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����������Solidification�is�a�dynamic�phenomena�and,�as�a�consequence,�it�is�of�major�interest�to�be�

able�to�investigate�this�process�by���������and�real�time�observation.�With�synchrotron�sources,�this�

can�be�achieved�by�applying�X�ray�Imaging�techniques�(Radiography�and�Topography).�Hence�it�is�

possible�to�follow�the�dynamical�selection�of�solidification�pattern�on�metallic�alloys�and�to�observe�

strain�effects�during�growth�process.�In�this�paper,�we�present�results�obtained�by�using�separately�

the� two� imaging� techniques� for� the� study� of� the�microstructure� formation� during�Al� –�Ni� alloys�

solidification.�

	
��������
�

During�directional�solidification�of�a�binary�alloy,�the�solid–liquid�interface�exhibits�a�variety�of�

patterns�(cells,�dendrites)�that�are�due�to�the�Mullins�Sekerka�instability�and�governed�by�the�growth�

conditions.� It� is� well� known� that� properties� of� the� grown�material� are� largely� controlled� by� the�

microstructures�left�in�the�solid�during�processing.�Thus,�a�precise�mastering�of�the�solidification�is�

essential�to�tailor�products�in�a�reproducible�fashion�to�a�specified�quality.�One�major�difficulty�for�

this�study�is�the�real�time�and���������observation�of�the�interface,�especially�for�metallic�alloys.�A�

possibility� is� to�use�an�intense�and�coherent�synchrotron�X�ray�beam.�By�different�X�ray�imaging�

techniques� (absorption/phase� contrast� radiography� and� diffraction� topography),� the� directional�

solidification�of�aluminium�nickel�alloys�was�studied.�The�results�show�the�great�potential�of�these�

techniques� for� the� study� of� dynamical� selection� of� the� solidification� pattern,� and� the� coupling�

between�stress�effects�and�microstructure�formation�in�solidification�processing.�

In� this� paper,�we� present� results� obtained� by� the� two� imaging� techniques� on� the� solidification�

patterns� of�Al� ��Ni� alloys.�Dynamical� interaction� between� columnar� interface�microstructure� and�

self�stress,�resulting�in�unforeseen�mechanical�deformation�phenomena,�is�brought�to�light�by�means�

of�in�situ�and�real�time�synchrotron�X�ray�topography�at�LURE,�while�X�ray�radiography�at�ESRF�

enabled�us�to�follow�the�pattern�formation�during�the�very�early�stages�of�initial�transient�following�

the�planar�interface�breakdown.��
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�������������������It�was�recently�demonstrated�that�absorption�and�

phase�contrast�radiography�with�synchrotron�radiation�is�efficient�to�image�dendritic�growth�[1���3].�

Conventional�absorption�radiography�is�a�non�destructive�technique�based�on�local�changes�in�the�

amplitude� of� the� X–ray� beam� transmitted� through� the� sample.� A� monochromatic� X�ray� beam�
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illuminates�the�sample�and�a�2D�detector� is�placed�close�to�the�sample�(Fig.1a).� In�alloy�systems,�

the� contrast�mainly� results� from� segregation,� which� is� proportional� to� the� atomic� number� of� the�

components� and� their� concentration� [4].� Phase� contrast� radiography� is� a� new� X�ray� imaging�

technique,�which�takes�advantage�of�the�large�transverse�coherence�of�the�synchrotron�beam�[5,�6].�

In�this�imaging�technique,�contrasts�are�produced�by�interference�between�parts�of�the�wave�front�of�

the�transmitted�beam�that�have�locally�undergone�different�phase�shifts,�generated�by�differences�in�

the� electron� density� of� the� non�homogeneous� sample.� The� experimental� device� is� similar� to� the�

absorption� radiography� one.� The� only� difference� is� the� distance��� between� the� sample� and� the�

detector,� which� must� be� adjusted� owing� to� the� characteristic� spatial� frequencies� of� the�

inhomogeneities�of�the�analysed�sample.�In�the�case�of�the�present�samples�the�observed�contrast�is�

due�to�a�superposition�of�both�mechanisms,�absorption�and�phase�radiography.�

�

������ ����������
� ������������ X�ray� diffraction� topography� (XRT)� is� a� non�destructive�

imaging� technique�primarily�used�for� the�characterization�of�defects�and� long�range�distortions� in�

crystals�[7].�For�studying�directional�solidification�of�binary�alloys,�Synchrotron�XRT�is�performed�

in� the�white�beam�mode� (Fig.1b),�which� is� very� useful� in� our� case� because� it� does� not� require� a�

previous�knowledge�of�the�crystal�orientation�and�because�several�diffraction�images�are�provided�

in�one�shot.�Despite�its�relatively�poor�spatial�resolution�(few�micrometers),�this�technique�allows�to�

analyse,�at�once,�a�large�volume�(few�cm
2
�x�0.1�cm)�with�a�large�sensitivity�range�(<10

