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ABSTRACT

Pulsed electrodeposition (PED) of nanand submicrocrystallinematerials is a
technologically and economically viable production route for metals, alloys and metal
matrix composites both in the form of bulk samples and as coatings. Hence,
commercialization of nanomaterials has become attractive and new producsidos v
applications are being researched and developed. To retain the exceptional macroscopic
properties of nanomaterials also at elevated temperatures, it is essential that the
microstructure of these materials is sufficiently stable upon annealinge Salditions

have shown to improve the thermal stability of PED materials. But also grain morphology
and texture play an important role for the stability of the material.

Nanocrystalline Ni and Ni alloyslectrodeposits have been analyzed in madetail ower

the last yearsAll materials contained additives for more effective grain refineniant.

the present worksubmicocrystalline Ni electrodepospirepared without additivesas
investigatedResultshave shown that the microstructure is thermally stapléo at least
325°C, i.e. has a substantially higher thermal stability than Ni with 10 and 20 nm grain
size (stable up te85°C).

Microstructure and texture development upon annealing afutbmnicrocrystalline PED

Ni were analyzed using diérent micrecopical techniques: Electron Backscatter
Diffraction (EBSD), insitu annealing experiments in TEM and high resolution imaging
in SEM. Texture in agplated state is different in the submicrocrystalline material as
compared to the nanocrystalline Ni. Inste a <411> texture, a <110> fibre texture is
found in the growth directionThat texture remainstable at annealing treatment up to
600°C instead evolving to a <111> texturehich is frequently observed at
nanocrystalline Nupon annealing

The microstructure exhibits a bimodal character with nanometer sized grains surrounding
larger columnar grains of the order of submicrometer. The latter are engaged in group
formations of five folded symmetries around common zone axis having a twin boundary
relationship These colonies of grains exhibit al€® texture parallel to the growth
direction of the electrodeposit and appear to be stable both in structure and texture upon
annealing.
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¢ Introduction
o0 Electrodeposition

In the field of advanced materials, electrodepositimehnique, also known as
electroplating or electrochemical deposition, holds great interest and has received
significant attention over the years. It has been widely used in industrial production
routes for the last century. Electrodeposition offers th&sibility to produce nanand
submicre crystalline metals and alloys in either bulk or coating form. This sort of
versatility along with the fact that it is an economical viable production route, are its key
features that make it extremely appealing ZIL, A great variety of applications from
electroformed products such as CD stampers, coatings for corrosion or wear resistance,
salvage rework of worn components, power supply and motor applications, decorative
applications and more are accomplishabléwlectrodeposition [2, 3].

Their enhanced properties in comparison to their conventional polycrystalline
counterparts, is one of the reasons that electrodeposited products have such a broad range
of applications [1, 2]. It is possible to create porfne® products with grain size down to

<10 nm [4]. The unique properties of namaod submicrecrystalline productarearesult

of their increased intercrystalline volume fraction. The latter is the outcome of their
extremely small grain size [5, 6]. Thug, is of great importance that the initial
microstructure can be retained at elevated temperatures. Studies have shown that by
alloying and/or adding solutes it is possible to improve the thermal stability of the
electrodeposits (EDs) through solute segtiegaallotropic phase transformaticas well

as triple junctions and Zener pinning [7, 8]. Also a broader grain size distribution is
considered to be responsible for abnormal grain growth at lower temperatures, but that
was not been observed for Ni EDgwbroad and narrow distutions and low impurity

conten [7, 9].

Electrodeposition involves the creation of the product through an electrolytic process.
The elements that will form thelectrodepositire dissolved in an electrolytic solution

and with he use of current they are being deposited on a subgtedb®dé [4]. Under

the influence of current, redox reactions are taking place which lead to desorption and
absorption of the material. Those redeactions are taking place in an aqueous acidic
solution which contains ions of the material to be deposited. For different materials of
interest there are different solutions. Furthermore an electrolyte could contain a stress
reliever and grain refininggent, a grain size inhibitor and a buffering agent. The most
common electrolytes used for the plating of Ni are the Watts solution and the Nickel
sulphamate solution. The first contains Nickel sulphate (W&®O), Nickel chloride
(NiCl,-6H,0) and Boricacid (HBOs) while the laer instead of Nickel sulphat®ntains

Nickel sulphamate (Ni(S§),)-4H,0) as main ingredient.



