbricating the copper compositéthe average

sheet size is below the critical size, the shear transfer loading between matrix material and filler
be subparCurently, most commercially available graphene dispersions fabricated by graphite
exfoliation have average sheet sizes an order of magnitude $tflaller

Furthermorefor a filler to structurally reinforce the host matrix, there must be some degree of
interfacialadhesiorbetweerthe filler and base materiaBerfectGraphene is chemically inert
and has low wettability on must surfaces, meaning that it does not ratiddiito the matrix

8



material*!l. In addition, due to its low densjtyan der Waals interaction betwegraphene
layers andpoor solubility in coppr, it tends to aggregate during high temperature processes
like sinteringf?l. As a result,lie degree of load transfer between pristine graphene and copper
is lower than the inherently strong mechanical properties of graphemd suggest

Thus, instead of introducingperfect graphene as a reinforcing filler, a more affordable
alternative is to us€O0. In addition topossessing higher interfacial adhesiortopperdue to
hydrogen bonds and van der Waals fore@®), is weakly aciit and possesses a negative
surface charge due tive presence of carboxylic grauphis enrichens the potential for
interface chemistry on GO, either by grafting new functional groups or using the negative
surface chargen Cuto improve adhesion via electrostatic interaction.

This tunable surface chastry can facilitate the dispersion of G@ithin a metal matrix.
Consequently, the upper and lower bounds for a cepger MMC&s properties
estimated bysing the rule of mixtures with respectth® fraction "Qof graphenesolumew

and coppevolumew |, asgiven in equation .1

Q — Q)

The estimation assumes a homogeneous dispersion of fillers in the matrix. In the case of elastic
modulusO, the upper bound for @O-copper composite would @,  which assumes that
loading is performed parallel to the graphene sheet direction.

Oy M p Q0 (2

If the loading is perpendicular instead, the maximum loading would be the lower®gund

a. Q p Q
°n T o ©

Similarly, the rule of mixtures can be used to predict the resultant upper andtmwels for
electric and thermal conductivitgither parallel or perpendicular to t&© filler. Graphene
would be distributed randomly within the copper matrix, so actual values would be
intermediate to the upper and lower bounds



Chapter Il - Materials and methods

This section covers the materials ugedynthesizinggraphene coatedu powders, as well as
the methods involved in their synthestharacterizationand analysis.

Materials

The copper powder wgsurchasedrom Carpenter Powder Products AB under the product
name UltraFine CoppevliM CCP 3123 270M15mm, originally sold as a higipurity powder

for metal injection moldingThe mesh size 270M signifies th&k mm is the largest particle
diameter with a 1m standard deviation. The particle size distribution was included in the
product data sheet and is givienFigure6 as the cumulative sieve pa3sis means that the
percentages given in the figure indicate how much of the powders can pass through sieves with
the given opening diamete#ss illustrated in the figure, 94% of all Cu particles have a diamet
smaller than 62m and40.8% of particles have diameters bel8d/nmm.

100

100
90
80
70 4
60
50

40 4

Cumulative pass %

30
204
10

um

Figure 6: The size distribution du particle.

Figure7 shows SEM images of the pristine copper powder. Most particles are spherical, though
many small particlesf 5-10 nm have fused together during producti®articles with more

than 50mm diametersvere irregularly shaped'he copper powdewas synthesized bgas
atomization.
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Figure 7: SEM images dds receivedCu powder particles.

Moreover, the product certification data sheet from Carpenter gives the elemental composition
of the Cu powder in wt%, as summarized in table 1 below. At the time of synthesis, only trace
elements present on the powder surface were iron and oxygentehal#te form of surface
oxides.

Tablel: Elemental composition of Cu powder in wt%.

Cu Fe Ag Sn Zn C S @) N
Bal. 0.04 N/A 0.00 0.00 N/A N/A 0.04 0.00

The GO used in this study was purchased from Graphefié concentration of GO
suspension i6.4wt% in water. According to the supplier, the water suspension contains 95%
monolayeiGOwith mean particle size less thanii. GOin suspensions tend to agglomerate
over time in storage due to interlayer van der Wdalcesand hydrogen bon#$l. Table 2
gives the elemental composition of purchaG&l as provided by the supplier.

Table2: Elemental composition @O

C H N S O
49-56% 1-2% 0-1% 2-4% 41-50%

The silanemolecule 3-aminopropyltriethoxysilane (APTES)asused to modify the surfaces

of copper powderd-igure 8 shows that APTES has an amine functional group and is sensitiv
to moisture. In contact with water, the ethoxy functional groups can readily hydrolyze and be
replaced with hydroxide groufd. In addition, Brgnstedcids can protonate the amine group
and bestow a pds/e charge to APTESAPTES canthen form covalent bonds through
condensation reactioribroughits hydrolyzed alkyl chainsgnd the protonated APTES have
electrostatic interaimin with negativdy chargel materials

NH,
NH3
. H+
H3C/\\D_,S|IIIHO . + 3 CHSCHZOH
0 H,0 Siw...
HO™ \™~0H
< CH- OH

CH4
Figure 8: Protonation ofamine and hydrolysis of APTES:
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The ®mbination of branched hydroxide chains and positicharged ammo groumakes
APTES a versatile surfactant moleculoreover, it has previously been used to surface
engineer other transition metals like titaniland ron by covalently bonding to surface
hydroxide&® and oxide¥*, respectivelyFor Cu,because of its surface oxide layer (~6nm)
the APTEShas the possibilities timrm single, double, or triple covalent bonds with surface
oxidesand hydroxidewia condensation reactiorfgigure 9) Multiple covalent bonds on the

Cu surface increasdiseresilienceof the surfactant. Furthermore, APTES can-peliymerize

to form a coherent, linked scaffold which further contributes to its structural stf€hgth
APTES has not been protolyzed in an acidic environment, the amine group will only form weak
hydrogen bonds to the oxide surface. However, even in a neutral aqueous solution some amines
will protonate, as will condensatioeactionsaggregat@dPTESby selfpolymerizationHence,

it is necessary to limit these reactions by usingpalar, organic solvents like toluene instead.

Figure 9: Possible covalent bondermedbetween hydrolyzed APTES and surfaces oxides on
Cu.

For this study, 99% APTES fro8igma Aldrich was used in 98% toluene from VWR. APTES
readily deteriorates if exposed to airborne humidity and was therefore stored in sealed packages
in a refrigerator.

Experimental

This section covers the synthesis methods used for most samples. &timertal procedures
begin with modifying the surface of copper particles before coating®¥ith

The synthesis parameters used for the samples are summarized in TddeBount of GO
used in synthesizing each sample is given as a permille of theiGhtwiehe weight of GO in
grams refer to the weight of the GO disperdiefore dilution.
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Table3: Synthesis parameters of CuGO samples

Amount Toluen Duratio GO  Sonicatio
GO Cu APTES e n (sol) n Vo Vcu

33wt 03g 65vol% 15mL  15h 259  N/A  50mL  50mL
. 80g O05vole 200mL  20h  40g ~ 2h  1000m 1000m

2wt a L L
10g 1.0vol% 50mL 8h 59 1h 400mL  200mL
0.05vol 100mL  100mL
0.1vol%
0.5v0l% 8h
1.g6vvt s0g 08vo% 150mL 429 an  SoomL 600mL
~1.5vo0l%
_0.2vol%
0.5vol% 15h 100mL 100mL
1.5v0l%
0.1vol%
0.3v0I%
309 05vol% 150mL  8h  7.5g  1h  600mL 200mL
Lwt & 0.8v0I%
1.5vo0l%
10g 0.2vol% 25mL 30min 2.5g 15 min 25mL  25mL
580 25vol% 500mL  15H 73'4 10 min  500mL  500mL
0'25"“ 180 0.2vol% 250mL  30min 59  15min  250mL 250mL

Surface modification of copper powder with APTES
In this study, the copper powder manufactured by Carpenter was modifieARIES in
toluene.

Copper was rinsed once with toluene before suspension in a tahueomsilicate glass jars
followed by addition 0f0.1vol%-2.5v0l% APTES depending on théarget thicknessThe
volume percentage of APTES was calculdtaged on the toluene volunéhe solutions were
sealed andhixing time varied between 30 nutesto 20 hours.

Cu-APTES was subsequently rinsed three times with new toludorebieying in air at 40°C.

Coating CUAPTES powder with GO

Dry Cu-APTES was suspended in distilled water before addition of sonicated GO of various
concentrations. Sonication time ranged betwegmihutes to 3 hoursyhereas the @ o f
GOrrelative to Cu ranged from 0.25v t ota .2 w

CUAPTES and GO mixed for 1 minute before disposal of the leftover solution. Resultant
CuGO powder was gently rinsed with water before drying overnight in air at room temperature.

13



After synthesis, CuGO was eitheharacterized by SEM or further processed. Some samples
were weighted and corroded in etching solutions of 10vol% acetic acid or&rBionium
persulfate (APS)Other were thermally reduced in a ceramic furnace.

Compaction and sintering

CuGO powders were compacted dyydraulic,uniaxial die press at pressures ranging from
0.625 GPa to 1.875 GPahis produced green bodies of CuGO, i.e. compacted samples
consisting of loosely bound particl@$hegreen bodieand sintered compositestdiled in this
thesis were all compacted a% GPa The dies were cylindrical, yielding compacted green
bodiesshaped like discuses witimensions 1cm x 0.15cn€ompacted amples detailed in

this thesis weréabricatedusing 1gCuGO or Cypowder.

Compated green bodies wettleenextracted andnalyzed wittRaman osintered in a ceramic
mullite furnace for 4 hours at 105C under Ar atmosphere. The heating rate wa€/Mmin.
The gas flow rate was maintained aB8CM for the duration of the sintering, and samples
were extractedfterthe measured furnace temperature had reduced6.80

Some sintered samples were fractured for fracture surface characterization.nSulels saere
clamped in a vice and fractured with impact force by a conventional hammer.

Thermal reduction of CuGO power

Thermal reduction of CuGO powder was performed in the same ceramic furnacé@/mis
heating rate, Ar atmosphere andr8’/s gas flav rate. The target temperature was 40Qvith

2 hours holding time. Like for the sintering, the reduced CuGO powder was extafeted
furnace temperature had diminished t°80

Corrosion measurements

Besides polarization, which is mentioned in detaib later section, the passivating effect
bestowed by GO and rGO were also assessed by static corrosion in etchant selcgitns
acid HCI solution and APS solution

The first measurements were penfi@d on 0.3 of Cu and CuGO samples in vials ofmh

10% acetic acid. The duration was set to 2.5 hours, and the vials were gently shaken every 30
minutes. After etching the etched powders were rinsed with DI water 3 times andtdfied

°C under vacuunfior 3 hours.

Similarly, the experiment was repeated with 0GAgand CuG(owders in 10mL 1®0l%
acetic acid for 7 days. This time, the vials were not shakenmittently. After 7 days the
powders were rinsed 3 times with DI water and datd0°C for 3 hours.

The last etching experiment performed vathCu and CuG@owders were done inals with

0.5M 10 mL APS solutionsThe etching duration was 5 hours and samples were gently shaken
hourly. After etching, the samples were rinsed with DI water 5 times and dried@tfd03
hours.

The sintered Cu and CuGO with the weigbt3g were etched 250 mL 37% HCI for ~300
hours. These samples were gently shaken once a day, between weightings. Before weighting,
the corroded samples were rinsed 3 times in DI water and gently driedomiipressed air

14



The weightings were repeated until the samples had decomposed to thé gisintegrating
in the HCI solution.

Surface characterization

Scanning electron microscopy (SEM)
SEMis the workhorse of higmagnification microscopy and characterization.

As the name implies, a SEM is a microscope that produces imagesobjeah by raster
scanning it with electroi€l. These electrons are emitted from a higitage electron gun
operating at 1kV20kV andfocused into a beam by several condenser lefi$ese lenses are
in fact toroidal magnetic fields, the shapes of which can be conttoltmrect for astigmatism
and focus the electron beam.

While an optical microscope would produce an image by concentrating photons reflected from
the surface oéin object, the SEM operates a little differently. In a SEM, the emitted electron
beam interas with the objects surface, resulting in several signals which can provide various
information about the sample.

Secomlary electrons (SE) are produced when the primary radiation, e.g. the incident electron
beam, ionizeatomsonthesurface osampleIn the main imaging mode, theS& are detected

by rasterscanning to construct images. As such, SE signals can providaldnformation
aboutthe surface topography samples

Alternatively, another imaging mode can be use that relies on backscattered e(&3tEns

In this mode, electrons emitted from the electron gun penetesteer intahe sample and

scatter elagtally. These elastically scattered electrons are then detected to construct an image.
Since the scattering centers are atomic nuclei, the probability of elastic scattering increases
with element mass. Consequently, BSE can be used to qualitativelytclearac z e a s amp
elemental composition by contrast. Heavy elements scatter more efficiently and appear brighter
than light elements.

Inelastic scattering also occurs at deeper penetration depths. When emitted electrons scatter
inelastically, they transfesome of their kinetic energy to electrons in the sample. These excited
electronsbriefly exist at a higher energy state before reverting to their ground state, thus
releasing xrays in the process. Thesexays are used to obtain in
elemental composition in energy dispersive spectrometry, which is covered more in detail in a
later section.

For our inspections, we mainly used a JEOL 7800F Prime operating with 5kV accelerating
voltage

Raman

In Raman spectrometry,maonochromatic las€e.g., 532 nmjs used to stimulate vibrational
modesin moleculesThe amount and characteristics of vibrational modes present in a sample
depends on the types of covalent bonds present, as well as the mass of the bondiffj atoms.

