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Abstract

In the case of aluminium alloys, a postcasting homogenisation heat treatment is applied in order to improve
extrudability. During this homogenisation, a phase transformation occurs and the intermetallic structure evolves
from an interconnected network of plate like structures into a more discrete distribution of particles. The
morphology of these intermetallics has been the subject of many studies employing conventional 2D
characterization. However, recently, it has been shown that 2D analyses can be misleading and that techniques
suitable for quantification of 3D structures can provide more reliable information. In this study, serial sectioning
and 3D reconstruction techniques were used to reveal the three-dimensional morphology, connectivity and
distribution of the intermetallic microstructure, and the evolution of these parameters during homogenisation. The
qualitative and quantitative analysis of the reconstructed intermetallic microstructures, with particular reference to
the determination of the spatial distribution of the absolute, mean and Gaussian curvature is discussed.

© 2002 Published by Elsevier Science Inc.

Keywords: Aluminium alloys; 3D morphology; Serial sectioning; Homogenisation; Intermetallics; Curvature distribution; Phase
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1. Introduction

In the case of commercial Al extrusion alloys, a
homogenisation heat treatment of the as-cast material
is required to improve ductility to such a degree as to
enable efficient extrusion [1]. The optimisation of
such extrusion processes will depend on a thorough
understanding of the reactions occurring during
homogenisation and, in particular, the morphological

* Corresponding author. Tel.: +31-15-278-2268; fax:
+31-15-278-6730.

E-mail address: N.C.W.Kuijpers@tnw.tudelft.nl
(N.C.W. Kuijpers).

evolution of the intermetallics during the homogeni-
sation process.

The principle processes which occur during this
homogenisation are a phase transformation from
monoclinic 3-AlsFeSi to cubic oe-Al;>(FeMn);Si
and a gradual morphological change from intercon-
nected plate structures to more discrete, cylindrical
structures [2—4]. The morphology of these interme-
tallics has been the subject of many studies employing
conventional 2D characterization. Such two dimen-
sional metallographic techniques are usually used to
provide information regarding morphology, connec-
tivity or distribution of the intermetallic microstruc-
ture. However, it has recently been shown that such 2D

1044-5803/02/$ — see front matter © 2002 Published By Elsevier Science Inc.

PII: S1044-5803(02)00289-9

36
37
38
39
40
41
42
43
44
45
46
47
48
49



50
51
52
53
54
55

ot Tt
o

oo

60
61
62
63
64
65
66
67
68
69
70
71
72
73
74

75
76
7

78

t1.2
t1.3

t1.4

ARTICLE IN PRESS

2 N.C.W. Kuijpers et al. / Materials Characterization 5514 (2002) xxx—xxx

analyses [5,6] can be misleading and that techniques
for a proper quantification of 3D structures need to be
employed. The focus of this work has therefore been
placed on obtaining detailed 3D information regarding
the evolution of the microstructure morphology during
homogenisation heat treatment.

2. Experimental techniques

2.1. Alloy composition and heat treatment

The alloy under investigation is an industrial DC-
cast 6005A aluminium alloy. The chemical composi-
tion for this alloy is shown in Table 1. Material was
received in the form of an as-cast billet with a diameter
of 254 mm. To ensure the same starting as-cast
microstructure for each sample, all metallographic
samples were sectioned from locations approximately
25 mm from the edge of the billet.

For the 3D reconstructions presented in this
report, six conditions at different stages of homog-
enisation were produced and two different homoge-
nisation temperatures were used. Table 2 shows the
homogenisation conditions and fraction transformed
from 3-AlsFeSi to a.-Alj,(FeMn);Si as determined
using Scanning Electron Microscopy and Electron
Dispersive X-ray analysis for the samples under
investigation [7].

2.2. Sample preparation, serial sectioning and 3D
image reconstruction

A sample of each condition under investigation
was metallographically prepared in the usual manner
to a 1/4 pm colloidal silica polished finish. Each
sample was then etched in 0.5% HF solution for 4 s
in order to enhance the contrast between the interme-
tallics and the aluminum matrix.

