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Abstract

A new 3DAP reconstruction procedure is proposed, which @usofor the evaporation
field of a secondary phase. It applies the existing clustiecien softwares to identify
the atoms of the second phase and subsequently an iterlgtowitran to homogenise the
volume laterally. This procedure, easily implementabl@&xisting reconstruction software,

has been applied successfully on simulated and real 3DAlps&asa
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1 Introduction

One of the major problems that one has to face to with 3DAPimatgs from

the difference of evaporation field between phases. Thiswontly happens when
studying precipitation for instance. The difference of @wation behaviour can
provoke severe atomic density variations in the 3D recanstd volume and bi-
ased estimations of the morphologies of the observed abjglthough corrections
of the data in 1DAP have been proposddl ([1]), 3DAP data ctoreare difficult.

Simulations of ion trajectories[{[2]) have shown that twfedent effects occur:

trajectories overlaps at the interface and the so calleal lnagnification effect.

A new reconstruction procedure for correcting this latfézat is proposed. It can
be proceeded by adjusting the reconstruction parameterse{iaporation field)
whether a matrix atom or a precipitate atom is consideredhidaing this correc-

tion to an algorithm that corrects the coordinates in the@lgerpendicular to the
analysis is the proposed procedure to account for the diffar in magnifications

between the matrix and the second phase in the reconstiymrtidocol.

2 Local magnification effect in 3D atom probe analysis recorteuction

The basic principles of 3DAP are provided elsewhg§fe [3]. Ytleme reconstruc-
tion methods are based on the fact that the atoms are evegatamic layer by
atomic layer. Simple geometric considerations are ofterugh to resolve atomic
planes, proving the efficiency of this simple methgd [4]. fiirst approximation, a
3D atom probe can be considered as a point projection miopesd he sample is
prepared as a tip that can be characterised by its radiugadtoweR. This radius

of curvature determines the magnificatigrof the projectionR is related to the



total voltagev applied to the specimen by the relation:

R= g5 (1)

whereF is the evaporation field arféla geometrical factor. According to this rela-
tion, the magnification of the projection can be computedfurh evaporated atom
and its initial position(x,y) at the specimen surface can be deduced from the po-
sition of the impact on the detector. The third coordirateincremented for each
atom by the ratio between its atomic volufeand the analysis surfa&. S; is

deduced from the detector surfageand from the magnification.

In order to study the effect of the reconstruction procedurdasic systems, we
have simulated the field evaporation of Ar- B alloy containing purd3 spherical
precipitates embedded in a pukamatrix. The precipitates are coherent with the
matrix, and with an evaporation field 1.25 times larger theat bf the matrix. The
atoms are detected on a virtual detector with a given surfaseeach detected
atom, the position on the detector and the initial positiothe volume were eval-

uated.

The volume reconstructed by the standard method is showngofi& while Fig.
fib represents the positions of the detected atoms in thal istitucture. The recon-
structed precipitate in Fi§j] 1a exhibits a lens shape argddifficult to resolve any
atomic planes (they can be seen but are very close to eact).ddtv®ng atomic
density variations appear in the precipitate and at itsfiaate with the matrix. This
effect originates from the difference in evaporation fie&vireen the two phases.
In order to evaporate the precipitate, the tip developsllipeadifferent radius of

curvature according to Efj. 1, and the magnification changesrdingly.

It has been proposed in the past to adjust the position ofthrasato achieve an



equal density in the volume[{[5]). The method was based oteaiagon method.
Each atom applies on its neighbours a force derived fromenpial (e.g. harmonic
or Lennard-Jones type). The system is then solved numigrigatil equilibrium is
reached. One of the hypothesis is that the volume limits mrefir@ed. However, as
the atoms are moved isotropically until they are all equafigced, the resolution
of atomic planes is necessarily lost. This leads to a kindnodr@hization of the
volume. Furthermore, the fixed volume limits conditionsas strict to be applied
to large precipitates where the variation in the analysifase is the determinant

factor. This is clearly demonstrated in Hig. 1b.

A possible way to overcome the local magnification effecoispply the appro-
priate reconstruction parameters for the matrix and forgrezipitates. A basic
requirement is to be able to select the atom of the seconcephkasthat purpose,
it is possible to run cluster selection type softwar¢H [[jédéspite the local mag-
nification effect. An alternative option is to use the densdriation for the cluster
identification using Fourier analysi [8]. Once the set@tts achieved, it becomes
possible to run the reconstruction algorithm, taking theose evaporation field

into account.

Although this simple correction can be applied successfalthe coordinate along
the analysis direction (see F[g. 1c), the lateral cooréimabrrection is not straight-
forward because of the interdependence between the ataondiates ([¢]). To
solve this problem, we use an iterative algorithm which hgerozes the volume
by superimposing a grid to the 3D atom map, and deforminggitidsaccording to

the gradient of atomic density.