The mechanism involves arcident lasethatexcites valence electrons in the sample to higher,
virtual energy &ates, e.g. very shelived energy states that quickly reverttteeir ground
states, releasing radiation in the process. Most of the radiation scatters elastically, meaning that

15



the emitted photons have the same energy as the incident photons, whmhnsasRayleigh
scattering.

However, a small subset of the emitted radiation consists of photons with slightly teese
energy than the incident photon. This is the definition of Raman scattering, and the energy
discrepancys indicativeof the vibrationakind rotationastatesn the moleculé*®!

The vibrational modes igraphitic materialare represented by the D and G bandsyseh
vibrations resonate ahe ~1350 cm' and ~1580 cm! wavenumber, respectively. In pure
graphene or graphite, an additio@8l vibrational mode existat~2700 cm! which represents
vibration modesbetween multiple laye$!®l, Since graphitic materials have simple
structures consisting planar spand tetragonal Sprbitals, the available vibration modes are
limited and characteristic. In graphite, graphene@@xlthe G band corresponds to the planar
stretching of GC bonds in sporbitals. In other words, high intensity for the G bamdicates

high purity and low defect density. Conversely, the D band arises due to presenée of sp
bonding orbitals in the planar %fattice. In GO, these spbonding orbitals are caused by
oxygencontaining functional groups like hydroxides, or even @daimpuritiesbonding to

the layer. In addition, structural defects like vacancies and dangling bonds contribute to the D
band Consequently, the D band intensity gives a measure of oxygen candeiie defects

GO and the chemical purity of grapherkr this reason, pristine graphene has ideally no D

band and the quality afGO is often represented by an intensity ratip whereO is the
intensity of the D band ari® is the intensity of the G band in the sanipie.

The instruments used for this type of analysithe present studyere a WITealpha300R
Raman spectrometer, coupled with a 532 nm Nd:YAG (YttrAngenideGallium) laser.
Primarily, the Raman spectrometry was used to confirmpifesence of GO on Cu powders
and within sintered samples. This was done both by point andResisan mapping was also
measured on the green sample to characterize the distribution of graphene.

Elemental analysis

X-ray photoelectron spectrometry (XPS)

XPSis a valuable tool fochemical analysis tdetermire the composition, covalent bonds, and
oxidation states afaterias. It is a surface analysis method that employgsiochromaticX-

ray irradiance under high vacuum to eject electfoms a samplé*®! These photoelectrons
possess kinetic energy that is characteristic to covalewifgstatesand the photoelectrons

are only generated within 18m of the surfaceln other words, once detected these
photoelectrons can provide crucial informatiorioi e c hemi cal s tsaface,s on
in particular the binding enerdy ascalculated from the simple equation below.

O " O (4)

Here, O is the kinetic energy of emitted photoelectrons whef@astip c v @ @ X @ W @
p 1 Qd isthe Planck constaanduv is the frequency of an incidentpdy. Together®
constitutes the energy of saidry.

The binding energ is characteristic to each type of covalent bond and will be influenced
by the oxidation state of the bonding atoms. This influence yieltl gan&ations in the binding
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energy, which in turn can give a complete understanding of which bonding modes are present.
For example, in a ©H bond the binding energy 86,5 eVwhile in a C=0 bond it i288
eV. In the first case, copper has an oxidation state | and in the second case it is Il.

This sensitivity to oxidation states makes X&$owerful method for elemental analysis,
especially concerning carbonic compoufdis.

TheXPS analysisletaled in thisstudywas performed on a PHI 5000 VersaProbe Il Scanning
XPS Microprobe. The Xay source was monochromated with emission energy 1486.6
eV. The XPS analysis was used to inspect surfaodified Cu powders and evaluate the
bonding males between CAPTES and APTES0. These powdered samples were mounted
on carbon tape. Cross sections of prasdsintered samples were also analyzed with XPS. In
both cases, the-Xay beam diameter was 0.1mm

Energy dispersivepectrometrfEDS)

Energy dispersivepectrometrfEDX) is a qualitative elemental analysis method that is often

done in conjunction with SEM. It utilizes an electron beam emitted from an electron gun,
typically from the same gun asthe SEM, to promote valence electrone a s ampl ed s s
to higher energy states. The lifetime of such higher energy states before the excited electrons

will revert to their base energy states. This relaxation releasey Xadiation which is
characteristic to the element. Although it duicy pr ovi des i nformati on
elemental composition, it is only qualitative in nature and no additional information, such as
bonding states, can be discernetbwever, it can be usedith SEM to createelemental

mapping, which qualitativelydescribes how known compounds distribute or aggregate.

Laser flashanalysis(L FA)

The laser flashiechniqueis a widely used methodf measuring the thermal diffusivignd

thermal conductivityf a sampleAs the name implies, the concept of the meibkad flash a
controlledlaser pulse atthins amp|l eés surface and then measul
increase on the other side of the sample. The higher the thermal diffusivity of the sample, the
faster theheat will diffuse tathe detector sid®. For si mpl i ci t yesthats ak e,
the samfe is machined int@ specific shape to fit into a sample holder and distribute heat
evenly. As illustrated in figur&0 below, the most common shape ismaalldisk or coin.

Laser pulse

Heat diffusion ¥

Detector

Figure 10: The LFA method.
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In a wellcontrolled setup, the system is adiabatic, meaning that no heat is transferred to the
sample from the outside nor expelled as waste. In this case, the thermal difffvits/s]
can be calculated from the following formula.

® T O G- (5)

Here,Q[cm] is the sample thickness in cm aigl [s] is the haHlife of the highest measured
diffusivity. It should be noted that one requirement for using the LFA method is to coat the
sample surface with a micrometer thick layer of graphite to ensure good laser absorptivity. If
the original sample is too thinte Thishseonlyar ap hi t
problem for samples of thickness less thamtDOncemis found, it can be used to calculate

the thermal conductivitfW/mK] of the same sample with the following equati®in

Q OYzZE YzrY (6)

Here,6 [J/kgK] is the specific heat capacity of the samatleonstant pressusad /s [kg/m?]

is its density.As implied in the equation, these properties are temperature dependent. For most
materials, both their heat capacity and density will increase with temperatbest not
significantly within a few hundred degrees Celsius.

In this work, a Netzsch LFA44Was the LFA instrument of choicEor the sake of simplicity,

0 , wandr were assumed constant during the LFA measurement. The Archimedes method
was used to measuregfor the samples anal was the heat capacity of copp&he specific

heat capacitpf the sample would be influenced by the inclusio®&f though it was assumed

that the heat capacity of the copper matrix would domiriatether words, the calculaté@

relied solely on measuredand would be compared against pure coppbe influence of
graphite on the samples6é thermal conductivit
scale thickness.

Hardness testing

Hardness test are a standard measurementithin materials engineering which gives

i nformation about a material s hardness and
are several types of hardness testing methodshéwll follow the same principles involving

indenting a sample matal with a geometric shap&he first hardness test was invented by the
Swedish engineer Johan August Brinell in 1900 and utilized a small, mounted sphere to indent
the test piece with a known force. The mat
corelating the indentations diameter with the applied f6rée.

While the Brinell hardness test is stiled inmaterials engineering, one o inain drawbacks

lie in the dimensions of the indenter. A spherical indenter would often require a large force to
deform the tespiece, frequently resultgnin microfractures and larger cracks if the material
was too brittle. As such, it has largely been replaced with the \gitieedness test method
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which can be used for all metals and has a much wider range of hardness values. Instead of
using a sphericahdenter, the Vickerhardness test uses a pyramidal diamond indefter
This makes it easier to calculate the hardness from the indentation.

The Vickershardness, given as HV, can be calculated with the following formula:

PR So )
o6 coo el 2 ™
Q

Here, Ois the applied force in kilograiforce, Qis the arithmetic mean ofindentation
diagonals and the angle P36 or r esponds to the angle betwee
faces. Since this angle is constant, the equation can be siniflified

0w p& U ?)9 (8)

In this study, Vickers hardness measurements were performed on sintered Cu and sintered Cu
compositewnith a Struers DuraScarDto investigate whether graphene in the latter case would
increase mechanical toughneddue to the relative softness of sintered copper the
measurements were performed with p kgf, or HV1 if given in standardized formah

mean Vickers hardness for eadmple was found as an average of 5 indentations.

Four-point probe (4PP)

Resistivity is a fundamental property in a material and can be defined as the resistance against
current flow, or the inverse to conductivits a fundamental property it is influenced by

material composition and purity, but not dimensioning. The following relation, called
Pouilletdés law, @fxivémi bedweesisesansei Ri {y].

a
Y r—- (9)
0

Consequently, the measured resistance in a specimen is proportional to resistivity and the ratio
between lengtki[m] and crosssectional area [m?).

The most facile and widely used method for measuring resistivity is th@&mitrprobe (4PP).

As illustrated in figure 5, the setup consists of four probes with a controlled current passing
between the two outermost probekile the two innermost probes act as electrodes in a
voltmetel?l. The spacin@[cm] is equal between each probe
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Figure 11: Schematic of the 4PP setwxdapted from T. Sant88 with pemission.

In the ideal case, the sample to be measured is¥ikd& with a thickness of maximum 40%
of the probe spacin@and has a surface area 40 times larger tham this case, the measured
sheet resistanc¥ can be defined with measured voltage differefand applied curreri®
through a modi fication of Ohmés | aw:

(10

However, the measured will increase with sample thickneésince the mean free path of
electrons decreases. In other words, the thicker the sample, the more the bulk material will
influence the measured resistance. To rectify this, it is possible to apply a correction factor
which is provided in literatuf&!. The correction factor depemidn the ratio between thickness

and probe spacing, eg.

Addi ti onal rectification must be done if the
is on the same order of magnitude as the probe sp&ciHgjs rectification will depend on ¢h

surface geometry and for a circular surface area the correctiondastdefined by the ratio

between diametédrand probe spacing

0 T 1 (12
(6)

In other words, if | '‘Qthe correction factod will approach unity.

The samples measured with 4PP in this work were compressed cylinders with diameter

cm and variable thickness, ranging betwa®n o0 1@ cm. The probe spacing was constant

and Q m®& cm. Thus, the correction factor for circular surface areén ist§ T gnd the
correction factor for sample thickness is betwa8n¢ 1 T Since all samples were of
comparable dimensions and only the relatiggation in'Y between Cu and composites was

of interest, the correction factors were not used to find the true values. The applied current was
100 mA for all samples.
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Thermal characterization

Thermogravimetric analysid GA)

TGA is a muckhused methodor investigating temperatugependent phenomena including

phase transitions, thermal stability, and chemisorption or physisdfptidtut simply, the

sample to be investigated is placed in a heattaggisrucible, typically made of alumina, and
heatedat a controlled rate in a certain atmosphere. Depending on the purpose of the
measurement, the atmosphere can be oxidizing, inert, reducing, or reactive. In combination
with other techniques such as dpemetry, TGA can be a simple yet powerful tool for
analyzing a material 6s behavior at el evated

For ourpurposes, we mainly used a NETZSCH TG 209F1 wiiCA@in heating rate up to
100 °C in nitrogen atmosphette investigate théhermal stability of APTES and GO on Cu.
No isotherm was used.

Potentiodynamicpolarization

Corrosion is a process in which electrons are released by a metal (oxidation) and received an
element in the corroding solution (reduction). This electron flowbeamodulated by forcing

an applied potential on the systetimen measured by a potentiostat in an electrochemical cell
with an electrolyteThis is the principle behind potentiodynarpialarizatiotf4, which is an
inexpensive method for investigating the electrochemical kineticsetdéls and alloysdlt is

also a standard method for checking the effectiveness of passi@ditiings designed to retard

or stop corrosionas well as the pitting susceptibility of the sample

A setup for potentiodynamipolarizationconsists of a counter electrode, working electrode,
reference electrode and electrolggeshown in the figure beio The electrolyte is an ionically
conductive mediurmmost often a liquidwhich emulates the environment that would corrode

a sample. For most standardized corrosion tests, this would be a 3,5 wt% saline solution made
with deionized water toesemblecorrosion in salt water.

Salt
Bridge Potentiostat

2 L

¢ Computer

Test Selution

Thermometer Counter elechrode

Figure 12: Schematic of a polarization cell for potentiodynapuwtarization Adapted from
Obeyesekereith permission®®
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The working electrodés the sample to be tested, whereas the counter eledsradanected

in parallel to the working electrode and continuously measures the cuae¢hé potentiostat

while running the experiment. The reference electrode, also in a parallel connection to the
working electrode, transmits an applied potential from the potentiobtat typical
potertiodynamicpolarizationexperiment, this applied potential wdhange at a predefined

rate, called the scan rate (mV/s). To obtain representative readinditl@itioise, a slow scan

rate is usually preferredn this regard,The ASTM standard scan ratedsfined a€0.1667
mV/s%l. The corrosion potential &air is defined as the potential difference between the
working electrode (sample) and the reference electrode.

Since the potdiodynamic experiment controls the potential, or driving force of a cathodic or
anodic reaction, the reaction rate i.e. current density will change. At the open circuit potential
(OCV), the total anodic and cathodic currents are equal. As a result, dsenexk or applied
current will be zero.