For the 3D reconstruction, a rectangular region of
interest was chosen on each metallographic section
and was labelled using Vickers microhardness inden-
tations. The size of the area of interest was in each
case 200 pm in both the x- and y-directions. Micro-
graphs of the regions of interest were then taken
using a Leica TCS SP laser scanning confocal micro-
scope (LSCM) equipped with a digital image capture
facility. The confocal microscope was preferred for
this application over conventional instruments since,
in addition to affording a significant extension of

Table 1
The chemical composition (wt.%) of the 6005A Al alloy
under investigation

Al Si Mg Fe Mn Zn
Balanced 0.83 0.70 027 0.18 0.02

Other
<0.01

Table 2
Conditions and fraction transformed from (3-AlsFeSi to o-
Alj>(FeMn);Si for the investigated samples

Homogenisation
time (min) 0 30 480 60 1920 1920

none 540 540 590 540 590

Temperature of
homogenisation (°C)

Fraction 5
transformed from
B-AlsFeSi to
a-Aljp(FeMn);Si (%)

20 50 80 80 100

resolution, imaging at a discrete wavelength was
found to provide sharp contrast without the need for
heavy etching in HF [8]. Samples were then lightly
repolished using 1/4 pm colloidal silica in order to
remove a thin surface layer. Microhardness indenta-
tions were then used to relocate the area of interest
and photomicrographs of the region were again taken.
This process was subsequently repeated approxi-
mately 40 times to create a vertical stack of serial
2D sections at regular intervals along the z-axis. The
LSCM software enabled a topographical analysis of
each of the sections to be conducted in order to check
parallelism and to correct for tilt between sections.
This also enabled the depth of material removed
between sections to be established since the remain-
ing depth of the hardness indents could be accurately
measured. The total depth sectioned in this manner
was approximately 40 pm in the z-direction for each
sample. The serial sections were then used for 3D
reconstruction of the intermetallics. The 3D recon-
struction of the intermetallics was created using a
medical tomography software package (surfdriver),
which processes the 2D serial sections.

2.3. Numerical method for the local, Gaussian and
the mean curvature

The surface curvature is an important factor in the
transformation, since it provides an indication of local
variations in surface energy. The local curvature at one
point corresponds to the reciprocal of the radius of a
sphere which best conforms to the surface at this point.

A 3D surface has two principal curvatures. They
are defined as the minimum and the maximum of the
curvatures of the intersection between a plane contain-
ing the normal and the surface and are called k, and k,,
respectively. The principal curvatures are equal to the
eigenvalues of the determinant of the differential of the
normal to the surface. The absolute curvature (4) is
defined by the maximal absolute principal curvature.
The Gaussian curvature is the product of the two
principal curvatures:

K = kik (1)
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The mean curvature, as the name suggests, is the
mean value of the curvature over all possible direc-
tions:

H:%(kl +ky) (2)

The Gaussian (K) and mean curvature (H) are
coupled according to the following equations [9]:

OH 1/ &

— =_—QH?>—-K)v—— —+—> 3

e Y ST ( Tt ()

oK v v

= 2HKv—-H

6T Y (82x1 82)62)
v v

+VH? — K( - —) 4

Px;  Pxy “)

where T'is the time, v the velocity of the surface along
the surface normal and x;, x, represent the two

principal directions along the surface. The coupling
of the mean and Gaussian curvatures implies that the
signs of both Gaussian and mean curvatures describe
the morphology of the intermetallic microstructure.
Together, the Gaussian and mean curvatures provide
an essential measure of the morphology since they
enable a saddle-shaped, a convex and concave
surfaces to be distinguished. The sign of the Gaussian
and mean curvature enables a qualitative classifica-
tion of morphological character. Table 3 shows that
the morphologies can fall into six basic classes:
convex, concave, flat, peak, pit and saddle morphol-
ogies [10]. When the Gaussian curvature for a given
discrete location (point) on the surface under analysis
is negative, the form of the surface is approximately
hyperbolic, and the local surface is saddle-like (i.e.
the point is bounded by regions exhibiting both
convex and concave curvatures). When the Gaussian
curvature is zero, the surface surrounding the point is
only cylindrical if the mean curvature is nonzero. If,

Table 3
Surface interpretation of Gaussian curvature (K) and the mean curvature (H)
Sign K<0 K=0 il
H<0 Concave saddle Trough pit
In one orthogonal axis the slope Negative shape of cylinder: In Negative of spheroid shape. Form is
increases rapidly (concave) whilst one orthogonal direction there is concave. The slope increases in all
in the other the slope slightly falls an increase of slope (concave) directions.
away. whilst in the other there is no
slope.
H=0 symmetric saddle flat surface
H>0 convex saddle convex cylindrical spheroid

In one orthogonal axis the slope
falls away rapidly (convex) whilst
in the other direction the slope
slightly increases.