The microstructure and texture of the final product, and subsequently its properties, are
affected by many parameters such as the pHtlaademperature of the electrolyte, the
current density, the overvoltage and the presence or absence of additives in the
electrolyte. There is no general rule of how these effect the final product, as they
influence each other. Despite the fact that mafigrts have been made to decode the
effect of each parameter in the microstructure and texture, direct comparison is not
always feasible due to the fact that most measurements vary in conditions that they were
performed in.

0 Texture of EDs

Many theoretichinterpretations have been proposed over time, aiming at explaining the
texture formation of EDs. Two of the most important hypothesis, were assuming either
that texture was a result of competitive nucleation or a result of a growth competition.
Both of these theories were countered and sufficiently disproved through experimental
data from J. Amblard et al [10]. Furthermore he proposed a theory in which he is
explaining the texture formation, supporting the idea of electrodeposition being a strongly
inhibited process [10, 11]. In this theory it is suggested that Ni electrodeposition is
hindered due to reasons of strong interactions between the metallic surface and chemical
species that are capable of being absorbed on it. More specific it is assumee that th
effect of these various inhibitors (Ni(Oflgaseous K Hag9 near the cathode result from
hydrogen codeposition. Amblard et al. also ascribed different inhibitors to different
textures. The [100fibre textureparallel to the growth direction (GD), wifi is regarded

as the free mode growth of Ni electrodeposits, is associated with the absorbance of
intermediate (NiOH)s Three other textures that are present in Ni electrodeposits <110>,
[210] and <211>, are affected by the presence Qf Hgaseous kK and Ni(OH) inside

the cathodic layer respectively. The difference betweewrristallographic directions in

the differentbrackets is that thenes denoted withhkl] always represergingle crystals

while the ones denoted with<hkl> are threedimensioml crystal clusters. The
aforementioned cases account for deposition of Ni in an addiideeelectrolyte. In the

case of severe inhibition, when for instance an organic additive consumes more cathodic
hydrogen, <211> texture is replaced by <111>.

The maority of experimental results, conducted in determining the effect of different
parameters on the final microstructure and texture of the EDs, cite the inhibition theory
and are in agreement with its arguments. Amblard et al [10, 11] tried to present the
significance of the pH value and current density for d.c. conditions by holding the
temperature of the electrolyte constant. For high values of pH and low values of current
density a double fiber texture of <110> and <211> // GD was present while for low
current density and low pH a <110> was dominating. For high values of current density
and low pH values [210] is present, while the free mode growth of [100] was dominating
for medium values for both pH and current density (Figure 1). By holding alsceall th



other parameters constant and changing the temperature of the electrolyte, a change in
texture was noticed from [100] a¢mperatures abov&0°C to [210] attemperatures

below 40°C. The presence of additives in the electrolyte had also signigffaat m

texture, changing it to <111> at higher values of pH and current density. At lower and
intermediate values of both pH and current density, the texture changed depending on the
additive used (Figure 2).
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Figure 1. Stability of the various fibre textures of nickel electrodeposits versus pH of tl
Watts bath and nickel current density (based on figure in [11]).
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Figure 2: Stability of various fibre textures of nickel electrodeposits versus nickel currel
density and concentrationof a) butyne2-diol 1,4 as inhibitor and b) sodium benzene
sulphonate as inhibitor (based on referencfl1]).



In order to examine the effect of pulse reversed current on the texture of the EDs, C.
Kollia et al [12] started from well known electrolytic conditions that would lead to known
textures in the d.c. regime, which were close to the ohesrved byAmblard et al[10,

11]. Taking into account the argument of inhibition of different chemical species on the
cathode, it was expected that the application of pulse reversed current technique would
have a stronger influence on texture due to the larger influenttee@omposition on the
catholyte. The results confirmed the idea of inhibition of different chemical species and
concluded that this happens by reinforcing the selective inhibition phenomena.

Further studies aimingt investigating the effect of pulse cant on the texture of the

EDs were conducted by Hherik et al [13]. In this experimental work, the influence of
pulse onrtime, off-time and current density was monitored. The texture of the EDs
changed from a random distribution to a strong (200) fibxéure with increasing en

time and peak current density, while the-wmffie seemed to have no effect at all.
Furthermore, the effect of the organic additives such as saccharin on texture was
demonstrated, The texture of the EDs changed from an initiad {200) texture to a
(100)(200) double fibre texture parallel to the GD [14].