An idealized anodic polarizatioscanis depicted in Figurel3, which may not beully
representative for the work presented in this thesis. Still, it serves as an illustrative
demonstration. In this case, the scan starts from a low potential at point 1 and progresses
towards the potential at point 2 at the defined scanAatgoint A, the rest potential or OCV
ensures that the anodic and cathodic reactions on the electrode occur at equal rates. In other
words, most electrons are being used to drive the reduction and oxidation reactions. As a result,
there are nearly no electrons contribgtto the measured current. As the applied potential
increases, the oxidation reaction takes dominates. This active region, B, signifies that the
reaction rate increases with applied potential up to a limit;h@.limit potential at C is also

called thepassivation potential, since further increasing the applied potential reduces the
reaction rate via point D and into a passive regime, E. In this regime the reaction rate is largely
insensitive to overpotentials, maintaining a constant oxidation ratehéverpotential
increases further, it will reach the breakaway potential at F, beyond which the oxidation
reaction rate again augments as shown at G. The mechanisms governing this transgression are
complex and dependent on several factorspBesivateanetals or alloysn a saline solution

like stainless steel or aluminiymt may be an indicator of pitting corrosiofhis mechanism

is severeaspassivated areas of the sample surfageld break down due to chloride and the
oxidation is accelerated laysmall anodic surface area, namely the pit. In other cases, if there
are oxygen moietiesnthe sample surface, it may be a sigelectrolytic reactions producing
oxygen.
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Potential (V)

log (Current Density)
Figure 13: An ideal anodic polarizatiorReused from AMETEK Scientific Instruméts

A cathodic polarization is shown in figuid. Here, the overpotential is at first high at point 1,
then moves in the negative direction towards point 2.

Potential (V)

log (Current Density)

Figure 14: An ideal cathodic polarizatiorReused from AMETEK Scientific Instrumé&dts

Like before,the OCV at point A means that the reduction and oxidation occur at equal rates
and the net current passing through the potentiostat is near zero. At point B the cathodic
reaction takes place. Exactly which reaction takes place depends on which rechesties s

are present. At neutral pH and in the presence of dissolved oxygen, the following reaction
dominates.
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=0 00 ¢Q ° ¢lH'o (12)

The kinetics of this reaction is diffusion limited, meaning thatnfaimum current density

from this cathodic reaction depends on how easily oxygen can diffuse to the electrode surface.
Consequently, modifying the surface chemistry of the sample with graphene would affect this
oxygen diffusion, thus reducing the corrosrate by hindering mass transport. Alternatively,

in a more acidic environment, the reduction of hydrogen is possible at higher potentials.

O ¢Q o0 (13)

Since'O is ionic and not a dissolved gas like, it is drawn to the cathode by the
overpotential. Also, due to its atomic size it is less affected by passivating coatings designed to
hinder mass transport, such as graphene.

Decreasing the overpotential beygoaint B will not increase the reaction rate further, since

the mass transport has reached a saturation point by point C. However, if the overpotential
becomes even more negative, the potential might initiate another chemical reaction which will

gradually ecome the dominant one. This onset is shown at point D in the figure. For example,

this could be reduction of water or reduction of native surface oxide on the sample.

The polarization curves in figures 13 and 14 can be expresattematically by th&utler-
Volmer equationgiven below

N L L
.Qd)ﬁbél"Qo 0

(14)

The equation describes how the electrical cudensity' (JA/cm?) in a sample depends the

potential difference between the sample and the surrounding medium, i.e. electrolyte. In an
electrochemical cell theeactionrate can be modulated from its exchange current density
‘Q(A/lcm?) by applying a potentiaD (V) which is different from the reactions equilibrium
potentialO . In corrosion chemistry, the exchange current density and equilibrium potential
define the corrosion rate and corrosion potential at steady state, respectively, meaning that the
cathodic and anad reactions occur at equal rates. Thi®, and O are used
interchangeably witfQandO . Without any applied potenti&, the electrical current density
driving the corrosion i s onl yYK), thefdhumkenaf e d b
electrons involved in the reaction and ttiearge transfer coefficients for the anodic and
cathodic reactions. These @beandw , respectively, and have values between 0 and 1 which

define thepropensity for a successful charge trangiean anodic or cathodic reaction at the
electrode/electrolyte interface. These coefficients are influenced by the chemical compounds
involved in the halreactions, as well as the electroly®(8.314 J/Kmol) andO(96485

C/ mol) are the ideal gas constant and Farada
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If the applied potential is significantly different from equilibrium so 8@t O sl T, the
relatively complex Butleolmer equation can be simplified to the Tafel depra It is and
approximation and is only valid in the linear regimes of the Bit@mer equation, which
typically begin £0.1V fronO . If this is the case and the applied potenti&@®is O , the
first term in equation 14 dominates ahe relationship simplifies tequation 15.

0 © P 13
T

This linear equation relates the overpoteri@al O  to the reaction rate of the anodic
process, given as the sldpe Similarly, if the applied potential ® O , the cathodic
procesgdescribed by the second term in equatiorddrinates, and the reaction rate is given
by the slopé .

0 © P (19
T Q

If both reaction ratgs andf have been found experimentally or fitted numerically, it is
possible to estimate the corrosion current deri@ty atO ‘O . Graphically, this is
presented as the intersectimiithe linear equations.

In this study, an experimental setup consisted of sintered Cu or CuGO samples as the working
electrode, standard Ag/Ag@#ence electrode and a counter electrode. The electrolyte.svas 3
wt% 700mL saline solution made with distilled water. Measurements warried out with
0.5mV/s scan rate and the potential range was #@®&V to 0.2V. The potentiostat was
controlled with the CorrWare softwargvhich was also used to estimde by fitting
experimental data with Tafel curvd®rior to each measement, the electrochemical cell and
electrodes were rinsed with DI water, then ethanol and dried in an overt@t #be saline
solution was then used to rinse the cell and electrodes before starting an OCV equilibration for
20 minutes.

Chapter IV - Results and summary of papers

This section summarizes the results obtained in this study. By modifying key parameters such
as concentration of APTES surfactant, GO concentration and synthesis time, the coating
thickness on Cu patrticles can be controlled.

The GO layer thickness influences the properties in the composite powder as well as the
sintered composite.
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Synthesis route for thick coatings

Initially, pure Cu powder and highly concentrated GO suspensions were mixed in solution to
observe thadhesion between the two composite constituents. As confirmed in litéfaite

the wetting between Cu and GO is limited to Van der Waals interactidBOslayes were

visibly detachingin the first attempts at creating CuGO composites without any surfactant
molecules This motivated the use of APTES as a surfactant molecule on Cu to improve
adhesion via electrostatic interaction. In an acidic solution, medigtéide carboxyl groups

on GO, the amine group on APTES will readily protolyzedsitively chargedammonium

This ammonium group possesses a net positive charge and can attract negative charges vicinal
molecules, e.g. hydroxide and epoxide groups on GO.

Figure15shows 3wta CuGO composite powder synthesized by mixing 6.25vol% APTES in
15 mL toluene with 0.3g Cu for 24 hours, followed by mixing witisonicatedsO in 100mL

DI water. Images a), b) and c) all display different particles from the same sampleTyasch
early atempt proved that adhesion between Cu and GO can be significantly improved with
facile, scalablemethodsinvolving electrostatic attraction between GO and the substrate
However, at this point the process was not optimized and formation of CuGO clustestilwa

an issue.

Figure. 15: CuGO powder synthesized witBv@ GO and 6.2%0l% APTES fol5 hours
Each image originates from separate CuGO particles from the same sample batch.

The next batch of samples were synthesized with better control of coating thickness and
dispersion in mind. To this end, the mixing time for APTES was maintained while both GO
and APTES concentration was redueed GO was sonicated for 10 mingitd he magnetic

plate was set to 6TC to accelerate adsorption, though the actual temperature of toluene during
CWAPTES synthesis was lower since no thermocouple was inseitgate16a) and b)show

that this approach greatly reduced clustering of composite particles and coating thickness,
while maintaining uniformity As shown in figure c),ite GO sheets were visible at 2000x
magnification, revealing that this approach was sufficient for obtainingostly unform
coating consisting of GO multilayersligher magnification at 50000x indicate that, while
distributed evenly, the coating was dgitaphitic and consisted of multiple layers of GO. As an
amalgamation of consecutively stacked layers, thick causes high surface roughness.
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Figure. 16: CuGO powder synthesized with. 6 2 5Cu:G@ ratio and 2.%01% APTES for
15 hours.The rectangular aa indicatel in b) contains the high magnification image c).

Although this is just a small excerpt of the composite powder saniaesveresynthesized

with thick GO coating, they illustrate the general process methodology for obtaining such
samples. Since the reaction kinetics for formation of a monoatomic layer of APTES on CU is

slow at room temperature, the synthesis of composites witk @matings not only require

higher APTES concentration but alsore time for solution mixing. The adsorption of APTES

can be accelerated by increasing the sol uti«
polymerization of bonding APTES molecules

Synthesis route for thin coatings

Synthesizing CuGO composite powders with GO coatings of controllable thickness is not only
crucial for limiting GO wastewhich is expensive but al so f or engineer
corrosion protection and thermal/etiec conductivity.Furthermore, GO can readily reduce at
temperatures as low &00 °C, releasing carbonaceous gases and exfoliating layers in the
process due to high interlayer pressure. Thus, synthesizing thinly coated composite powders
would be benefial to reduce pore formatiofrom gas release and improve mechanical
performance.

The main methods for reducing layer thickness were shortening APTES mixing time and
lowering APTES concentration. Since the safflsembly of APTES monolayers on Cu is slow

at room temperature, shortening the mixing time will reduce the amount of A&d¥$68bing

on the surfaces. A similar effect can be obtained by maintaining a long mixing dwwéiie
reducing the APTES concentratioh.composite powder synthesized with0g Cu0 . 2 wt a
GO and 0.2ol% APTES in 250 mL tolueneis shown in figure 7. The APTES
functionalization step was only maintained for 30 minutes, resultinginifarm andthin GO
coating after synthesisith no agglomeration of CuGO powders, as shown in a). Moreover,
the high magnification c) of the inset area in image b) shows that the GO coating is mostly
transparent and only identifiable by wrinkling of the upper GO layens;h is caused by
imperfect GO layer stackingn figure 17c), areas with wrinkling of felayered graphene
oxide are indicated by red arroviEhe sonication duration was shdseingonly 15 minutes.

This short duration resulted in GO macropartialesispensioieing visible by eye, indicating

that thedetachment and dispersion of GO layers was not complepite this, the GO coating
appeared thin and uniform throughout the powders, indicating that larger flakes had failed to
adhere to the surfacedremained in solution after the CuGO synthesis.
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Figure 17: CuGO powder synthesized with. 2 w3@Oand 0.20l% APTES for 30 minutes.

Repeating the synthesis procedungth identical parameterand increasing the GO
concentration fron® . 2 5 w0 a 6 2 5GOtyiaélded similar resultsas shown in figure8
Figure 18a) shows thate increased GO concentration did not increase frequency of clusters
while b) and c) show that neither was tieservable layer thicknesdfected though it did
increase the propensity of smaiBlrm sized CHAPTES particles to become enveloped in GO
and stick to larger host§Vhile not all GOin solutionwas adsorbed as a coating, that which
did coat the powdsrwas uniformly dispersedike for the preceding sample, the GO coating
thickness wagjualitatively assessed by high magnification inspection of particle surfaces.
Quantitative methods like-xay fluorospectrometer (XREpuldbe used to determine cosgy
thickness on powders, but this study they were omittegsinceGO coatings weré¢hin (10
30nm) and comprised of carbon, which is a contaminant on most metal dfitfaSese
preliminary measurements of GO layer thickness on Cu powders were done -vdth X
diffraction (XRD), but no characteristic diffraction peaks were found for (100) and (001)
between@l 0 .2 i

Figure 18: CuGO powder synthesized with. 6 2 5G@tard 0.2% APTES for 30 minutes.

Lastly, the importance of APTES functionalization duration alone was evaluated. In this case,
both the GO concentrati@nd APTES concentration were highlatv t and 2.%01% APTES
respectively. The synthesized batch was smaller, consisting of 10g Cirahdduene. Like
before, GO was only sonicated for 15 minutes and the duration of APTES functionalization
was 30 minutes. Despite the higher GO and APTES concentration, the resulting GO coating
on this sample as of comparable thickness to the sample shiavfigure 18. In both samples,

the coating was sufficiently thin so as to not obscure the features of tharf@ce yetould

be identified by GO sheets folding and wrinkling. In other words, these GO coatings did not
possess enough layers to impede3k¥ SEM beam. This new sample, shown in figure 19,
also did not exhibit any aggregation or attached CuGO partitesparticles in figure 19a)
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exemplify this, and the image b) and inset magnification c) reveal that despite the lack of such
telltale indcators of GO, very thin layers of GO encompass most of the particle surfaces

Figure 19: CuGO powder synthesized withw t GO ratio and 2.5% APTES for 30 minutes.

Though these are just some examples of synthesized CuGO particles with thin adlayers of GO,

the results indicate that the magnitude of electrostatic interaction between APTES and GO
plays a crucial role in controlling layer thickness of GO. Reducing tleianof APTES on

Cu patrticles, either by reducing APTES concentration or the duration of functionalization, will

lower electrostatic attraction betweeGO and Cu-APTES o0 n t he guafaceé. i c | e 0 s
Consequently, low positive surface charge orRARTES favorsmonc or fewlayered GO

sheets.

Thermal reduction

Figure 20 shows the surface of a composite CuGO particle which origifiatesthe same
sample batch as the particles in figufe Which were synthesized with. 6 2 5 GQvrttia

and 15 hours mixing with APTES. The particle has undergone thermal reduction’&t#400

2 hours to remove oxygen from the GO coatmegulting in CerGO. Some of theGO coating

was exofoliated in the process, revealing bare Twe effectieness of the thermal reduction

in argon atmosphere was evaluated by comparing C/O ratios of original GO from Graphenea
against the C/O content found on synthesized powder. For this purpose, elemental EDS analysis
was performed on 5 points as detailed mfigure.These points are denoted spectrum 9 to 13

in the figure.

29



Spectrum 12

£
-
3

Spectrum 10
+

Spectrum 11
+

Figure 20: CuGO composite powder after thermal reduction. The sample was synthesized
with0 . 6 2 5G0Otard 2.5%01% APTES overnight.