Cylindrical ~ shape. In one
orthogonal direction the slope
falls away (convex) and in the
other orthogonal direction there
is no slope.

9

Form is convex. The slope falls away
in all directions.

150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169



170
171

172
173

174

175
176
177
178

ARTICLE IN PRESS

4 N.C.W. Kuijpers et al. / Materials Characterization 5514 (2002) xxx—xxx

(a)

on the other hand, the mean curvature is zero, then
the surrounding surface is planar.

3. Results

3.1. 3D qualitative observations

3D reconstructions of the intermetallic micro-
structure were produced from the 2D cross-sections.
Example 2D images taken from a stack, used for
such a 3D reconstruction, are shown in Fig. 1. Two

(a)

Fig. 1. Two examples of 2D serial sections used for 3D
reconstruction. (a) z=1 pm, (b) z=30 pm. The photomicro-
graphs show the microstructure after 30 min homogenisation

at 540 °C. The Vickers microhardness indentations, used for
alignment of the micrographs, are also visible.

Fig. 2. Photomicrographs showing the intermetallic structure
(a) lightly homogenised for 30 min, (b) partially homoge-
nised for 480 min and (c) heavily homogenised for 1920 min
at 540 °C.

of the indents, used to adjust alignment and to
measure the thickness of materials removed, are
visible in these figures.

Fig. 2 shows an overview of the conventional 2D
micrographs produced for the three extreme states:
lightly homogenised, partially homogenised and
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(e) ®

Fig. 3. Surface-rendered 3D reconstructions of aluminium alloy intermetallic microstructure after heat treatment. (a) As-cast, (b)
30 min homogenised at 540 °C, (c) 480 min homogenised at 540 °C, (d) 1920 min homogenised at 540 °C, (e) 60 min
homogenised at 590 °C, (f) 1920 min homogenised at 590 °C. The indicated boxes have a dimension of 200 x 200 x 40 pm for
all pictures.
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Fig. 4. Cylindrical-shaped a-particles in the surface-rendered 3D reconstruction of aluminium alloy intermetallic microstructure
after heat treatment for 1920 min homogenised at 590 °C. The indicated box has a dimension of 200 x 200 x 40 pm.

heavily homogenised. For the partially transformed
sample, the etching produced contrast between the
B-AlsFeSi phase, which appears light grey, and the
ac-Aljz(FeMn);Si phase, which appears dark grey.

The 3D reconstructions of the intermetallic for the
six conditions studied are shown in Fig. 3. These
images reveal that the coarse planar interconnected
B-AlsFeSi intermetallics break up into more discrete
ae-Alj>(FeMn);Si particles. The 3D image in Fig. 4
shows that the morphology of the intermetallics in the
heavily homogenised structure is cylindrical rather
than spherical.

Furthermore, the 3D analysis provides detailed
information regarding the spatial distribution of the
intermetallics. The interconnectivity of the interme-
tallics is high when the (-AlsFeSi phase is the
dominant phase and this connectivity decreases as
the transformation (3-AlsFeSi to a-Aljx(FeMn);Si
proceeds. However, the particle distribution remains
inhomogeneous even at long homogenisation times
with « particles remaining distributed in stringers
along the length of the prior 3 network.