C. Nielsen et al [15] investigated Ni EDs of <110> // GD fibre texture in TEM. Assuming

the inhibition theory of texture growth by the absorption of hydrogen or amorphous

organc specis, such species should be tracabla t he deposi tds micr os't
analysesHowever,no incorporated species were found through the EDs microstructure.

Thus an assumption was made that these must be sufficiently stable on certain crystal

faces to modify growth while at the same time sufficiently unstable so as to allow
decomposition andf release so as not to be codeposited.

In the examination of different parameters that affect the texture evolutidre &Ds,

Goods et al [16] conducted an investigation regarding the temperature change. Nickel

EDs were maddy use ofthe LIGA processkFiltration was also performed on the

electrolytic solution using activated Carbon, removing organic and other electrolyte

species such as borate ion that may act as weak deposition inhlbgiorg.an unfiltered

electrolyte anddw current densities (3 Adcm?), EDs exhibited a temperature dependent
instability. At | ow temperatures (O 32AC) an
at 50°C EDs exhibit an <110> inhibited growth, similar to their filtered counterparts. At

high current density (15 mA/cnthe texture is unaffected by the particle filtering.

Another observation concerns the effect of the substrate on the texture evolution of the
EDs. It has been reported that at the first stage of deposition, the deposit follows the
structure and texturef the substrate [10, 11]. Further away from the near substrate

region, texture and microstructure of the deposit is only governed by the electrochemical
parameters. More experimental work conducted by Ebrahimi. et al [17], supported this



argument by usingubstrates of different crystallogiaic orientation that proved twave

no effect on the final orientation of the EDs. Kozlov et al [18] claimed that fcaupDs

0,5 em from the substrate, have always an inigdll1> texture independent of the
electrachemical parameters. In addition, the usage of amorphous Sb and stainless steel as
substrates, lead them to the suggestion that due to the inert nature of the surfaces any
epitaxial influence of the substrate on the texture can be excluded.

0 Microstructure of EDs

Some of the key characteristics of the Ni EDs, which are directly related to their
mechanical properties, are the presence of long columnar grain along the growth
direction, usually surrounded by clusters of coarse and fine grains, and a higinfodcti

twin boundaries [11, 19, 20, 21, 22, 23, 24, 25]. A surface roughness due to the difference
in grow rates between some crystals is argwedalisea local changes in electrolytic
conditions and thus conditions for nucleation and appearance of tistsetdine grains

[27]. The presence of the long elongated grains is eliminated in strongly inhibited
conditions, such as the presence of high concentrations of additives in the electrolyte
solution, or by alloying [7, 8, 9, 14, 22, 25, 30]. In the aafS€obalt EDs it has also been
reportedthata transition from a columnar structure to an assembly of diheatralssby
reducing the value of the pH of the electrolyte under 3 at 50°C [31]. Also the importance
of temperature in the development of microsture was notetbr Nickel EDs [16]. In an
unfiltered electrolyte at low current densitigbe microstructure is finat the low
temperature of 28°Qvhile it becomes coarsedt a high temperature of 50°CAt an
intermediate temperature of 4Q°the micostructurecontainsa mixture ofcoarse and

fine grains. Rasmussen et al [19] also observed the effect of temperature on the
microstructure and noted that at lower temperatures smaller grain size was achieved.
Generally it is expected that with increasiongrrent density the grain size should
decrease. Increasing the current density and thus increasing the overvoltage, is
anticipated to lead to grain refinement. Some experimental studies on Nickel and Cobalt
EDs [13, 28, 29] have shown exactly thdbwever other studies have shown that the
width of those columnar grains increases not only with the increasing thickness of the
sample, but also with increasing current density [19, 25, 26]. In addition, a correlation
between the decrease in the crystallinee sind the loss of texture was mentioned,
attributed to the continuous nucleation of new gains which influence the size and the
severity of the texture [26].