The elemental compositisrof the points are given in table Brace amounts of carbon and
oxygen exist on the entire surface, not only on the rGO coating. On points 9, 10 and 13, which
are bare Cu, the C/O ratios range froft8 9. On the other points 11 and 12, it ranges from

6.1 to 7.5, illustrating that on average the carbon content is higher in these regions.
Furthermore, since the C and O signal contribution in point 11 and 12 are influenced by the
substrate, the actual C/O ratio on rGO is likely lower. Compared with paintl 40, the Cu
content in points 11 and 12 are 5.3% to 8.2% lower while the oxygen content is only slightly
larger. Consequently, the main contributor to lowering the Cu intensity in point 11 and 12
would be carborThus, the added carbon content from@&¢@ coating varies between 5.3% to
8.2% and the C/O ratio in rGO would be from 5:1 to 8skuainga 1% carbon content on

pure Cu. In comparison, the C/O ratio in original GO from Graphenea ranges between 5:4 to
1:1.1In other words, the oxygen content@® can be effectively reduced by thermal treatment

at 400°C for 2 hours.
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Table4: Elemental composition after thermal treatment

Point Cu C O Si
Spectrum 9 90.0 9.0 1.0 N/A
Spectrum 10 89.3 8.6 2.0 N/A
Spectrum 11 81.8 15.7 2.1 0.4
Spectrum 12 84.7 12.9 2.1 0.3
Spectrum 13 91.1 7.0 1.9 N/A

Cross section of sintered samples

Sintered samples of Cu and CuGO composites were fractured to inspect the fracture
morphology. Figur@la)-d) shows thecrosssectioncopper sintered at 50 °C for 4 hours in
argon atmospher&. he s ampl eds d @aifter sinteying,wre04% & mak degsityc m

Figure 21: Cross section of sintered Cu.

Figure22 depicts the fracture surface of a sintered composite - @30y which had undergone
thermal reduction at 400 for 2 hours in argon prior to sintering. The composite powder was
synthesized witl) . 6 2 5G0tratio and 2.5vol% APTES in overnight mixing fdr hours,

and is the same powder shown in figuéeahd20. Themeasured density was 8.7 gitm

Compared to sintered Cu, the internal structuréhisfcompositecontains CuGO patrticles

that have not fully fused with adjacent particlas shown ifigure 22a). The arrows indicate
internal regions with varying degrees of densification. In regions with low densification,
individual Cu-rGO particles can be identified in the matrix. Conversely, regions with higher
density appear more amorphous, like pristocopper. Image b) shows another exangble
where smooth areas or sockets are juxtaposed with both porous cavities and regions with
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rougher surfaces, indicating necking with vicinal particles. Higher magnification imaging of
these smooth areas, like in igec), indicate a high prevalence of rGO existing both as
detached sheets and layers blanketing the sockets. kelodgr inspection of the poorly
densified CarGO reveal that intact rGO sheets act as bridges between multiple particles.
Similarly, the upr and lower parts of the imagkepict areas with rGO damaged by the
fracture.

Figure 22 Cross section of a sintered composite of thermally reduced CuGO powde
Images a) and b) are low magnification images of the fracture surface, whereas c) and d) are
closer inspections of the socket structuaad particle boundaries, respectively.

The importance of oxygen removal by thermal processing is illustrated ire Bgumhich
depictsthe cross section of a sintered composite of CuGO synthesizetl with@O, 2.5v0l%
APTES and 30 minutes duration of functionalization. The CuGO composite powder was not
thermally reduced to CtGO before compaction and sintering at 10Q0for 4 hours. As a
result of hydroxide and epoxide decomposition due to heating, the inteutaliee becomes
highly porous as shown in figure a) to c). It should be noted that the GO coating in this
composite powder was thin due to the short duration of functionalization. In other words, even
a thin coating of GO releases enough gas during le&tinnhibit diffusion mechanisms
between Cu particlest high magnification, like in image d), no clear indicators trace amounts
of GO sheets were found.
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Figure 23: Cross section of a sintered composite of CuGO powder synthesizeld witha
GO ratio and 2.501% APTESor 30 minutes

Scaling GO coating thickness with APTES concentration

The resultsin previous sections show that the GO coating thickness can be controlled by
altering synthesis variables. For batch synthesis by solution mikie@vailable variables are

GO concentration, APTES concentration and duration of Cu functionalization with APTES in
toluene. Additional variables influencing the synthemiss ol uti ondés temper a:
functionalizationof Cu with APTES as well asthe pH inthe GO suspension. However,
currentlythe influence of these variables is beyond the scope of this work.

Multiple experiments were conducted evaluate the influence of these parameters. One
example is given in figur@4, which depicts5 samplebatches synthesized with identical
parameters and various APTES concentrations. Specifically, they were synthesiZeawtitia
GO, 8 hours GXAPTES functionalization duration and 3 hours of GO sonication. The APTES
concentrations were 0.1%, 0.3%, 0.5%, 0.8% and 1.5% for the samples sHayune243)

to 249, respectively Lower magnification images of the samples are not dezdy since no
samples showed signs of clusterihg the juxtaposed images the arrows pinpoint locations
with readily visible multilayer GO

For samples synthesized with 0.1% and 0.3% APTES, shofign P4ab, thin layers of GO

were only detectable undeigh magnification and by noticing obscured features of underlying
Cu. At these low APTES concentrations it was difficult to assess the coverage of GO on
particles. Howeverggions with clear features from Cu were frequent, indicating only a partial
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coveaage of GO. The degree of coverage is significantly different from the sample synthesized

with 0.1% APTES and the one synthesized with 0.3%. This is demonstrdigd2db), in

which micronsized particleso€Cu decor ate t he hoetenvglopedini cl e 6
the GO coating, as indicated by the red arrow. From here and senven@neterdo the right

and below of the small particles, the features of the Cu host particle are obscured by a thin layer

of GO, indicating a partial coverage of atde&nmm.

Increasing the APTES concentration to 0.5% and 0d®¥s not causa clearincrease the
coverage of GO, as shown in respectivelyigure 24c) and 24d)Instead therevalence of
multilayer GO seems toincrease, indicating a&tronger electrostatic attraction between
ammonium and functional groups on G&pecifically, while the surface area covered by GO
appears to be unchanged, the number of cases of localized multilayers of GO increases. This
was determined qualitatively witBEM by finding areas with increased wrinkling and higher
degree of obfuscation of the Cu surface featuxedearer relationship between synthesis time,
APTES concentration and GO layer thickness would be possible with BretaaueettTeller

(BET) or oher quantitative inspections.

In short, SEM characterization alone is not enough to accurately assess the influence of APTES
concentration on coating coverage or thickness. Since the reaction rate for APTES
functionalization on Cu is slow at room temperaf8 hours may not be sufficient to create
meaningful disparity among the samples depicted in figdre
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Figure 24: CuGO composite powders synthesized @ajth.1%,b) 0.3%,c) 0.5%,d) 0.8%
ande) 1.5% APTESEach row corresponds to one samglae arrowgoint at regions with
detectableGO.
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Raman

As a complement to SEM characterization, the efficacy of the synthesis method was also
inspected with Raman spectrometry. The coating thickness and uniformity could be
qualitatively verified by crating mappings of charactstic D and G bands GO. Figure25

shows the speatm of GO on a Cu particlafter filtering the background contribution from

Cu. The G band from spectra such as the one in the figure were used to construct Raman
intensity mappingsf compactedjreen bodies of theamples from the previous sectidimese
mappings are presented in fig@e

10000 —
8000 -
6000 -
w
=
3 4000}
Q
2000 F
0 M " 1 L 1 H
500 1000 1500 2000 2500

Raman shift (cm™)

Figure 25: Raman spectrum @O on unsintered Cu particle.

The optical microscopymagesin figure 263 to 26) correspond with the Raman mapping on

the same row. Even samples synthesized with low APTES concentrations, such as 0.1% and
0.3%, show appreciable G bamdensities in mapping a) and b), respectivdlie G band
intensities increase with even higher APTES loading, as shown by progressively stronger
features in images c) to e). While the G band intensity increase is substantial from 0.1% to
0.3% APTES loaithg, it is subtlerbetween 0.3% to 0.8% APTES loading. Increasing the
APTES loading from 0.8% to 1.5% causes the G band signal to further strengthen, nearly
saturating the mapping area.

This increase in coating coverage correlates with the SEM imagegine 24, for which the

sample synthesized with 1.5% APTES displayed the most uniform and widespread coverage
of GO. However, the optical microscopy imadégure 26a) to 26&)) also reveal a gradual
increase in graphitic graphene, shown as black spots. In otrdswncreasing the APTES
concentration not only improves the electrostatic attraction tav®@olayersand increases
coverage rate as a result, but can also be detrimental in the sense that the electrostatic attraction
becomes strong enough to retain tilayer, i.e.graphitic GO.

Since all Raman mappings were performed on GO;—thatios for all five images were
roughly 1.
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Figure 26: Optical images (left) anBaman mappingright) of unsintered CuGO samples.
The samples weynthesized with a) 0.1%, b) 0.3%, c) 0.5%, d) 0.8% afdbe) APTES
for 8 hours The scale barsepresentl 0 € m.

Additional Raman analysis was conducted on sintered composites to investigate the integrity
and quality of graphene after heat treatment.

Figure 27 shows theoptical microscope images ofcaoss sectiorirom a sinteredCu-rGO
compositewhich was fractured to investigate the retention ofGQ in the composite matrix
after sintering. The CuGO composite powder was synthesized Owiti2 5 W0,a0.1%
APTES concentration and mixing for 3 hours. The reduction was carried out at 400 d€grees
for 2 hours in argon atmosphere, like for the preceding®m samples.

A Raman mapping of the uneven fracture surface proved unfeasible, so point analysis was
instead performedtindividual points The coloredRaman spectri the figure correspond to
each colored pointThe three spectra, taken at the fracture surfaces shown by optical
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microscopy, all display significant signal intensities for D and G bands at 13%0Caoth
1580cmt. This indicateshat rGO persists within the copper matrix. The redildne spectra
also show bands for CuO at 520°¢nas well as Sirom APTESat630cm® at 1000crt. The
large bands at 50 to 100cnt are artefacts from the background subtractiod convolutes
additional bands for CuQvhich wouldnormallybefound at 290 cmh and 340 cri.
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0 500 1000 1500 2000 2500 3000
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Figure 27: Raman of cross section of sinteledrGO sample synthesized with. 2 5 wt a
GO, 0.1vol% APTES an® hoursAPTES functionalizatioduration Each spectrum
corresponds to the marker of the same color.

As a complement to th&®amananalysis, the cross sectianalyzedin figure 27 was

characterized with SEM. Figur28 showsthe fracture surface after sinteringhe surface

morphology resembles Cu in figuPd andthe CurGO sample in figur@2. Unlike the other
Cu-rGO composite, however, this sample has lower internal porasitie retaining some
visible traces of rGO. TheSO is most readily visible in pores in their vicinity.
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Figure 28 Cross section ahe same sample after sintering. Arrows indicate areas with
visible rGO.

Thermogravimetric analysis (TGA)

TGA was used tinvestigate the thermatability of APTES and GO on Ckigure29 below
shows théhermal weight loss profile of Cu and MdaGO composites powders, both of which
had not been thermally reduced before tieasurement. One sample was synthesized with
0. 25 @O 2% APTES and 30 minutd$ TES treatment timel'he other was synthesized
with0 . 6 2 5G0t 225% APTES and 15 hoW$TES treatment time
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Figure 29: TGA of Cu and CuGO composite powders with thin (2 5 w t) and tRick
(0. 6 25 w}caatinG
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The sample with the thickest coating, synthesized With6 2 5G@tdacomposed at a linear
rate between 108C to 500 °C. The other CuGO composite powddso decomposed within
this range, albeit at a slower rate.

The initial weight loss starting at 7€ owes todehydration ointercalatedvaterin the GO
layers.This dehydrationcontinues unti00 °C, after whichdecomposition ofabile oxygen
groupsin GO dominates until 350C. These functional groups are moshtiydroxides and
epoxides At 350 °C, a smallweight loss event is observed for tl2e5% APTESsample
indicating the onset at which more stable oxygen groups idée@mposdn the same sample,
the decomposition of APTES begins at 320and results in a.04% weight losg-or the other
sample, the weight loss is 0.046In other wordsif one compares theeight loss with APTES
concentrationthe sample synthesized with5% APTES lostl2.5 times lessveightthanthe
0.2% APTESsample.

The sample with the thin coating umgees the same weight loss events, but at&2@ie rGO
and APTES completely pyrolyze. Since the coating is thin, the gravimetric curve approximates
pure Cu.

XPS

Due to thesynthesis method of tHeuGO powder, it was vital to analyze the integrity of the
APTES and GO coating after exposure to ethanol. Figushows the survey spectrum of-Cu
APTES after rinsing with ethanol, followed by drying at ambient conditions. The background
was not subtractewith Shirley or Tougaard methods since the survey only served to verify
the presence of elements found in APTES.
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Figure 30: Wide XPS spectrum of APTES after rinsing in watePeaks for N 1s and Si 2s
were detected at ~400chand ~102 cm, respectively.
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In figures 15to 20, it is shown that GO coatings are preserved on the surface of Cu particles
even after destabilizing processes like rinsing and thermal reduction. This strong affinity
between APTES and GO is attributedwm mechanisms.