3.2. Area-to-volume ratio analysis

Table 4 shows the volume-to-surface ratio
obtained from the 3D reconstructions by image
analysis. The very small intermetallic particles,
which are close to the limit of the resolution of
the technique (<0.5 pm), are not measured in the
3D reconstruction, therefore the intermetallic volume
fraction measured from the 3D reconstructions is
lower than the total volume fraction, as measured
from 2D micrographs. From the 3D observation, it
can be conducted that the morphology for the as-
cast sample and the sample homogenised for 30 min
at 540 °C is plate like. The surface-to-volume ratio
can be calculated from the following equations:

vV lwd

S 2(wl + 16+ wb) ()

Where / is the length of the plate, w the width
and & the thickness. If we assume that the thickness

Table 4
Quantitative values as calculated from the 3D reconstruction
Homogenisation time (min) 0 30 480 (a-phase) 480 (3-phase) 60 1920 1920
Temperature of homogenisation (°C)  none 540 540 590 540 590
Fraction transformed 5 20 50 80 80 100
from (3-AlsFeSi to
ae-Alj2(FeMn);Si (%)
Volume/surface (jum) 0.23 0.20 0.04 0.11 0.21 0.25 0.22
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226 is negligible compared to the length and the width, For the as-cast and 30 min homogenised at 540 °C
227 we obtain: conditions, this yields thicknesses equal to 0.46 and
vos 0.40 pm, respectively.
$=3 (7) Based on the 3D observations, the intermetallics
observed in samples homogenised for 1920 min at
228 From this equation and the volume-to-surface ratio, 540 °C, 60 min and 1920 min at 590 °C, respectively,
230 an average thickness of the plate can be calculated. appear to have a cylindrical morphology. As previ-
(b)
(d)
Curvature
(um-T)
15
B
I~ 0.7
0
()

Fig. 5. Colour-coded images showing curvatures for the structures shown in Fig. 4. (a) As-cast, (b) 30 min homogenised at 540
°C, (c) 480 min homogenised at 540 °C, (d) 1920 min homogenised at 540 °C, (¢) 60 min homogenised at 590 °C, (f) 1920 min
homogenised at 590 °C. The indicated boxes have a dimension of 200 x 200 x 40 pm for all pictures.
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Fig. 6. Frequency plot of the absolute curvature for the complete homogenised series.

ously, the volume and surface fraction can be calcu-
lated from:

vV  wR} R
S 2%Rl 2 ()

where / is the length of the cylinder and R the radius.
Using this equation and the volume-to-surface ratio
measured, the average radius of the cylinder was
calculated to be 0.50, 0.44 and 0.42 um for the three
samples, respectively.

The 2D analysis on the same samples gives radii
of 0.70, 0.67 and 0.74 um. 2D measurements are
consistent with sectioning errors which may be
expected to yield a larger value of R.

3.3. Quantification using local curvature

Fig. 5 shows the 3D reconstructions of the struc-
tures of Fig. 3 after quantification of the local
curvature. The variations in local curvature are
denoted by a colour scale.

T L T T

0.8 -

Normalised frequency

——
o.-Al, (FeMn),Si and p-Al FeSi
o.-Al, (FeMn),Si

B-AlFeSi -

0 1 2

Curvature (um™)

Fig. 7. Frequency plot of the absolute curvature for the sample partially homogenised for 480 min at 540 °C.
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These figures clearly show a change of the inter-
metallic curvature distribution during the homogeni-
sation process. The blue colour corresponds to a flat
surface (low curvature), whereas the red colour indi-
cates a round surface (high curvature).

Fig. 6 compares the frequency distribution of
absolute curvatures as determined for five samples.
This figure shows, with the exception of the sample
homogenised for 480 min at 540 °C, that the density
of high curvature increases and the density of low
curvature decreases at longer homogenisation times.
The peak shift to the right and change in distribution
(less skewed) indicates an increased curvature and a
new curvature distribution. Also, the maximum of the
curvature of the intermetallics, which occurs in the
lightly homogenised state, is not equal to zero but
equal to approximately 0.4 um ~'. This implies that
on average the 3 plates are not truly flat, but show
local curvature fluctuations, as would be expected.
The curvature distribution of the two first states, as-
cast and 30 min homogenised at 540 °C, is equival-
ent, which indicates that only a limited morpho-
logical change occurs during the early stage of
transformation from (3-AlsFeSi to a.-Alj>(FeMn);Si.
At intermediate homogenisation times, which yield
partial transformation, a more complex distribution,
showing two maxima, is obtained. This can be
explained by a contribution from the curvatures of
both «.-Al;»(FeMn);Si and 3-AlsFeSi phases in a
binomial distribution.