�8
�…�10

�3
).�

The�high� intensity�of�synchrotron�radiation�makes� it�possible� to� record� images� in� reasonable� time�

(about�one�second)� so� that�direct�observation� is�enabled,�which� is�crucial� for� studying�dynamical�

phenomena�in�real�time.�The�detector�we�used�at�LURE�was�either�nuclear�plates�or�high�resolution�

films.��
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Fig.�1.�Sketch�of�X�ray�Radiography�and�Topography�
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The�experiments�reported�here�were�conducted�respectively�at�LURE�(Orsay,�France)�for�XRT�

and�at�ESRF�(European�Synchrotron�Radiation�Facility,�Grenoble,�France)�for�X�ray�radiography.�

In�both�cases,�the�experimental�apparatus�were�very�similar�and�were�described�in�detail�elsewhere�

[2].�Thin�samples�of�Al�–�5.7�wt�%�Ni�and�Al�–�3.5�wt�%�Ni�were�adjusted�into�graphite�crucibles,�

which�were�mounted�in�a�holder�connected�to�a�motorised�translation.�Particular�care�was�taken�for�

the�design�of�the�graphite�crucibles�and�the�furnace�to�reduce�thermal�stresses�in�the�close�vicinity�

of� the� solidification� interface.�The� thickness�of� sample�was� reduced� to� its�minimum�value,� about�

0.16�mm,�to�lower�convection�effects�and�also�to�have�only�one�single�layer�of�cells�or�dendrites.�

Solidification� experiments� were� carried� out� �	
��	����� ��� ����� and� ��
������ ��� ����,� in� a�

temperature� gradient� of� the� order� 20� K/cm� and� within� a� velocity� range� of� 1� –50� Fm/s.� During�

translation,�the�main�surface�of�the�sample�(37�x�6�mm
2
)�was�set�perpendicular�to�the�incident�X�ray�

beam,� which� was� either� a� monochromatic� X�ray� beam� (13.5� keV)� for� absorption/phase� contrast�

radiography�or�a�white�beam�radiation�to�perform�X�ray�diffraction�topography.�
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Synchrotron�white�beam�X�ray�topography�at�LURE�(Orsay,�France)�has�enabled�us�to�carry�out�

in� situ�and� real�time�observation�of� the� formation�of�columnar�microstructure� in�dilute�aluminum�

alloys.�We� investigated� the� strains� caused�by� solute� segregation,� first� in� the� solid� adjacent� to� the�

solid�liquid� interface� and� then� in� microstructure� formation� [8,� 9].� During� the� microstructure�

formation,�we�observed�an�unforeseen�deformation�of�the�columnar�pattern�in�reaction�to�self�stress�

imposed� by� cumulative� mechanical� moments� built� in� the� growth� process� [10].� A� sudden� cell�

rotation,�revealed�by�a�jump�of�the�columnar�body�image�(Fig.2a�and�2b),�is�brought�into�light.�This�

phenomenon� is�unpredictable� and�complete� in� about�1� second,� as� it� could�be� seen�on� the� control�

monitor.� In�fact,� it�should�be�emphasised�that�cells�are�attached�by�a�thin�solid�neck�to�the�native�

solid� grain� as� visible� in� Fig2a.� With� the� microstructure� development,� each� columnar� body� is�

concomitantly�generating�two�cumulative�mechanical�moments�acting�on�it:�As�growth�direction�is�

�	
��	���,� one� moment� is� the� extrinsic� cumulative� bending� moment� due� to� Earth� gravity,� the�

second�is�the�intrinsic�cumulative�torque�induced�by�shear�stress�[10].�The�latter�moment�is�caused�

by�the�variation�of�tangential�strain�along�the�columnar�contour�resulting�from�the�variation�of�local�

solute�concentration.�The�precise�description�and�evaluation�of�this�moment�necessitate�the�detailed�

knowledge�of�the�stress�and�composition�fields�and�of�the�column�shape,�which�is�definitely�out�of�

reach� in� present� experiments� Nevertheless,� it� is� of� value� to� notice� that� bending� moment� is� a�

quadratic�function�of�time,�whereas�torque�moment�is�only�a�linear�function�of�time.�Consequently,�

bending� mechanism� is� predicted� to� always� dominate� torsion� phenomena� after� some� time� for�

horizontal�solidification.�In�addition,�in�microgravity�environment,�only�the�intrinsic�torque�moment�

would�act�of�gravity.�It�follows�that,�due�to�the�simultaneous�action�of�two�moments,�the�yield�stress�

is�exceeded�which�causes�the�sudden�rotation�of�the�cell�neck.�The�process�is�all�the�more�easy�as�

each�column�is�entirely�surrounded�by�melt,�and�metals�are�tremendously�ductile�at�melting�point.��

�

By� repetition� at� several� places� in� the� array� as� directional� solidification� progresses,� cell�

disorientation� progressively� results� in� massive� loss� of� column� images,� which� eventually� gives� a�

“gap�toothed”�topograph�(Fig.2c)�with�a�spreading�of�columns.�It�is�worth�noticing�that�these�cells�

physically� are� still� part� of� the�microstructure� front.�Grain�polygonisation�will� subsequently� occur�

due� to� the�nucleation� in� the� cell� boundaries�of� arrays�of�dislocations� extending�along� the� growth�

direction�where�adjacent�columnar�bodies�with�slightly�different�orientation�join.�

�

�

�

Fig.�2.�Directional�solidification�of�an�Al�–�5.7wt%�Ni�sample.�V�=�2.2�Fm/s.�(200)�reflection.���a)�

900�s,��b)�1260�s.�and��c)�Repeated�disorientation�of�columns�breaking�the�microstructure�image�

into�a�gap�toothed�array�lying�among�many�pieces.�Al�–�5.7wt%�Ni.�V�=�2.5�Fm/s.�(131)�reflection.�
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We� consider� the� upwards� solidification� of�Al� –� 3.5�wt%�Ni� alloys.� The�main� purpose�was� to�

explore�the�dendritic�columnar�growth,�in�particular�the�initial�transient.�Three�series�of�experiments�

were�carried�out�with�the�same�thermal�gradient�(20�K/cm)�and�for�different�pulling�rates�within�the�

range�of�1� ��50�Fm/s.�Fig.3� shows�a� sequence�of� three� successive� images� taken�during� the� initial�

solidification�transient�for�a�growth�rate�of�1.0��m/s�that�illustrate�the�power�of�X�ray�radiography�

for�the�investigation�of�directional�solidification�of�metallic�alloys.��

�

�

Fig.�3.�Sequence�of�3�images�of�Al�3.5wt%�Ni�solidification,�recorded�during�the�initial�transient�

by�X�ray�radiography,�G�=�20�K/cm,�V�=�1�Fm/s:�a)�t�=�t0�+�240�sec,�b)�t�=�t0�+�1344�sec,�c)�t�=�t0�+�

3206�sec,�The�solid,�close�to�pure�aluminum,�appears�in�grey�while�the�Ni�enriched�liquid�is�dark.�

�

These�images�show�the�time�evolution�of�the�interface�pattern,�from�the�breakdown�of�the�planar�

interface�to�the�subsequent�development�of�the�microstructure.�In�Fig.3a�(�������������������������the�

time� when� the� first� disturbances� are� visible� on� the� recorded� image),� the� initial� planar� front� is�

undergoing� the�Mullins�Sekerka� instability�and�disturbances� are�clearly� apparent�along� the�whole�

interface.� At� this� stage,� it� is� possible� to� determine� an� average� wavelength� λ�� for� the�

microstructure,�λ��=�140�Fm.�Further�development�of�the�pattern�occurs�with�a�progressive�increase�
of�the�amplitude�of�the�disturbances�(Fig.3b,���������� !������).�In�Fig.3b,�one�can�see�on�the�left�

that� sidebranches� begin� to� growth� on� a� few� primary� trunks,�which� indicates� the� inception� of� the�

formation�of�dendrites,�while�on�the�right�the�eutectic�front�begins�to�form,�due�to�the�local�increase�

of�solute�concentration�in�the�liquid.�In�the�subsequent�stage,�both�the�dendrite�amplitude�and�lateral�

size� increase� concomitantly,� with� screening� causing� a� strong� decrease� of� the� growth� of� the�

neighbouring�cells�or�dendrites,�which�are�progressively�captured�by�the�eutectic�front�(Fig.3c,��������

��!��"����).�The�steady�state�growth�would�be�reached�when�the�dendrite�propagates�at�a�velocity�

equal�to�the�applied�pulling�rate.�In�our�experiments,�this�steady�state�was�not�achieved�due�to�both�

the�very�low�value�of�the�partition�coefficient�(#�≈� ��!)�and�the�limited�sample�length.�Nevertheless,�
before� reaching� the� end� of� the� sample,� the� general� shape� of� the� microstructure� did� not� change�

drastically� and� was� composed� of� a� single� dendrite� protruding� markedly� into� the� liquid� phase�

(steepling�phenomenon)�with�an�eutectic�front�at�its�base�like�in�Fig.3c�(clustering�phenomenon).�It�

is�well�know�that�the�origin�of�these�two�effects�is�convection,�induced�by�radial�thermal�and�solutal�

gradients� [11].� Consequently,� although� the� thickness� of� the� sample� was� small� (about� 200� Fm),�

convection�was� still� present� in� our� experiments.�Nevertheless,� to� our� knowledge,� this� is� the� first�

dynamical�observation�of�the�establishment�of�these�phenomena�during�solidification�processing.�
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Conversely� to� experiments� at� LURE,�ESRF� solidifications�were� performed� vertically� upwards�

and�we� only� used� the� X�ray� radiography.� Thus,� mechanical� effects� were� not� easy� to� reveal� like�

experiments�with�X�ray�topography.�Nevertheless,�the�bending�mechanism�was�also�revealed�out�by�

the�rotation�of�secondary�arms�when�they�are�long�enough.�This�is�shown�in�Fig.4�for�one�secondary�

arm,� with� an� orientation� indicated� by� the� dashed� line� $ %,� which� suddenly� switched� to� a� new�

orientation�$�%�with�a�rotation�angle�of�5.5°.�By�this�way,�the�secondary�arm�reached�a�final�position�

parallel�to�the�arms�below.�This�phenomenon�was�observed�between�two�successive�images,�taken�

with�a�time�interval�of�21�seconds,�which�confirms�that�this�effect�is�complete�in�a�very�short�time.�

Obviously,� this�bending�mechanism�was�not�visible�on�the�primary�arm,�which�are�parallel� to� the�

growth�direction,�but�on�the�secondary�arms.�

�

�

Fig.�4.�Two�successive�images�recorded�by�in�situ�and�real�time�X�ray�radiography�of�Al�–�3.5�

wt%�Ni�alloy�solidification�at�V�=�1.0�Fm/s,�showing�the�rotation�of�a�secondary�arm�from�

orientation�(1)�to�(2)�(elapsed�time�between�the�two�images�is�21�seconds)�

��
�����
�

This� paper� reports� the� separate� application� of� two�X�ray� complementary� imaging� techniques:�

absorption/phase�contrast�radiography�and�topography.�X�ray�radiography�gives�a�direct�picture�of�

the� solid�liquid� interface,� while� X�ray� diffraction� topography� gives� the� strain� field� within� the�

microstructure.� The� results� demonstrate� the� great� potential� offered� by� the� future� combination� of�

these�techniques�when�all�the�technical�difficulties�will�be�solved.�

By�X�ray� � topography,� the� effect� of� global� self�stress� cumulating�moments�was� demonstrated,�

causing� critical�mechanical� effects� in� columnar� solidification.�Those� global� self�stress� constraints�

demand� new� efforts� to� incorporate� them� in� theoretical�modelling� and� numerical� simulation� [12].�

Also� further� studies� of� the� disorientation� phenomena� are� mandatory,� more� especially� to� get� the�

quantitative�information�needed�to�sustain�sound�modelling.�On�the�other�hand,�X�ray�radiography�

enabled�us�to�follow�the�pattern�formation�dynamics�so�that�we�are�currently�implementing�at�ESRF�

(European�Synchrotron�Radiation�Facility)�experiments��	&�����'�the�two�imaging�techniques:�X�

ray� topography� (strains,� defects)� and� radiography� (shape,� solute� segregation).� Pursuing� the�

investigation� of� the� interactive� dynamics� of� solidification� microstructure� and� global� self�stress�

effects�will�ultimately�provide�a�significant�contribution�of�wide�interest�because�global�mechanical�

constraints�are�of�general�relevance�for�pattern�formation�at�solid�surfaces/interfaces�in�systems�far�

from�equilibrium.�

(1)�

(2)�

(1)�
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