Firstly, in toluene the Cu surfacevalently bonds via condensation reactitmsOH groups

in APTES, which have hydrolyzed at a diminished rate thanks to the anhydrous conditions
The presence of such-8-Cu bonds was verified using XPS spectroscopy, as shown in figure
30 and figure31. In figure 31a), the Cu 2p peak was found to be a convolution of two peaks
originating from Cu(OH at 935.2 eV and CuCwO at 933.7 eV After synthesizing Cu
APTES, the resultant XPS peak in fig@H) show that Cu(OR)peak vanished while a single
peak at 934.3 eV was preserved, which can be ascribed to formation@SChonds. As
shown in figure31c), this peak remained after thorough rirgsimith ethanolThe diminished

peak intensity indicates that some APTES was removed by rinsing, pdssildéyaching due

to copper surface oxides partaking in alcohol redutfion
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Figure 31 Cu 2p XPS spectra of a) pure Cu particlesCAPTESsynthesized using 1%
APTES solution, and €gu-APTESafter rinsing in ethanol. Si 2p XPS spectra of d) pure Cu
particles, (e)CWAPTESsynthesized using 1% APTES solution, and (f) ethanol w&led

APTES

Secondly, the amine group on APTES readily undergoes protonation in hydrous environments
and bestows a net positive surface charge teARTES; which in turnattracts GO
electrostaticallyGO is negatively charged due to carboxylic groups at sheet edygsswas
confirmed by measuring-80mV zeta potential in the GO dispersion, as shown in fig2re
As a result, weldispersed GO nanosheets in water can rapidlyassiémbleon Cu by
electrostatic interaction wittNH3* on APTES. In XPS, the presenceARTES after CuGO
synthesis was confirmed by identifying the Si 2s peak and N 1s peak. After rinsihgunol,
the N 1s peak in figur8le) diminishes to31f), which reveals that the APTES layer has a
sufficiently strong adhesion to Cu for acting astectrostatic scaffold for GO. Furthermore,
drying at ambient conditions promotes crigking between adjacent APTES molecules via
condensation reactions, which further strengthens the moleculardcaffo
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Zeta Potential Distribution
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Figure 32. Zeta potential distribution of G@ispersion used for coating.

Corrosion protection

Chloric acid (HCI)

The first experiments wereonducted with sintered samples etched in 10mL concentrated HCI
for up to 300 hours. Each sample was rinsed with DI waterdaied by blowing with
compressed abefore measurement. The results are showninfg@wei t h AR. 0 denot.
the CuGO sanlp was thermally reduced prior to this experimeyg shown in the figure, the
weight loss was most significant for the composite until 250 hours of etching, after which the
etching of Cu accelerates due to increased porosity. Conversely, at this pooimnihesites
display higher corrosion resistance thaniCanly 7% of the original weight of Cu remains,
whereas the CuGO composite synthesized @ith6 2 5 w t have €0% remaining weight

and the composite with . 2 5 @O Bas 70% remaining weight. Also, thoCurGO and

CuGO with a thick coating performed worse than arGOQ sample synthesized with thinner
coating. HCl is highly erosive to metals due tofGtming structurally weak metal chlorides,
which explains why the Cu sample disintegrated after 26@sheshile some CuGO remained.
Similarly, the0 . 6 2 5QuEG@ composites etched at an accelerated rate due to the high
internal porosity through which HCI could propagate. However, once saturated by HCI the
diffusion of H" and Clions are inhibited by GO am@O, the latter beinglightly hydrophobic.
Thelack ofweight discrepancy between Cu and composites between 0 to 175 hours of etching
indicates that no appreciable amount of GO or rGO exists on the outer surface of the sintered
composites.
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Figure 33: Weight loss o$intered samples in 37%CI.

Ammonium persulfate

Ammonium persulfate (APS) is a strong oxidizing agent which is frequently used as an
alternative to FeGlin the electronics industry to etch copper circuits. In an aqueous solution,
APS dissociates to ammonium ions and sulfate radicals. As such, it can be used to evaluate the
overall protection provided by GO/rGO against oxidizing agents in an acidic solutio

The final etching experiment was performed with Cu and CuGO composite powders in 10 mL
0.5M APS, which were shakemce every houto redistribute powders in the solution. The
powders were rinsed with DI water and dried in vacuum before weighing. RBdsieows

plots for percentile weight loss for Cu afd. 6 2 5Q@u6G@(a), Cu and CuGO samples
synthesized with various amounts of APT@%and finally Cu and GuGO (c).

After 3 hours of etching, all CuGO samples show lower weight loss than Cu. Specifically, the
CuGO sample synthesized with. 6 2 5Cu&Cost 8% weight compared with original Cu,
which lost 15%. The other CuGO composite powders, which were synthesizdd with@O

and various APTES concentrations, show variance in weight loss after 3 hours. Interestingly,
the samples synthesized with 0.5vol% to 1.5vol% APTES have lost more weight than the
CuGO made with 0.1vol% and 0.3vol% APTES. In the latter case, thétwess is between

8.2% and 7.4%, respectively. In comparison, the weight loss observed-f@CGCpowders
began approximating that of Cu after 1 hour in APS. The rate of weight loss fi@@u
powders followed no clear trend with APTES concentration,withr thickness of the GO
coating. In addition, GuGO lost #8% mass after 1 hour in APS, while CuGO lost between 6
7% mass. Within the first 30 minutes of etching, this difference is even more significant with
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CuGO losing 46% mass while GuGO lost 78%. The low variance in weighoss in CurGO
the first hour of etching may be caused by insufficient drying.

a) 1¢)

3
%)
5

Weight loss (%

—

/V

(
\

Cu

Weight loss (%)
Weight loss (%.

64

— 1wt%s GO 1.6% APTES
44 Twi%e GO 0.8% APTES
24
0

Cu
R. 1wt%e GO 0.8% APTES

—— 1wtk GO 0.5% APTES
— cu 1wi%s GO 0.3% APTES

— 0.625wi%: GO 2.5% APTES
T T

= N - T
L 1 1 1 h
o m A @ @ ®
I 1 | '

—R. 1wt%e GO 0.5% APTES — 1wi%o GO 0.1% APTES
T T T T

T T T
1 2 3 0 1 2 3 o 1 2 3
Time (Hours) Time (Hours) Time (Hours)

Figure 34. Etchingof Cuandd) 0. 625wt a Cu-GGO andlw}) alwua
with various APTES concentratioms0.5M APS.

o

The results show that an APTERD layer can efficiently protect Cu powder in an oxidizing
environment consisting of 0.5M APS. In addition, based on the sdserdéin, the thermal
reduction process of CuGO to €GO is inefficient in the sense that it induces defects in GO
and decomposes APTES to the point of reducing the electrostatic attraction between GO and
APTES. This is evidenced by the lower chemicabisitg of Cu-rGO in the etching solution.

Potentiodynamic @arization curves

Potentiodynami@olarization of samples was performed/®OmL 3.5wWwt% salt solutiorwith
0.5mV/s scan rat® evaluate the corrosion resistance provided by @r to running each
measurement, the potentiodynamic cells were equilibrated for 20 minutes to reach open circuit
potential (OCP).

Figure 35 showsthe polarization curves focompacted green bodies @u and CuGO
composites, synthesized with various APTES loadings. These CuGO composiigsntical

to the ones presented in figure 24. Compared to compacted Cu powder, the CuGO green bodies
all exhibit Eor shifted from-0.46V and reduced cathodic paization potentials while
retaining the same anodic polarization potentialother words, thdinetics of the anodic
reactions Cu(¢) Cu?*+2e and Cu(sh Cu'+e have not been significantly affected by the
inclusion of APTES nor GO. On the other harefuction reactions on the Cu surface have
become inhibitedThis shift in corrosion potential correlates with APTES loading and thus GO
coating uniformity, as indated by a +0.12V shift for 0.1% CAPTES and +0.V for 1.5%
APTES. The CuGO composite powders synthesized with 0.5% and 0.8% APTES exhibit
slightly higher positive shift, which implies that the cathodic corrosion inhibition is not
dominated by APTES covage alonelt should be mentioned thé&ir these resultghe Eor

for Cu is-0.46V and deviates from the values presented in litef&funehichis closer to-

0.35V. This lower corrosion potentiabuld bean effect of higher surface area due to porosity
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Figure 35: Polarization curves ofireen bodies ofu and CuGO synthesized with various
concentrations of APTE3Il samples were synthesized witlw t GO and 8 hours synthesis
time

These results show that a APTE® surface treatment of Cu powder can inhibit the cathodic
corrosion reaction, by virtue of actingas oxygen diffusion barrief.he corrosion protection
behavior for sintered CuGO composites was also investigattdompared with sintered Cu
Theseresulting polarization curves are shown in figued indicatehat reduction of CuGO

prior to sintenng is paramount for retaining a protective layer on the composite surface. In this
figure, the nearly identical polarization of Cudhd 6 2 50uGCGaimply that the outer surface

of the composite has been stripped of GO during the sintering. In conteastirface of the
Cu-rGO composite is sufficientlgassivatingo result in a +0.9V shift in & to -0.206V and

a reduction of the corrosiaurrent ior from 7.14*10° A/cm? to 3.86*107 Alcm?.

Thermal reduction of the coated particles has also affected the polarization kinetics. The anodic
domain in CarGOdisplays gassivatedegime that is absent in tleamples o€Cu and CuGO,
resulting in log(i) only changing by 0.5 betwedh45V < E < -0.27V. Hence, within the
interval-0.45V t0-0.3V the log(i) for the Cu samptehanges nearly four times as quickly as
the CurGO compositeln addition log(i) in the cathodic domain betwedh206V and0.07V

is initially much lower than foboth the Cuand CuGO samplédowever, as shown in figure

37, the asymmetric polarization curve for-@BO indicates that there is no passivation for the
cathodic reaction and that the corrosion rate accelerates fromd.E5Y. In other words, the

rGO coating can passte the sample surface limit anodic decomposition of Candthe
cathodic reaction involving reduction of solvated oxygest the cathodic reduction of oxygen

is diffusion limited and the passivating effect breaks down quickly when increasing the
potential.
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Figure 36. Polarization curves of Cu and sintered CuGO composites with thick powder
coating 0 . 6 2 5G@)aad 2.5vol% APTES

The polarization curves in figur&d and 36 werefitted to Tafelplotsto obtain estimates for
icor. This wasmanaged bynanuallyselectingvalues forcathodic and anodic reaction slopes
bc a n d thét yielded reasonable values fesi Table 5 below summarizes the parameters
used, as well as the resultingdia n d e r r o f. Thehigh waluds o forethe sintered
samples are due to fitting the model based on points that were within 0.03M.td liis was
necessary since the cathodic asymmetry shown ferGQuin figure 37 prevented accurate
fitting further from Eor. The results show that thertosioncurrent densitydorr of CuGO is

at the same order of magnityde91*10° A/lcm? to 7.14*10° to A/cn?, as in Cu, both as
compacted powder and after sinterihga ot her words, most of the
surface is removed during sinteg and that which remains is insufficient to provide to inhibit
oxygen diffusion or passivate the surface oxides. On the other hand, sinter@® @owder
exhibits a corrosion currewnf 3.86*107 A/lcm?, which isone order of magnitude lower than
sintered Cu.
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Table5: Summary ofitting parameters used to obtaigok and Ecor

Sample Sample GO APTES Pa bc I corr Econr )
type P (wt ¢ (vol%o) (mV) (mV) (Alcm?) (V)
1.91%10 -
Cu 140 90 c oa57 541
lwt a N
0.1% 01 277 211 29210 0533 354
APTES '
1wt a N
0.3% 03 420 270 28710 0235 333
Green APTES '
body lwt a *
0.5% 1 05 370 270 230710 0505 1543
APTES '
1wt a .
0.8% 0.8 320 250 29810 0908 354
APTES '
1wt a *
1.5% 15 330 260 22310 0303 361
APTES '
7.14¥10 -
Cu 200 160 : 0979 113
. 0.625
c%lrrrlmteéiﬁe 2.5% o 78 Y 0.278 103
P APTES '
R. i
0.625" 65 62 3'89 10 0 é06 90.5
APTES '

Four-point probe

Figure 37 showsresistances obtained bgur-point probe 4PP measurements dfintered

samples of Cu, CuGO al@lrrGOc omposi tes. Li ke before, the 7
CuGO powder hatieen thermally reduced prior to compaction and sintefihg presented

resistances are averages of 5 measurements taken from one sample of each type. Sintered Cu
demonstrated théi ghe st resistance and standard devi
comparable to the CuGO aflrrGO sample. However, the measured resistance ilCthe
rGOsampl e had | ess variance, resulting in an
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Figure 37: Resistance isinteredCu, CuGO andCurGO samples, measured by 4PP.

It is expected that inclusion of a GO filler would increase the resistance, since the oxygen
functional groups makes it insulating or semiconducting. In this case, while the Was>at
reduced to CuGO prior to sintering, the sintering process has still removed some of the
functional groups and thus limited the negative impact on conductivétyould be mentioned

that the 4PP method measures resistance at the contact surfabas limited penetration
depth meaning that most of the internal conditions are irrelevant. As shown in the polarization
measurement, the outer surface of the composite is mostly free @esQite low amounts of

GO at or near t hesistamae arfd highevariantehireCu ard .CAGO can be
explained by incomplete sintering affecting the mean free path of the current. In other words,
inclusion of GO coated particles is not detrimental to the sheet conductivity. Be-f&0, it
displayed comarable resistance but lower variantle nearly identical resistance indicates
that the surface primarily consists of Cu, like for the other samples, though lower variance
implies higher densification. Sin€&u-rGO releases less carbonaceous gases dsningring

than GO and has higher thermal conductivity, the inclusion of RGO to the matrix may have
promoted heat conduction and facilitated necking at the suBaee. so, since the resistances

are nearly identical and GO/rGO acts as a diffusion badterto low solubility in Cu, the
beneficial effect of this mechanism has been marginal.

Thermal conductivity

The LFA method was used to measure the thermal conductivities of sintered samples, as well
as compacted green bodie$ Cu and CuGO.Figure 38 presents the average thermal
conductivities of samples synthesized with specific GO and APTES concentratienalues

for each sample type are composed from 3 samples.