The nodes of the grid are only slided in tivey) planes, i.e. the dimension in

the z scale is not modified by this algorithm. Slice by slice, thenait density is



homogenised. The steps of the grid are larger than thedgtacameter, typically
between 1 and 2 nm, in order to keep the structural informattdhe lattice scale.
When a grid becomes too distorted (the limit is fixed in terargles), the new
atom coordinates are computed and another grid is supesidptio the resulting
volume. For each iteration, the mean quadratic differereteséen the density of
each box and the expected density is checked. The prograraqus until conver-
gence is achieved. An important advantage of this methduhisrio condition on

the reconstructed volume is needed.

The final reconstructed volume is shown on Fig. 1d. The atqiaices are shown
to be well resolved and properly spaced. The density is hemegus. The shape
is very similar to that of the initial positions of the atonmsthe sample (Fig]1b),
which proves the efficiency of the proposed protocol. Inipalar, the variation
of the analysed surface is properly accounted for and deded his procedure
will now be applied to various systems where the differemceviaporation field

between matrix and precipitates is important.

3 Application to low field precipitates

The algorithm described in sectifjn 2 has been applied onyicd! systems where
the evaporation field of the precipitates is lower than thi#e matrix, namely the

FeCu and the AlZnMg system.

The FeCu specimen studied contains spheroidal pure coppeipjiates that are
coherent with the iron matrix[([9]). When standard recanstfon procedures are
used, the lower evaporation field of the Cu precipitatesdeactllipsoidal shapes

of the precipitates, elongated along the analysis diredifdg. [2a). Applying the



improved procedure, the shape of the precipitates is mdrersmal, as expected
(Fig.[2b). Atomic planes in the copper precipitates can lsepled before and after

correction.

Another illustration is given from an AlZnMg alloy, which ntainsn’ platelets
parallel to the{111} planes of the matrix ang precipitates that are more or less
spherical ([IP]). Botm andn’ have a lower field of evaporation with respect to the
matrix. The number density of atoms in the precipitates im@$ larger than in the
matrix. After application of the improved protocol, theionphologies are modified
(Fig.[3b). The atomic density becomes homogeneous[Fig 8zoom on thg’
platelet that can be seen at the top left corner of the volumf&@[3b. This platelet

is shown to be still properly aligned on t&11} planes, which indicates that the

reconstruction is valid even at the atomic scale.

4 Application to high field precipitates

We have applied the method to an AlZrSc alloy. The microstmacof the alloy
consists inL1, Al3(Zr,So spherical particle in &CC aluminium matrix. These
dispersoids have a much higher evaporation field than thesoffd]). In the anal-
ysis conditions used, their size is in the same order of ntadeias the analysis
surface. Because of this, when they are intercepted, timelatd reconstruction
procedure compensates the low density in the precipitatgjbgezing the volume

in depth. As the area ratio between matrix and precipitatangbs during the in-
terception of the precipitate, this effect is continuoukisTcan be seen on figure
Aa where the matrix is subjected to a strong density variatighe vicinity of the
precipitate. The 220} planes of the matrix are resolved and the interplanar spac-

ing is coherent with the lattice parameter which indicates the reconstruction



parameter combination is correct for this phase. Next tqptieeipitate, however,
these atomic planes are closer and quite blurred. A forneatrirent ([I1]) has
shown that an adjustment of the reconstruction parametaredessary to reveal
the {110} superstructure planes in the precipitate. It was diffighibugh, to re-

solve the superstructure sufficiently in the entire preatpi This was due to the
continuous variation of the surface ratio on the detecttwéen the two phases.
Furthermore, with this adjustment, it was not possible tagmsimultaneously the

atomic planes in the matrix.

The application of the proposed method shows simultangdhsl{220} planes

in the matrix and th¢ 110} planes in the particle, with a distance of 0.145 nm and
0.29 nm respectively (see Hip 4c), in excellent agreemethttive lattice parameter.
The spherical morphology is also shown to be better recoctstl. No remaining

atomic density variation can be observed.

5 Discussions

The proposed reconstruction procedure obviously impradve8D reconstruction
of precipitates embedded in a matrix. With this method, taeigdes morphology
can be resolved without any preliminary assumption. Thellsguctural informa-
tion contained in the analysis, such as atomic planes résolfor instance, is not
affected by the improved procedure. On the contrary, it eanlive details that were

invisible on the standard reconstruction volumes.

Furthermore, it takes into account the anisotropy of thallotagnification effect
considered along or perpendicularly to the analysis doacin the standard re-

construction method, this anisotropy will lead to biaseshi@ results from data



analysis, such as concentration profiles or proxigrag)[12at consider all the
precipitates in the same concentration profile. Indeed pirgaipitates of the same
dimensions but intercepted differently by the surface @llysis are subject to dis-

tinct effects because of their different interception area

But even on independently treated precipitates, the biathergeometry is not
negligible. We have plotted an erosion profile of the firstipka. This profile (Fig.
B) corresponds to a binning of the atoms of the precipitases fanction of their
distance to the matrix. The concentration is plotted as etfon of the distance. The
bins step is 0.15 nm. The error bars are the statistical®eoorthe concentration
due to sampling (related to the number of atoms in the bimg.[Fa is the profile
with the "standard” volume and Fifj. 5b with the "correctedlwme. The expected
Zr—poor core [I1,13] of the particle can be clearly indidade Fig.[bb, whereas on
Fig. Ba the bins overlap and hence average it out. In addliti@enZr concentration

is continuously decreasing on F[g. 5a, instead of formintatepu, as in Fid] 5b.