In the microstructure of gslated Ni and Ni alloys, grain colonies exhibiting symmetries
of uneven numbers are met in twin junctions, parallel or inclined to the growth direction
[11, 23, 27]. Those grains exhibiting the same texture in growth direction are formed
during electrodeposition and share a common zone laxeddition to lowangle grain
boundaries and general higimgle grain boundarieshdse colonig are often related
through{111} twin planes, parallel to the GPBurthermore it is noted that these colonies



of grains frequently exhibi& curvature. It is argued that the presence ejiecdk in the
crystal lattice due t@o-deposition of hydrogen or other impurities, rotate the columnar
crystals away from the fast gravg direction and thus inhibibeir further growth [27].

e Aim and scope

Retaining the initial microstructureat elevated temperatures is essential for the
applicationof EDs. The demise of that initial microstructure leads to the degradation of
their tailoredmadepropertiesof the material Hence, sidying possible microstructural
changes IrEDs is of extrene impatance. Any information obtained will contribute to a
betterunderstandingf the evolutionof EDs upon annealing, amaén be used fdurther
improvement. In that context, the aim of the present werthe characterization of
microstructure and textureedelopment upon annealing of Ni pulsed electrodeposit. For
that task, well established microscopic technicgued asScanning Electron Microscopy,
Electron Backscatter Diffraction and Transmission Electron Microscopy were used. The
observed results wereompared and evaluatedith respect @ previous results from
literature.

e Material under investigation

The material studied in this project is high purity Ni produced through pulsed
electrodeposition synthesis (PED) method. No additives were used for ffextve

grain refinement. The electrolyte bath used was based ofsulpliamate
(Ni(SO3N)2-4H,) and stabilized with boric acid ¢BO3). The pH value was kept
constant during the deposition process at 4.2 and the bath was stirred mechanically using
a propdler. An 1,5 litre electrolyte bath waghich wasused kept at constant temperature

of 65°C. Electrodeposition was carried out using a sqwane pulsed current with a
time-on (bn) of 5 ms, timeoff (tof) of 45 ms and a pulse current of 2A&Mi pellets

were contained in a titanium basket that was used as the soluble anode, while the cathode
was a polished steel plate (70x40 fariThe distance in between the electrodes was set to

6 cm and the whole procedure of deposition lasted 6 months produceggproximately

5 mm thick Ni deposit. The measured impurity content in the final product was 80 ppm
of Sulfur and 110 ppm of Carbon.



e Experimental procedure
o DSC

In order b investigateif any transformatios occur uponannealing,a differential
calorimetric measurementvas performed It yields quantitative determination of
thermodynamicaparameters such as activation eneagywell as he orset temperature
of transformationsthat take place In the present workthe equipment usedvas a
NETZSCHSTA 409 P@PG differential scanning calorimeter (DS@) the Departmnt
of Chemical and Biological fgineering at Chlmers University of Technologylhe
samples were placed in platinetmodium crucibles andthe heating rateused was
10°Amin (Fig. 3. A flow of N, gaswas maintainedwith a flow rate of 10 ml/mirin
order to prevent oxidationTwo consecutive runsvere carried out one serving as a
referene base lindor detectingreversible transformations
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Figure3: DSC curve for the PHEEI recorded at heating rate of 10°C/min.

The DSC curven Fig. 3showsa main hearelease peakt 395C. A shoulderwith an

onsetat about325°C is notable, probably due to overlapping of two peakew-energy
exothermpeak and a main heat release pégie curve of the PEDI follows a trend

that is commonly met in pure materials such as Ni and Co, as well as inErRge

alloys such as N20% Fe and NCo alloys [9, 10, 14, 15]. Both the onset of the Jow
energy extherm and the heat release peak, have values higher than the ones recorded
previously for Ni samples of 20 nm and 46 nm grain size. In the first case, an onset



temperature of 84°C was determined, followed by a main peak at 289°C, while for the 46
nm materal an onset temperature of 60°C and a main peak at 285 Ghsarved?].

0 Heat treatment

From the DSC curve alone it is not clear what type of transformations take plaee in th
temperaturgange of the low exothermilence complementary methods mums applied.