Despite originating from the san@uGO batch and sintering aer the same conditions,
significant variance exists among similar sampléar example, masured thermal
conductivities for sintered Cu varied from 366 W/mK to 316 W/m&ll below the 385 W/mK

to 400 W/mK value$or cast Cueported in literature.

For CuGO samples the spread was heavily influenced by synthesis parameters and thermal
reduction of CuGOSamples synthesized with. 2 5 @O and 0.201% APTES had low
thermal conductivitiesdespite thermal reduction prior to sintering. The measured values
ranged from 350 W/mK to 310 W/mK for GGO, andthermal conductivitiegor untreated
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Cu-GO werebelow 300 W/mK.Converselythe composite CuGO powders synthesized with

0 . 6 2 5G0Otaad 2.90l% APTES displayed a wider spread in thermal conductivities, form
351 W/mK to 309 W/mK. After thermal reduction of the CuGO powder, this thermal
conductivity improved significantly. The highest measured thermal condudtvily. 6 2 5 wt a
CurGO was 495 W/mKwhich is 28% higher than pristine Cu.
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Figure 38 Thermal conductivities afintered samples.

Despite the larg@alue spread, some information can be gleaned from these reSus.
although some thermal reduction of CuGO will occur during sintering, it is necessary to reduce
CuGO composite powders prior to compactibiis limits the release of gases fron intercalated
water in GO and decomposing functional groups, which @sedinternal porosity. Second,

even after reduction, some €80 samples performed better than others. Specifically, the Cu
rGO composites synthesized with. 2 5 @O all perform worse than Cu and composites
made with thicker coatingg=inally, even aftethermal reduction some @GO samples
performed poorly.

The LFA method measures the bulk conductivity of the sample, meaning that internal porosity

and low densification negatively affects heat transport as pores and grain boundaries scatter
phononsHower, this alone does not explain the measured thermal conductiVtgese 39

shows the densities of the s ameHerg dhmfivéfess me as
samples displaying densities clos8s96 g/cmi also have high thermal conductivities, as
displayed in figur&8. However,other samples with high densities fail to demonstrate this high
thermal conductivity. Thus it is not only pooerification of CuGO that limits thermal
conductivity, but also the surface chemistry.
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Figure 39: Densities of samples presented in figure 36.

As shown in figure 2d), there exist regions with low densification afjacentCu-rGO
particles due to rGO acting like a diffiusion barrier. Yet, this sampledaismnstratethermal
conductivity beyond 385 W/mKDespite the local grains not densifying due to diffusion
inhibition, the rGO shds act as interconnecting bridges transporting phonons across patrticle
boundaries. The efficiency of these thermal bridges would be limited by the rGO sheet size,
sheet thickness and internal porosity. This would partly explain why eammalde d® . 2 5 wt a
CuGO do not demonstrate high thermal conductivity after sintérihg internal porosity and

low frequency of rGO results in few thermal bridges transporting phonons.

Vickers hardness

The efficiency of the filler as eeinforcing material is influenced by its surface chemistry and
lateral size. While altering the GO lateral size is beyond the scope of this work, the surface
chemistry can be altered by removal of oxygen functional groups or inclusion of new ones
which have a higher affinity for the host matrix.

In this work, the surface chemistry of GO was engineered by thermal reduction. Thermal
reduction would reduce the wettability of GO and consequently lower the Van der Waal
interaction with the Cu substrate, but calsnprove filler efficiency byincreasing sp
prevalence. In short, thermal reduction of GO would be essential to attain high thermal
conductivity and structural reinforcement in the composite simultaneously.

Figure 40 shows the Vickers hardness of varigdbhermally reduced ansamples, measured
with 1 kilogramforce HV1). The samples were all compacted at the same pressure and
sintered with the same procgsarametersThe sintered samples were then cold worikeal
discusedoy compaction al.25 GPa After cold working, the hardness for CuGO composites
with thick coatings is slightly below but comparable to pure Cu. CuGO composites with lower
APTES loading and consequently thinner rGO coatings demonstrate a ~10%seénare
Vickers hardness.
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Figure 40: HV1 hardness for Cu and reduced samples.

The cause fohardening in these samples can be explained by a combined effect of dislocation
impediment caused by rGO and higher densificdtiom cold working. For the samples with
thick coating the lower hardness can be caused by incomplete sintering as shgure i22fi
combined with rGO multilayers reducing shear (lubricating) slip planes betweeGQu
particles.

Anticorrosion

Corrosion protection of Cu by GO coating is twofold: inhibiting the corrosion of coated
powders, as well as inhibiting the corrosiorsimitered and fully processed CuGO composites.
This section summarizes some results for both approaches.

Acetic acid

Acetic acid has a plethora of uses in industry, but one of the more layman applications is
removal of surface oxides from soft meti#ke copper. In this work, the hydrated versions of
surface copper oxides & and CuO act as substrates by undergoing condensation reactions
with ethoxide on APTES. Byetching powders witlsurfaces passivated BAPTES, it is
possible to evaluate the totabverage of APTES on Cu. It is also possible to evaluate the
efficacy of APTESGO as a passivator, compared with APTES

In this experiment, arious powders were etched in in acetic acid to determine the affichc
APTES and GQas inhibitors for etchingf surface oxides on Culhe first preliminary
experiment was performed by using 1g powders in 10 mL 10watic acid for 2,5 hours.

The samples were gently shaken every 30 minutes to redistribute powders and diminish the
adverse effect of a diffuse lay caused by Ciiions passively accumulating near the GO
coating, which has a net negative surface charge thanks to hydroxide and epoxide functional
groups.Prior to measuring the weight loss, the etched powdersnmsesl with DI water and
driedunder \acuum.The measured weight loss for each sample is given in figure 41.
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Figure 41: Weight loss irCuGOafter etching in 10% acetic acid for 2,5 hours.

As shown in the figurethe weight loss reduces withcreasingAPTES loadingfor identical

GO loading and duration of APTES functionalizatitimder ambient conditions the amount

of APTES chemisorbed on Cu afteh8ursis limited, resulting in not all APTES contributing

to the electrostatic interaction between Cu and @&®a result, a low APTES loading of
0.1vol% does not provide adequate protection of Cu, nor is the electrostatic interaction to
hydroxide and epoxide strong enbug form multilayers of GO.

However, increasing the APTES loading in CuGO to 0.5vol% improves the etching protection
Since notll the 0.5vol% APTES had chemisorbed after 8 hours, this entails that an even lower
APTES loading is adequate to work in tamdeith GO as an etching inhibitofhe efficacy

in reducing weight Cu loss further improves with APTES loading and results i 6 ®® a

with 1.5vol% APTES inhibiting corrosion as efficiently as 0.5% APTES on Cu. This indicates
that using GO as a secondaoating layeafter APTES caameliorate the corrosion protection

by further inhibiting diffusion to the surface oxides.

The experiment was repeated with longer etching duration and more varied samples. This time,
the etching rate was compared between G@wBd CuarGO by etchind).3g powder inlO mL
10vol% acetic acid for 7 daysigure42, 43and44 show the weight loss measured after rinsing
the etched samples in DI water and vacuum drying. As shown in thesfiglit@uGO and Cu

rGO powders lost less weight than the original Cu powler. CuGO samples that were
synthesized with overnight functionalization, shown in figd2ethe decline in weight loss is
proportional to APTES concentration used in the syntheSpecifically, the samples
synthesizedvith 0.2vol%, 0.5vol% and 1.5vol% APTHSst 10.5%, 5% and 3.6% weight,
respectivelyln comparison, Cu lost nearly 12% weight due to etchinig. noteworthy that

the highest improvement in passivation was at tl2¥d% to 0.5vol% APTES threshold,
which signifies that relatively low amounts of APTES may be sufficient for forming nearly
uniform GO coatings.
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Figure 42 Weight loss in CuGO after etching in 10% acetic acid for 7 days. The CuGO was
synthesized by fationalizing Cu with APTES for 15 hours.

Similarly, theprotection against etching improves witeatment time with APTESas seen

by comparinghesesamplesvith some whosé&reatment time with APTE®as only 8 hours

shown in figure43. Here, CuGO synthesized with 0.5vol% APTES for 8 hours lost 3.5% more
weight than its counterpart that wasctionalized with APTES for 15 hourslowever, for

higher APTES loading this disparity diminishes, as can be seen when aogngariO
synthesized with 1.5vol% APTES for 15 and 8 hours. Despite the much shorter synthesis
duration, the weight loss is nearly identical at 3%. However, while most samples followed this
trend in coating integrity, a few samples stood out. One such savaplsynthesized with only
0.05vol% APTES for &ours yedemonstrated an efficiency comparable With 6 6 GUG®
synthesized witl®.5vol% APTES for 15 hours. On its own, the diminutive amount of APTES
used in synthesizing the former sample is not entmglovide this level of passivation against

the acid. It should be noted that during synthesis of this sample, most of the GO dispersed in
solution failed to adhere to the 0.05vol%-8BTES and remained in solution. In other words,

it is possible that thlow surface charge of 0.05vol% APTES has failed to accommodate
heavier GO layer, thus selectively favoring large-fayered GO sheets.
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Figure 43: Weight loss in CuGO after etching in 10% acetic acid for 7 days. The CuGO was
synthesized by functionalizing Cu with APTES for 8 hours.

Thermal reduction ofl . 6 6 \CuGD synthesized with 0.05vol%, 0.5vol% and 1.5vol%
altered the weight loss profiks slown in figure44. The CurGO sample which attained the
highest improvement in performance was the one synthesized with 0.5vol% APTES; while the
one synthesized with 0.05vol% APTES performed worse. Respectively, the change in weight
loss following reductiorwas 5% and 2%. For the sample synthesized with 1.5vol% APTES,
influence of thermal reduction on weight loss was not detectablether words, for large
APTES loadings the effect of thermal reduction is less significant since thick coatings of GO
and rGQOboth prevent etching by acting as diffusion barriers against acetic acid. The invariance
in weight loss could also signify that using a high APTES loading beyond 0.5vol% can be
beneficial for stabilizing the GO during the reduction. Using a lower loaglioly as 0.05vol%
APTES forms finer coatings but can deteriorate easily at elevated temperatures.
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Figure 44: Weight loss in CuGO after etching in 10% acetic acid for 7 days. TherGO
was synthesized by functionalizing Cu with APTES for 8 hthesthermal reduction
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Chapter V - Conclusiors

The aim of this study was to investigate the veracity of a facile, scalable process for obtaining
CuGO composite powders which could subsequently be further processed irGOCy
thermalreduction. Owing to the properties of graphene (oxide), such powders can find use in
additive manufacturing and conventional powder metallurgy to create sintered metal
composites. The conclusions drawn from the results are summarized below:

Control of CuGO synthesis by altering synthesis parameters

Duration for functionalizing Cu with APTES

CWAPTES was synthesized by stirring Cu in toluene and APTES with durations varying from
30 minutes, 8 hours, and 15 hours. Since the chemisorption of APTES on Cu necessitates
covalent bonding with hydrolyzed APTES, the reaction is slow at room tempeaaiiri@
toluene. Consequently, only CuGO samples with thin GO coatings were obtaine@udrom
APTESsynthesized with 30 minutes and 8 hours mixing, regardless of GO concentration.

Conversely, the samples synthesized with APTES for 15 hours or longer coaidraodate
more GO, resulting in CuGO composite powders with thicker coatings.

APTES concentration

This study shows that the net APTES concentration on Cu is the key factor influencing the
electrostatic attraction to GO. This concentration was modutdtteet by altering the duration

of Cu functionalization, or simply by increasing the APTES concentration for a given
functionalization duration.

Thinly coated CuGO composite powders could be obtained with APTES concentrations as low
as 0.05vol% after 8 huws mixing and combination with . 6 6 ®® laading. Similar CuGO
samples were obtained with 0.1vol% to 0.3vol% APTES synthesized with concetitrateda

tol . 6 6 @O 8solutions. Such samples with low APTES loading failed to electrostatically
withhold largeamounts of GO and would release the excess upon gentle rinsing with water.
SEM characterization of these powders confirmed that despite this release, a thin layer of GO
remained in all cases. In addition, the low positive surface charge from such saiendesqul
retention of graphite oxide flakes and ensured that the thin GO coating was homogenous.

As for higher APTES concentrations, samples of medium and dense layer thickness were
synthesized with 2.5vol% and 6.25vol% APTES, respectively. These sangpéesymthesized
with0 . 6 2 Samd3 8 w tG®, respectively, and did not release GO upon rinsing.

However, synthesizing CuGO composite powders with a thick GO coating has not been
successful for functionalization durations shorter than 15 hours.

GO concentration
As detailed in the section above, the results from this work indicate that the importance of the
GO concentration is secondary to the effective APTES concentration on Cu.

Furthermore, for a given effective amount of APTES on Cu, there reshthld for how much

GO the CUAPTES powder can accommodate. Saturating theARTES with excessive
amounts of GO during solution mixing resulted in unstable coatings that easily released upon
exposure to water.
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In addition, although higher APTES concetitra on Cu could accommodate more GO, the
propensity for graphitic and namiform GO coatings increased with APTES.

Reduction of CuGO to CurGO

EDS analysis of thermally reduced GO on Cu indicate that heating &CA4a0 2 hours is
adequate for incrastng the C:O ratio from 1:1 to between 5:1 and 8:1.

Moreover, results from TGA measurements indicate that thermal reduction of GO undergo
three stages. The first stage is dehydration of intercalated water molecules, which are labile
and readily release heten 76200°C. The second stage is decomposition of labile functional
groups such as hydroxide and epoxides, which are the main ezgg&aining species in GO

and decompose between 2BRO °C. The third stage is decomposition of more stable
functional goups, such as ethers and esters. Beyond these temperatures, the reactions
transitions to pyrolysis and carbonization which breaks down the C=C bonds in GO, as well as
any covalent bonds-8 bonds with APTES.