6 Conclusion

A new reconstruction protocol has been proposed. It usetimegicluster selec-
tion softwares on a primary reconstructed volume to atteilaunother evaporation
field to the second phase. After correction of the analys@thd¢he atomic den-
sity in the (x,y) section is homogenised by an iterative algorithm. The tisul
volumes are shown to be closer to reality than the standamhstruction. This is
confirmed by the performed simulation. Primary unresolvei@its can be seen on
reconstructed volume, such as atomic planes both in ptatagiand matrix. Con-
centration gradients in particles are shown to be more ateurhis method can be

easily implemented on an existing reconstruction algorith order to be routinely



used.

References

[1] M. K. Miller and M. G. Hetherington, Surf. Sc246 442 (1991).

[2] F. Vurpillot, A. Bostel, and D. Blavette, Appl. Phys. ltetf6, 3127 (2000).

[3] M. Miller, Atom Probe Tomographyluwer Academic/Plenum Publishers, 2000.

[4] P.Bas, A. Bostel, B. Deconihout, and D. Blavette, AppirfSSci.87/88 298 (1995).

[5] F. Vurpillot, PhD thesis, Université de Rouen, 2001.

[6] A. Heinrich, T. Al-Kassab, and R. Kirchheim, Mater. SEing. A353 92 (2003).

[7] D.Vaumousse, A. Cerezo, and P. Warren, Ultramicros@mpy215 (2003).

[8] F. Vurpillot, F. De Geuser, G. Da Costa, and D. Blavette,Mitroscopy216, 234
(2004).

[9] P. Pareige, P. Auger, P. Bas, and D. Blavette, ScriptaaNdflater.33, 1033 (1995).

[10] A. Deschamps et al., Phil. Mag1, 2391 (2001).

[11] B. Forbord, W. Lefebvre, F. Danoix, H. Hallem, and K. Mansen, Scripta Mategl,
333 (2004).

[12] O. Hellman, J. Vandenbroucke, J. B. du Rivage, and D.é&\di8an, Mater. Sci. Eng.
A 327,29 (2002).

[13] E. Clouet, PhD thesis, Ecole Centrale de Paris, 2004.



List of Figures

1 Simulation of a 3DAP analysis on an A-B alloy with a sphdrica
precipitate. The relative evaporation field of the seconaksphs
1.25. a. Standard reconstruction method. b. Initial posgiof the
atoms c. Correction in depth d. Correction in depth and ir(xtw)

plane. i}

2 3D reconstruction of a copper particle ifFaCualloy: a. Standard
protocol b. Correction in depth and in tlie y) plane. The
elongation of the particle disappear but the coherent gleer@ain. [1]2

3 3D reconstruction of AlZnMgalloy containing Zn- and Mg-rich
particles : a. Standard protocol b. Correction in depth aritie
(x,y) plane cn’ platelet parallel to thél {111} planes. 13

4 3D reconstruction of &l3(Zr,Sg particle following : a.
Standard protocol b. Correction in depth and in the/) plane
c. {110} planes of the particle anf220} planes of the matrix
simultaneously resolved. L4

5 Erosion concentration profile for the zirconium on &ig(Zr, Sg
particle from Fig[#. a. Uncorrected volume b. Correctedinzg,
revealing a Zr-poor core. 15

10



S S )

. Masssetgeai g gapes

L ot maop et a4 ayess’
EERER ad] A L RO
it 20T o DXL TN
LTk Randih Lachd Sl L]
am ‘0-:1:‘.# T,
W A e Py v
£ 7 e PR 0 g i o
e e )
e 20 i ot 2 I ol
T e e Ry vy pasee pgee
U mnstedh, L P
B R b T B

Fig. 1. Simulation of a 3DAP analysis on an A-B alloy with a spbal precipitate. The
relative evaporation field of the second phase is 1.25. ad&td reconstruction method. b.
Initial positions of the atoms c. Correction in depth d. @ction in depth and in thex,y)
plane.
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Fig. 2. 3D reconstruction of a copper particle ifFaCu alloy: a. Standard protocol b.
Correction in depth and in thex,y) plane. The elongation of the particle disappear but the
coherent planes remain.
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Fig. 3. 3D reconstruction of &AlZnMg alloy containing Zn- and Mg-rich particles : a.
Standard protocol b. Correction in depth and in the) plane cn’ platelet parallel to the
Al {111} planes.
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Fig. 4. 3D reconstruction of &l3(Zr,Sg particle following : a. Standard protocol b.
Correction in depth and in the,y) plane c{110} planes of the particle anf220} planes
of the matrix simultaneously resolved.
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Fig. 5. Erosion concentration profile for the zirconium oa &ts(Zr, S¢ particle from Fig.
A. a. Uncorrected volume b. Corrected volume, revealingjpadr core.
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