For that matterheat treatmestin a vacuum furnacevere carried out orbulk samples
combined with an irsitu TEM annealingreatmenbn athin foil. Furnace heat treatments
were performedt 350, 400, 450, 500, 550 and 68Dfor 20 min Then the samplesere

left atroom temperature faaboutl hourto cool down For the insitu TEM annealing a
Gatan doublilt heating holder with a tantalunuinace was used, which allows heg

up the samplg¢o 1000°C.This technique allowshe directmonitoring of transformations
During the insitu experiment, the temperature was raigedteps of 50 degrees from
200°C up te00°C.

o EBSD

Electron Backscatter Diffraction (EBSD)s a technique which allows obtaining
crystallographic information fromasnples in the scanning electron microscope (SEM).
Both bulk samples and TEM foil were investigatédl. measurements werperformed
over an area of 22,6 x 17¢2n (565 x430= 242950pixels) (see jppendix for details)
with step size 00,040em. Theelectronbeam scamedthe samples at a direction parallel
to the growth direction (GDpf the electrodepositThe Kikuchi diffraction patterns
acquired for each pixel astored through a software application intdedasefile. Once
that is completedt is possibleto obtaininformation about local texture, grain boundary
misorientation and distribution, grain morphologyd hase distributionln this work a
LEO Gemini 1550 FEG&SEM and a HKL Channel 5 EBSD system witlordlys Il
detector were used. Measurements were carried @rt atceleration voltage @0 kv
andat aworking distancef 17 mm.

o0 Sample preparation

All samples were preparedth respect to the crossection of the material, i.e. parallel to
the growth direction of theelectrodeposit The bulk specimens weranechanicdy
polished with SiC papers down to grid size 4000 and subsequently electropolistged usi
a Struers Lectropdb with a Struer#\2 electrolyteconsisting of perchloric acifi0%, 2
butoxyethanol, ethanol ardistilled water The TEM samples were prepareth dimple
grinding and ion milling. Discs of 8im in diameter were punched from thin (<E50in
thicknes$ sheets and thepolished down to ~7@m in thicknessusing3 em diamond
paste Afterwards a dimple was created ithe center of the discs throughechantal
polishing onboth sidesusing a Gatan model 656 dimple grindeiith 3 em and 1em



diamondpastesFinally, ion milling was carried out with a Gatan precision polishing
system (PIPS) usingn angle of incidence of 4dntil a hole was created in the middle.

e Results
o SEM imaging

Using the hlensdetector of the SEMsecondary electro(6E) imagesweretakenon the

cross section and in the GD of thepreparedbulk sample The sample wasslightly

etched and for that reasgmain boundaries can lseen clearlyln Fig. 4, the images are

given together with an illustration of their positiononthempal e s cr oss secti on

Topof the sample

a

b

)

Bottom of the sample

EHT = 500 kv Photo No. = 6350
Signal A= intens | Mag= 9.06KX

Figure4: (a-e), SEM images of the cross section of thepaspared material. The locations
the micrographs are given in the sketch.
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Figure4: (a-e), SEM images of the cross section of thepaspared material. The locations
the micrographs are given in the sketch.
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SE images reveal the microstructure of the sample in thgreggsared statd=rom the
bottom to the top fothe sample there is a notalbange in the microstructure. #ie
bottom of the samplésubstrate side), few distinelongated grainsf approximately 2
em in length are presefiot taking into account the presence of any twin boundaries at
this point) These grains are orientg@arallel to the GDof the samplesurrounded by
grains which aresmallerin size Away from thesubstratethe stucture progressively
changesThat bimodal grain structure is becoming more appaiérg. area fraction of
the elongated grainsicreases as they increase in numaed inaveragdengthfrom the
bottom tothe top of the samplelt can be noticed, morgpecificallyin Figs. 2a, b and,
that at the center andspeciallynear the topf the samplehe elongated grains have
maximum size and completely dominabe microstructure The sample thus exhibits an
overall inhomogeneous structure.

o Orientation maps

In order tofollow the development of thmicrostructureduring the annealing sequence,
orientation maps were takem each temperaturlverse poldigure coloringwas used
with respect tohe three sampledirections; the colour key which illustratése grain
orientations in the respective crystallograpHdicections is given in Fig. .5For all
orientation maps (Figs. 6 tg 8oise reduction was performeual order to increase the
hit rate of the measuremenkisrstso-calledwild spikeswere removedThat iswhen the
adjacent 8 pixels of an indexedipiare allnotindexedor all indexed differentlyThen,
orientation information was assigneduaindexed pointdased on the orientation of 4
closestineighborpoints whichare equally indexed (see appendix for percentages).