However, the thermal processing of -@6O did na consistently yield ameliorated
performance in terms of thermal conductivity or passivation against corrosion. In Zigure

some of the Cu particle surface is exposed and detached rGO can be seen. This suggests that
even a slow thermal reduction at 5Qdrhieating rate can decompose the coating layer by virtue

of increasing interlayer pressure.

In addition to these detrimental effecin the GO coatings integrity, the thermal reduction
employed in this study has a low throughput.

Sintering of CuGO and CurGO (Raman/SEM/XPS)

After synthesis, GOpresenceon Cu particleswas confirmedby SEM and Raman
characterization. However, no appreciable amount of GO was detected on the outer surface of
sintered CuGO composites. Potentiodynamic polarization of sintere 2 5 vVCu@O
exhibited nearly identical &+ as sintered Cu, whereas sintered-rG® demonstrated a
positive shift in Eor.

After sintering, both GO and rGO was detected in the interior of the composite by using SEM
and Raman. Synthesis of CuGO compaslhig using a Cu:GO weight ratio 6f. 6 2 5omvt a
higher resulted in a compacted internal structure, albeit with low densification as evidenced by
individual CuGO particles remaining identifiable. Conversely, sintering CuGO particles with
thinner coatings such & . 2 5 withaut thermal reduction rekad in a highly porous
internal structure. Despite this porosity, many adjected particles had successfully fused,
indicating no diffusion impediment caused by GO in these regions.

Judging by these results, a wetintrolled GO loading limits diffusion buwalso interlocks
CuGO particles caused by GO overlapping particle bounddites dfect was demonstrated
for CurGO synthesized with . 6 2 5G@t which incidentally also displayed higher thermal
conductivity than pure Cu after sintag.

Thermal conductivity

As shown in figure38, sintered CuGO compositetisplayeda marginal improvement in
thermal conductivity, at besesulting in 394 + 92 W/mKwith the exception of a single sample
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which showed a higdr conductivity TheO . 2 5 @ur@0O samples performed slightly worse
than Cu, wheredd . 6 2 5Gu®&CGihad the lowest thermal conductivity, averaging826,1
W/mK.

It should be noted that sintering at 10%Dfor 4 hours was not sufficient to obtain a fully
densified Cuor CuGOsampesi in figure 39, the average Cu density was 8;38,10g/cn?
which is7% lower tharthe density of cast Cu at 8,96 gftilso, despite thaigh GO loading

in0 . 6 2 5GuG@G and CuGO, they both achieved a higher density than sintered Cu with
8,5 + 0,05g/cn? and 8,6 + 0,24 g/cirespectively. However, due to high retention of oxygen
in CuGO and the insulating properties of GO, a high thermal conductivity was not achieved.

The highly porous structufeund in0 . 2 5 ®@ur@0O samplesesult in a londensity ai8,1

+ 0,32 g/cm, which has an adverse effect on the thermal conductivity. Based on these
disparities betweed . 6 2 5andD a 2 5 Gur@0, it seems thanaGO amount comparable

to0 . 6 2 5Scantc@unteract the mechanisms forming pores #in@&D samples with less rGO.
However, the large spread in thermal conductivitieOfor 6 2 5GutGD indicates that this
ameliorating effect is highly conditions€EM analysis has showed that partially sintered Cu
rGO patrticles can be interlocked by rGO shestich makes both the defect density in rGO
sheets and their mean lateral size critical parameters for thermal conductivity. Extensive
sonication, intense thermal reduction and poor dispersion in the metal matrix are potential
factors that limit lateral ste¢ size and rGO quality.

Withoutany means to precisely control the size distribution of GO layers used in synthesizing
CuGO composites, it will be difficult to reach a high level of reproducibftity thermal
conductivity.

Resistance

The 4PPmeasuremerghows that resistan@e sintered samples & . 6 2 5Gu&Gand Cu
rGOwere comparable to sintered Cu.

Though not shown in the SEM images of fracture cross sections in this thesis, the densification
in CuGO and CuGO were significantly higherlase to the outer surface of the samghel
gradually diminishing towards the center. This signifies that much GO has decomposed close
to the outer surface, leaving only vestigial amounts of rGO/GO after sintering. Since the current
in 4PP is transported$t underneath the sample, the resistance is mainly influenced by Cu.

Hardness

The Vickers hardness in sintered-@0O samples did not vary significantly from that of Cu
after compactiomt 125Gpa. This was the case for @GO synthesized with 2.5% AP BFor

15 hours, as well as @GO made with 1% APTES for 8 hours. LiBe. 6 2 5CutG® made
with 2.5% APTES, the rGO coating @w t @uGO made with 1% APTES was quite thick.

However despite the high porosity . 2 5 ®ur@O and a similar sampk w t Gu-rGO
made with 0.5vol% APTES for 20 hours, they both achieved a 10% increase in hardness over
Cu after compaction.

Since the all samples were made with the same Cu powder from Carpenter, the particle size in
all samples are the same. In other words, theease in hardness is nexplained by Hall
Petch strengthenindue to a small grain siZé.
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Corrosion inhibition i polarization and weight loss measurements.

Compacted green bodies of CuGO synthesized with various APTES concentrations all
demonstratettigher Ecorr and lower ¢orrthan compacted Cu powdedthough thedor values

were at thesame order of magnitud8pecifically, the Eor shifted between.Q2V and 015V,
whereas dorr verified to beone order of magnitude lower thagyi for Cu. In other words,
before sintering the coverage of GO on Cu is sufficienetiuce the corrosion rate. In the
polarization curves it ighe cathodic contribution tocbr that diminished, signifying that
diffusion of oxidatingreactants limit the reactiaate.

However, sintered . 6 2 5Q@uG@ had nearly identicatdr and Eor as pure CuThis
correlateswith the 4PP measurements of various sintered CuGO samples, shown in previous
sections. Considering the resistance and polarization characteristics both being comparable
with Cu, thiswould indicate that no appreciable amount of GO remains on the surface after
sintering.

As for CurGO, a positive shift of 07V was observe and the cathodic polarization curve was
lower than for CuGO, resulting in agpioneorder of magnitude lower than what was observed
for CuGO green bodies and sintefed 6 2 5CGu®&C The anodipolarization curve was also
reducedwhich signifies that rGo is stable enough to remain on the composite surface after
sintering at 1050 °C and can passivate anodic decomposition of Cu.

Thus, reduction of GO to rGO is critical for retention not onhhimithe metal matrix, but also

on the outer surface of the partichdter reduction, the rGO is both more chemically stable
and hydrophobic than GO, which further inhibits diffusion of oxidative species in the solution
as evidenced by a lower cathodicatian rate defined byt

Etching CuGO and GuGO powder imacetic acid and AP&irther elucidatethe parameters
governing the coating integrity, whi@reimportant for effectively distributing the GO/rGO
throughout the matridkor CuGO samples madéth 1 . 6 6 w t itavas@oOnd that an APTES
concentration ofl.5vol% or higher is sufficient for reducing the CuGO weifgigs from
etching in 10vol% acetic acid to only 3%, which is nearly three times lower than pure Cu. This
result was similar fosamples made with 8 hours and 15 hours functionalizatioe. tim
addition,the relative difference between 1.5vol% and 0.5vol% APTES after 15 hours synthesis
in toluene was small. This was also the case for@&m, which displayed less mass loss over

a wide range of APTES concentrations.

Etching sintered samples in 37% HCI showed that there is not enough GO or rGO intact on the
outer surface to significantly reduce corrosion rate. In additlom,corrosion rate quickly
accelerates in HCl due to the hightarnal surface area caused by incomplete sintering.
Ultimately, this severely deteriorates CuGO and most®&0D samples early in the corrosion,
thoughO . 2 5 @uWr&0O shows increased stability and retains 70% weight after 200 hours.
The large variance inggsivation indicates that the rGO distribution and adhesion to Cu can be
further improved.

Similarly toetching in 37vol% HCI, the CuGO powders synthesized with low APTES and GO
loading performed significantly better than both Cu and thickly coated Gu®®M APS.

CuGO synthesized with 0.1% APTES abd 6 2 5CQuG@ lost 50% less weight than Cu
within the first hour of etching. However, the efficacy of passivation diminished with time and
weight loss was comparable with Cu after 3 hours. As foer@&am, no ¢ear trend could be
established. Since APS is both acidic and highly oxidizing, the disparity between CuGO and
CurGO might be explained by the functional groups on GO both repelling ammonium and
reacting with sulfate radicals. This effect is lost in1@O, is more hydrophobic but is also
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damaged by the thermal reduction. In otlverds,to fully exploit the potential for GuGO on
industrial scale, a gentler approach much be used that does not introduce significant defects to
the coating nor deterioraté$TES prior to sintering.
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Chapter VI - Future work

Although the influence of APTES concentration, synthesis duration and GO concentration has
been evaluated, much needs to be further investigated to ametier gperties of sintered
samplesBelow aresome suggestions for further work:

T

Utilizing a different surfactant molecule than APTES While crosslinking in
APTES is advantageous for surface engineering Cu powder, its chemisorption rate on
Cu is slow, thus necessitating long synthesis duration or high concentration. Cross
linking and seHpolymerization can also occur in solution, whighits the potential

for increasing the chemisorption rate on Cu by raising the tempeoattwacentration

For this reason, it would be interesting to use alternative surfactant molecules which
possess a similar structure to APTES. This way, a monauialelayer can be
assembled at a faster rate witleating andless risk of polymerization. Some
alternatives to APTES would be cysteammre 3-mercaptoproplytriethoxydisilane
(MPTES) whose sulfide growghas a high selectively to Cu

More detailed study of mechanical properties after sinteringIn this work, he
mechanical propertiesf CuGO/CurGO were not assessed beyond hardness testing.
Additional analysis should be performed by compression testing or by tensile testing of
larger test @ces.For tensile testing his would requiremachining of larger sintered
samples into adequate shapes. For this reasamouid bebeneficial to use selective
laser sintering(SLS) or selective laser melting (SLMYloreover, mechanical and
thermal proprties oflaser sintered CuGO/@&GO composkis is anoveldomainwhich

has not been extensively explored.

Investigation of machining and forming processeg-urther work should also be done

in machining of CuGO/GuGO composites. The results from this work show that, with
correct control of rGO distribution and mass fractiorgaitild bepossible to achieve
thermal conductivities higher than Cu. High thernmadductivity is primarily important

in heatsinks, which is extensively used in heating elements and computer cooling fans.
One approach would be to investigate the thermal properties-o5OQuomposites

after extrusion, which is a method commonly usednisustry for producing such
heatsinks.To this end, thematerialcan either be extruded directly as a powder or
sintered into a composite billet before machining.

Increasing GO/rGO volume fraction by reducing powder sizeln this work, the

mean Cu particlsize has been rather high an®d By using esmaller mean particle

size, e.g. 10mit would be possible to achieve a higher volume fraction of wgout
affecting coating thicknessn addition, using smaller particles would increase the
relative surface coverage consisting of single GO sheets, which in turn could reduce the
prevalence of incomplete coatings. Using smaller particles could also increase the

frequency of interlockinghiermal rGO bridges like the ones founddin 6 2 5Gut a
rGO, which displayed the highest thermal conductivity among the samples.

Size fractionation of GO sheetsOne way to engineer the properties of composites is
to alter the distributiongrientation,andaspect ratio of its filler constituent§he GO
dispersion used in this study consisted of GO sheets with an average sizanpf 10
which was further compromised by processes like sonication, thermal reduction, and
compression of CuGO powdelsis possilte to synthesize GO sheets with controlled
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aspect ratios via a modified Hummer sé me
promotes selective precipitation of GO with the desired size. This was demonstrated by
Wang et al”®!, which obtained good selectivity for @ GO sheets using this method.

Investigating the viability of scalable, inexpensive chemical reduction of GtGO.

While thermal reduction of GO is a muoked process in research for obtaining rGO,

it is not very scalabldue to size limitations and low throughput of furnaces with inert
atmospheres. Chemical reduction is an alternative, in which a chemical compound can
reduce large amounts of CuGO in a batch process. In research, hydrazine is the most
common chemical for hydrothermal reduction of GO. However, there are less
expensive andnore environmentally friendly alternatveThe list of ecefriendly
reductants is growing thanks to extensive research. So far, research has shown that
oxygen functional groups in GO can be reduced by organic acids like vitamin C, metal
powders and bakinsod&“. Currently,there is a limited amount of research involving
reduction of metalGO composites with eemiendly reductants.

Using other sintering methods Sintering in a ceramic furnace in inert atmosphere is

a simple yet limited approach to creating densified MMC. Firstly, the density of the
sintered item is limited to the effective compaction of the green body. Secondly, there

is no rectification for mdtanisms creating pores, such as gas release. Thus, using more
advanced sintering approaches can both reduce sintering time and create denser sintered
CuGO/CurGO compositesRecently, spark plasma sintering (SPS) has beenhysed

Yang et af’ to create AgGO composite with improved electrical conductivity.
Similar results can be aiihed by using hot pressifd.
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Abstract

Grapheneeinforced metal matrix composites (GMMC) have drawn attention due to their
superior nechanical, electrical and thermal properties. However, there are still difficulties that
must be solved to uniformly incorporate single layer graphene within GMMCs. Herein,
GMMC were prepared with uniform distribution of graphene oxide (GO) via electoostit
assembly on silane surfactants, followed by thermal reduction and sintering. Scanning electron
microscopy and Raman characterization confirmed that reduced graphene oxide (rGO) was
preserved and uniformly distributed within the GMMC. An electrocaiductivity comparable

to copper was obtained for the composite, indicating that rGO formed a 3D conductive
network. Inclusion of 0.2wt% rGO increased hardness before and after cold working by 34%
and 10%, respectively, which is attributed to load transf@ermal conductivity of the
composite was dependent on graphene loading as adding graphene (0.625wt%) increased the
thermal conductivity significantly (35%). Combined with increased laser absorbance, this
improved selective laser sintering of Cu, rasglin higher density of Cu/GO compared with

pure Cu. Preservation of the coating after laser sintering was confirmed by SEM and Raman.
Raman also confirmed that laser sintering has an annealing effect, thus improving its heat
transfer properties. Our sable method allows new possibilities for manufacture of GMMCs.
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1. Introduction

Metal matrix composites (MMC) serve as an interesting research area for development of high
performance materials, offering distinguished physical, mechanical, thermal and electrical
propeties. Such composites are playing an increasingly prominent role in the aerospace and
automotive industrié8. In particular, metal matrix composites based on copper have attracted
significant attention for multiple applications ranging frdmeat exchangers to electric
circuitry?!, because copper is abundant and is a good thermal and electrical conductor.
However, coppebased matrix composites are malleable, prone to wear and over time it can
also corrode in contact with moisture to formipat One additional issue with copper is that
its high reflectivity for infrared (1¢&m) | as
processes like selective laser melting (SLM) and selective laser sintering®(ST8is
necessitates high laspower which can be detrimental to cost effectiveness and mechanical
properties due to increased heat input, which reduces cooling rate and coarsens the
microstructurél. As a result, the poor printability of pure Cu also limits its potential
applicatiors in the aerospace and automotive industries, in which AM techniques can be used
both for component production and rep&irgience, production of pure copper components is
currently limited to more conventional manufacturing methods.

Graphene is an allaipe of carbon, structured as a 2D lattice consisting solely of latéral sp
bonds and del o c-adndszlitepdssesseseultrahighospesific itensile strEhgth
(1TPa), high thermal conductivify (5000W/mK), large surface area, very high earri
mobility® and has been demonstrated as a promising filler in pol{¥né¥s unique carbon

based materials, graphene reinforced MMCs often show a better overall performance
benefitting from their high electrical and thermal conductivity, excellematitn damping
properties and seltibricating properties. Inherently, these properties make graphene
composites interesting for the automotive and aerospace industries. Moreover, graphene has
broad light absorbance, including in the infrared domain, wimehns it has the potential to
reduce energy loss in laser AM processes involving reflective maféli&f& Furthermore, if

the graphene can be preserved in the metal matrix after AM, this would open new possibilities
for production of advanced MME&¥' (261,

While integrating graphene into copper to form graphene reinforced copper is expected to bring
new properties and applications for the metal, there are challenges that remain to be solved to
uniformly distribute graphene in the copper matrix. thirgdue to low solubility of graphene

in copper and strong Van der Waals forces between graphene layers, graphene tends to
aggregate over time in copper méfswhich makes conventional casting methods unfeasible.
Moreover, the low interaction betweegraphene and copper result in poor interfacial
adhesioR®¥. The combination of these issues leads to insufficient alignment and poor
distribution of graphene layers in the copper matrix. Moreover, since tdane
conductivities in graphene are niusigher than the througblane propertié€’, formation of

an interconnected graphene network in the metal matrix is crucial to leverage its physical
properties. To this end, powder metallurgy methods like ball milling are frequently used in
research taniformly coldweld graphene to metal powders before sint€rihg!. However,

such physical methods are rarely applicable on an industrial scale and risk severely damaging
the graphene coating as the powders are often plastically deformed in thespfocesre
chemical approach would both be more scalable and allow for better control of the composite
powder 6s properties, such as coating thickne

Instead of perfect graphene, graphene oxide (GO) has been explored as a potential precursor
filler to produce graphene reinforced MME#&2/23], GO possesses a negative surface charge
due to the presence of carboxylic group at the edges of GO &hektsaddition, numerous
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hydroxyls, epoxide and defects on the surface of GO makes it readily dispersgleeous
solvents. The hydroxyl and carboxyl functional groups on GO also allow hydrogen bonding,
further enriching the surface chemistry compared with graphene. Moreover, the carboxyl group
bestows a net negative surface charge on GO which can betexpioimprove adhesion to a
metal substrate if its surface is modified with a positively charged mol&Uf&. The
successful encapsulation of metal particles with graphene sheets could make powder
metallurgy an interesting approach for forming apdrene network in the MMC, since
graphene can be distributed uniformly by coating the powder particles prior to processing by
sintering and extrusion. Most importantly, the presence of graphene on Cu particles could
prevent the reflection of an impingingser and improve light adsorption, which would make
copper more viable for laser AM processes like laser powder bed fusion (LPBF). In addition,
a lubricating graphene coating could also improve the flowability 8f'Cwhich would allow

Cu powders with ihe sieving fractions to be used in AM and attain better dimensional
accurac¥®. The potential for Cu powders with better flowability, stronger light absorption,
increased thermal conductivity and novel mechanical properties make graphene coatings very
promising for AM.

In this work, sintered composites of copper and graphene oxide were prepared with a facile,
scalable solution mixing method in toluene involving coating of metal powders. The molecule
3-aminopropyltriethoxysilane (APTES) was used to bestomet positive surface charge to
copper particles, which subsequently increased electrostatic interaction with negatively
charged graphene oxide. The thermal conductivity and hardness of sinteredgrappene
(GO@Cu) and thermally reduced composit€3Jd@Cu) were evaluated. We also evaluated
the preservation of GO and rGO in samples sintered in a ceramic furnace and by SLS with
scanning electron microscopy (SEM) and Raman. Apart from the traditional powder
metallurgy for the sintering of Cu/GO, the m@m@mising additive manufacture method was

for the first time investigated to sinter and build multilayer structures of graphene/Cu
compositesThe strong laser absorption ability of graphene prevent the reflection of laser from
the surface of Cu; the caag of graphene on Cu has been proved as an efficient strategy not
only to improve the printability of Cu by selective laser sintering, but also uniformly added
graphene in the Cu matrix. Our method opens a new avenue for the manufacture of graphene
reinforced metal matrix composites.

2. Experimenal
2.1.Materials

Polycrystalline, gas atomized copper powders were purchased from Carpenter (99.9% purity,
34egem) under the product name MIM 270M N 15&m
VWR International, while 2aaminopropyltriethoxysilane (APTES , 99% purity) was purchased

from SigmaAl dr i c h. Graphene oxide (0-50wWwD)%as 10em
purchased from Graphenea.

2.2.Preparation of GO@Cu composite powders

Typically, the commercial copper powder was first rinsed with toluene to remove the impurities
before transfer to a flask. 100ml fresh toluene was then added into 10 g powder under magnetic
stirring, followed by adding a certain amount of APTES dependirth®target thickness; The
mixture was then kept sealed and stirring arious durations (30min, 15h, 20R)luene
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prevented rapid seffolymerization of APTES in solution. After treatment with APTES, the
solution was removed and the APTES functlimeal Cu (APTES@Cu) powder was rinsed

with new toluene before drying under ambient conditions. In the second step, well dispersed
GO in 500ml DI water was added to a 100ml DI water suspension of APTES@Cu powder
under stirring. After adding GO, the solutiaras kept stirring for a while before removal of

the supernatant solution. Next, the GO coated Cu (GO@Cu) powder was rinsed with deionized
water once before drying under low temperature overnight.

2.3.Preparation of sintered GO@Cu and rGO@Cu composites

To improve the electrical conductivity, the GO component in GO@Cu samples underwent
thermal reduction (rGO@J{} at 400°C for 2 hours under Ar protection.

In a typical small sample, 1g GO@Cu powder was consolidated into 1cm diameter disks by
uniaxial, hydraulic ompression under 1.25GPa. This was followed by sintering in a tube
furnace at 1050°C for 4 hours in argon atmosphere at/&c&intered GO@Cu {§0@Cu)

were extracted once the furnace had cooled below 80°C. Consolidated ngpé@6 bodies

were prepared by uniaxial compaction using the same instruments and parameters. Sintered
rGO@Q (srGO@Qu) was prepared using the same procedure as@@@Cu.

2.4.Selective laser sintering

An EOS M100 was used to sinter both rGO@Cu and Cu Ithpowders on cast copper
substrates. For a typical test, each row had lines consisting of 15 layers of powder, sintered
with an Yb fiber | aser 0 p e ¥1200nmnnvgvelengtit. The 4 0 € m
thickness of each | aycehr swanst e Ceedm,s armgpd wel tlii mge
in one row were sintered with 700mm/s scan speed and power ranging from 120W to 160W,
while lines in the other row were sintered at 160W and scan speeds ranging from 400mm/s to
600mm/s.

Two samples were preparad demonstration for further characterizations: one consisting of
pure Cu, and another of GO@Cu powder synthe:
(p-GO@Cu). Both sets of samples were laser printed in argon atmosphere.

2.5.Characterization of sintered GO@€omposites

The nanostructure and morphologies of Cu, GO@Cu, and sintered GO@Q@Eu) was
thoroughly characterized by SENHOL JSM7800F Primgequipped with energy dispersive
spectrometer (EDS); The graphene #6@@Cu matrix was detected by RamaMITec
alpha300 R with 532nm laser, the corresponding distribution of graphene in Cu matrix was
investigated by Raman mapping. The hardness measurement was performed using a micro
hardness teste6{ruers DuraScai0) operating at 1 kgf; The thermal conduii of all the

samples were measured by laser flash analysis (LFA) (Netzsch LFA447) and their densities
were determined with Archi medeso6 principle.



3. Results and discussion

After the functionalization by APTES, the positively charged Cu show strong interaction with
the negatively charged GO due to electrostatic attraction. The flexible feature of single layer
graphene allows it to lmnfocallycoated on the surface of grene with strong adhesion. As
shown in Fig. 1a), under low magnification, no graphene agglomeration and clusters were
observed, and the Cu particles are all isolated from each other. This implies that there is no
detachment of graphene during the solupoocessing. Under higher magnification, the SEM
image of individual particles would give a sense of the coating quality in terms of uniformity
and thickness. For example, Fig. 1b) show the SEM image of one typical graphene coated Cu
particle, whichwas gpared with O0.625wta GO and 2. 5vol
article, this sample powder is referred to aghipk-GO@Cu. As indicated by the arrows
showing the graphene wrinkles, one can observe the uniform coating of GO on the Cu surface.
The coating s thin enough to not obfuscate the particle surface, which makes it difficult to
show the uniformity at low magnification except by identifying regions with wrinkles. By
adjusting the thickness of APTES surfactant and the GO loading, a thicker and readily
observable graphene coating can be obtaifed. more details please refer to our other
publication In the present study, we only compared GO@Cu composite powders with coating
thickness like ghick-GO@Cu. This relatively thin coating is expected tovalbetter sintering

of Cu.

Fig. 1: SEM images ofthick-GO@Cu powdet 0. 6 25wt a GO ratio and 2
under a) low and b) relatively high magnification. No clustering was observed, and graphene
was uniformly coated on Cu particles.

3.1.Sintering of GO@CU and rGO@Cu composites

Because of the presence of oxygen containing functional groups on GO surface, the GO is
unconducive. To improve the conductivity othpck-GO@Cu, the particles were thermally
reduced at 400°C for 2 hours ébtain pthick-rGO@Cu. Both the 4hick-GO@Cu and p
thick-rGO@Cu particles were compressed to compact small platelets withdl@ameters

using 1g powder at 1.25GPa. Compacted green bodies of-@ickfGO@Cu and fhick-
rGO@Cu were then sintered in a amic tube furnace at 1050°C for 4 hours under argon
atmosphere. These sintered GO@Cu and rGO@Cu samples are-tlailbdeFO@Cu and-s
thick-rGO@Cu for the remainder of the article, respectively.
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Fig. 2shows the average densities of the sinteregpshre s measur ed by Ar chi
Each bar in the figure is an average of 2 sintered samples. Sintered Cu reached 93% of
maximum density (8.96g/cm3), whereathgk-rGO@Cu and $hick-GO@Cu reached 96%

and 95%, respectively. The increased densitytinck-rGO@Cu might be due to the improved

internal heat transport and more efficiently distributed heat within the structure due to rGO,
leading to higher densification.

Fig. 2: Densities of sintered Custhick-rGO@Cu and ghick-GO@Cu.

Samples of sintered Cu were fractured and characterized by SEM to investigate the fracture
morphology and how it compares with rGO@Cu samples. Fig. 3a) to 3c) show fracture
microstructures of a sintered Cu sample at various magnifications, showing tiveethal
structure has a densified structure and displays characteristics of a ductile fracture, such as
dimples. Large dimples are encompassed by regions with higher density due to packaging of
smaller Cu powder particles (Fig. 3b) and 3c)).

It was fourd that sr GO@Cu samples with | ow GO | oading
APTES) showed similar fracture structure as the pure Cu sample, indicating the coated
graphene is very thin (Fig. 3d). This rGO@Cu sample is referred tthasrSO@Cu in the

rest of thearticle. Like sintered pure Cu, the interior cthin-rGO@Cu is almost fully
densified. Under higher magnification (Fig. 3e) and 3f)), ultrathin rGO with wrinkles can be
observed at elongated plane regions, indicated by white arrows. High prevaldreseqiflane
regions and dimples indicates that rGO permeates the internal matrix extensively and is situated
at particle interfaces and facilitate slip upon plastic deformation by shearing stresses. Although
rGO is partially present between the Cu partidies fracture showed that the densification of
sthin-rGO@Cu was not negatively impacted by the rGO filler. This preserved the ductile
properties of the sample.