111

Figure5: Colour key fothe different crystallographic orientations
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Figure 6: Orientatihgﬁmr;;ﬁs with respect to the GD (parallel to Y axis) for g)rapared, b) 350°C,
400°C, d) 450°C, e) 500°C, f) 550°C, g) 600°C and h) 650°C (scale bar length equaig.to 10
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400°C, d) 450°C, e) 500°C, f) 550°C, g) 600°C and h) 650°C (scale bar length equaig.to 10
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Figure 8: Orientation maps with respect t%)the Z axis of the sample for aprapared, b) 350°C,
400°C, d) 450°C, e) 500°C, f) 550°C, g) 600°C and h) 650°C (scale bar length equaig.to 10

14



In all following analysd/discussionsthe 650C sample isexcluded.During the
measurement dahat sample an effect due to pseudosymmetigcurred altering the
informationobtained Thus the measuredata isnot taken into account

The orientation mapserformed after annealingreveal in all cases a imodal
inhomogeneous structure. The elongated grains that were already present from the
initial state arepresentthroughout thewhole annealingprocess. Those grains are in
their majority <110> oriented parallel to the GD of the sample. Witlreasing
annealingtemperaturgthe elongated grainbecome more dominant as thegrease in

area size and elongatiomhese elongated grains are surrouhdg smalker grains of
different shapes andrientations As the annealg temperature increases tsmall
grainsgrow and tend t&eepa more round shape, as it can best be sedme sample
annealedt 600°C.

In the following curvesthe values between initial state of the matefia. 65°Q and
the differentheat treatment temperaturéise. 350, 400, 450, 500, 550 and 600&e
extrapolated and not actually measured for tteghperaturenterval.

o0 Grain size and area determination

Regarding the average size and area of grains, the calculations were performed based on

a minimum misorientation angle between the boundaries of neighbor.dreiosiplete

grains that exist ate borders of the map were excluded from the analysis. Average

grain size was obtaindaly two methodswiththe fAequi val entmetbadr cl e di
which calculates the diameter of a circle of the same(Fie 9) andfiline intercepd

methodwhich meaares distances (i.e. grain diametelgjth parallel and perpendicular
directionsto the GD (Fig. 10). The area size of the grains tisen calculated by

multiplying the numbeof pixels in eachgrain with the pixel size (Fig.11). In these

analyss, both high angle grain boundariesBlAGBs) with d above 15°andlow angle

grain boundaries (LAGBs) wittibetween 3° and 15° were taken into account

An average grain size of 145 nm I s measur e
method in the initial state thg@rogressively increases to 195 nm at 40(BE€tween

400°C and 600°C the grain size is more rapidly increasing and reaches a maximum

value 0f347nm at 600°C (Fig9).
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Examining theaveragegrain sizedevelopment upon annealigig. 9 and 10, different
i nformation can be deducedi faloemte acihr cmeet haid
method takes into account all the analyzed grains in the. mraphat sense it can be

considered more precise i nergdeptn@ met ok r mga
separatelyin both directions perpendicular and parallel to the GD, taking into account
only thegrains that arerossed by the selective gridlind8i t h Al i ne i ntercept

thoughthe tendency othe grains to eithebecome mee round or elonga&can beeasier
bedetermined

The average graiareaupon annealinghows a small increase fromvalue of 0,0165
em? in the initial state to 0,045¢m? at 4°C. Between 400°C anf00°Cthe average
grain areancreases rapidlyeaching a maximumalue of 0,23%m? at 600°C(Fig. 11).
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The change inaspect ratio progression of the grains with the annealing tempevnaare

calculatedby oneo f both the fAequival ent cmethadl e di ame
The first onerepreserd the fraction ofthe major over minor axis of the elliptic fit for

every grain Thesecond one uses the fraction of gnain sizeparallel to the Goverthe

size of thegrains pependicular to the GD (Figure 12
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Figure32: Aspect ratio of grainsipon annealing temperature

The cause of the discrepancy in valdegy. 12 is due tothe fact that each curve is

calculated based atifferent methods. In one case we have the ratio calculated based on

the fAelliptic fito method while on the othe
explained earlier these two methods differ in the numbgraihs measure and the way

grain sizeis measurd.

lum

Figure43: In-situ TEM annealing at a) 550°C for 20 min and b) 600°C for 20min.
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Using insitu annealingin TEM, it was possible to isolate grains and monitor their
evolutionwith increasiig temperatureTwo typical example of grown grainsare given

in Figs. 13 and 1l4wherethe samdocation is seemat different annealing temperatures
(500°C and 600°C)

a) b)

1>m

Figure54: In-situ TEM annealing at a) ®Cfor 20 minand b) 600°Gor 20 min.
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From the average grain size and average graincareas(Figs. 9 - 11) it is obvious that
significant grain growth takes platetween 400°C and00°C. From 450°C to $0°C
(judging from Fig. 12)the grainsseem tohave gained morén width ratherthan in
elongationin the respectivannealing step However this alsocould be attribugd to the
inhomogeneity of the micstructure. Aother similarobservation can be pointed out
between 400°C and 4509€igs 9 and 1}. At these annealing temperaturgeins seem
to grow not as much as the previous oin the followingannealing steps.

Following the average aspecticaprogression of the graingith temperaturéFig. 12, it
appears as if the graitsnd tobecomemore round after 400°C. At 500°C the aspect ratio
assumes eelativelylow value that appeardifferentcompared to the general trend of the
curve. This has already been mentioned toattebuted to the inhomogeneity of the
microstructure.At 550°C and 600°Cthe aspect ratio again shows a minor increase in
value. This is due to the fact that at these temperatures gramgt@vn significantlyin

size Big elongated graing/ith high aspectratio dominatenow the microstructureThus
when examininghe sameareaupon annealingan increase in theverall average aspect
ratio valuesis expectedThe elongatedrgins as seen in the TEM (Fig.)l&ppear stable
with increasing temperatusadgrew in length instead of width.
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o Grain boundary and misorientation analysis

The number fraction of thetotal boundaries which arewin boundaries for each
annealing temperature, waslaulated from the misorientation profi{€ig. 16 andis

given in Fig. 15 For temperatures up to 5W, the fraction remainsconstanti.e.
approximately0,360, after a small increase from 0,295 at the initial sfit&50°C,

there is an increase the fraction of twin boundarigs 0,406and at 60€C, it reaches a
maximum 0f0,548 At high annealing temperatures a significant increase in the average
grain area and thus an equivalent drop in the number of grains examined per area, can
be held accountable for the sharp increase in the number frac#Srbofindaries

0,6

0,5

0,4

0,3

0,2

13 number fraction

0,1

65 350 400 450 500 550 600

Temperature°C

Figure 15 Twin boundaries)(3) fraction \ersus annealingtemperature progression

For all samples, the misorientation analysis was performed by taking into account only
neighbor pixels with a minimum angle higher thade®jrees fomll samples (Fig. 16

Grain boundary maps were produced forithigal stateandthe annealed samples. Both
LAGBs and HAGBs arenicluded in the images (Fig. 17The twin boundaries are
depicted separately for eaghnealing temperature (Fig.)18
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o0 Texture analysis

Inverse pole figures (IPF) were obtairfed the different sample@-ig. 19). TheGD for
all sampless parallel to theY axis.During the whole annealinggeatmensequencethe
textureremains 410>// GD but exhibits minorchangesn intensityvalues throughout
the sequenceA minimum value of 1,3s found in the asprepared statevhile a
maximum value of 2,68 reached &00°C.

In the Zdirection, a weak <111> texture is present througladhe wholeannealing
sequence. Agajnntensity ischangingin a similar manner to that parallel to the Gi.
theinitial state intesityit has the lowest value of 1,1 and reachgsnaximum valuef
2,04 at 600°C

The minor fluctuations in intensiignd the slight deviation from <100> // GD at 550°C

can be attributed t o t merostructareSmoeghe k10>t y o f
fibre texture parallel to the GD is present at all annealing steps before and after 550°C,

it is safe to assume that the reason for this deviationisdudite c hoi ce of t he
location
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Figurel9: IPFs of aasprepared state and samples annealed at b) 350°C
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0 Subse/ anti-subsetanalysis

Subsetswvere created for all samples to examine the dominah0> texturealong the
GD axis A minimum deviation angle of 15° from that axis was cho&ath map is
depicted withIPF colour codewith respect tathe sample ags (Fig. 20 to 25. Twin
boundaries are also includedthe images.
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Figure20: <110> // GD oriented grains in the sample annealed at 350°C. a) with respec
axis, b) with respect to Xxis, c) with respect to Z ax(scale bar length equals to &m).
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C)

Figure21: <110> // GD oriented grains in the sample annealed at 400°C. a) with respe
Y axis, b) with respect to &xis, c) with respect to Z ax{scale bar length equals to 18m).
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