Fig. 7 shows the absolute curvatures for the (-
AlsFeSi phase, the a.-Alj>(FeMn);Si phase, and the
addition of curvatures of 3-AlsFeSi and «-Al;,(Fe-

Mn);8Si, in a sample homogenised for 480 min at 540
°C.

The distribution of the curvature for the 3-AlsFeSi
phase presents two peaks centered on 0.4 and 1.6
pm ', respectively. The first peak indicates a low
curvature, which corresponds to the mean value found
previously for the absolute curvature of the as-cast and
30 min homogenised at 540 °C samples. The second
peak indicates a high mean curvature, which is char-
acteristic for a cylindrical or spherical morphology.
Therefore, the first peak of the 3-AlsFeSi particles in a
partially transformed sample corresponds to the (3-
AlsFeSi intermetallics, which remain untransformed.
The second peak corresponds to the 3-AlsFeSi plates,
which have broken up to form more cylindrical shape
during the phase transformation of 3-AlsFeSi to o-
Allz(FCMn)3Si.

The distribution of the absolute curvature for the
a.-Alj>(FeMn);Si phase reveals one single peak cen-
tered on approximately 1.6 um ~ ', which is character-
istic of a spherical or cylindrical shape. This curvature
is higher than the curvatures observed for the complete
transformed o particles (see Fig. 6). Probably, the
initial small sizes of the a.-Al;(FeMn);Si phase yield
a higher curvature of the o particles.

Fig. 8 provides a comparison of the absolute
curvature distributions for two samples with the same
fraction transformed but obtained for different homog-
enisation conditions: one sample has been homoge-
nised for 60 min at 590 °C, whereas the other has been
homogenised for 1920 min at 540 °C. The distribution
of the absolute curvature for these samples is slightly
different. The maximum peak of the absolute curvature

0.8 -

o
o

Nomalised Frequency
o o
] I

0.0

——1 hour at 590 °C
------ 32 hours at 540 °C

Curvature (um'1)

Fig. 8. Frequency plot of the absolute curvature for the sample homogenised for 60 min at 590 °C and 1920 min at 540 °C.
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is centered, in both cases, on approximately 1 um ~'.

However, the sample homogenised for 60 min at the
higher temperature of 590 °C exhibits a shift in the
distribution to higher absolute curvatures than the
sample homogenised for 1920 min at 540 °C.

3.4. Quantification using Gaussian and mean
curvature

Fig. 9a and b shows the distribution of the

Gaussian and the mean curvatures for the homoge-
nised series investigated.

(a)

From these graphs and based on the surface
interpretation of the Gaussian and the mean cur-
vature (Table 3), the pattern of morphological evolu-
tion of the intermetallic phases can be determined in
greater detail. The distribution of the Gaussian
curvature (Fig. 9a) is centered on approximately
zero for all the samples investigated which implies
that the average morphology for the intermetallics is
planar if the mean curvature is also equal to zero or
cylindrical if it is not. The distribution of the mean
curvature (Fig. 9b) changes with the degree of
homogenisation and the homogenisation temper-

10 T T
o | —— As-cast
I 30 min at 540°C
8 - 8 hours at 540°C
Y MRS 32 hours at 540°C
€ ——32hours at 590°C
O g}
3
g -
& 5
ko) L
[0
2 4t
© L
E s
[e]
S 7|
2 -
1
0 oiTiITUoiI :
-0.50 -0.25

0.00 0.25 0.50

. -2
Gaussian curvature (um™)

(b)

Normalised frequency

© © o o = o

N £ [} (o] o N £
T T

e
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T T T j
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LR 8 hours at 540°C
32 hours at 540°C -
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-3 -2 -1
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Fig. 9. Frequency plot of (a) the Gaussian curvature, (b) the mean curvature for the complete homogenised series.
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Table 5

Surface interpretation of the homogenised series according to the sign of the Gaussian and mean curvature

Sample Mode of Gaussian Mode of mean Morphology according to
curvature (K, pm — 2) curvature (H, pm ~ D) the signs of K and H

As-cast 0.0 (strong peak) 0.0 strongly plate-like

30 min at 540 °C 0.0 (strong peak) 0.0 strongly plate-like

480 min at 540 °C 0.0 (low peak)

1920 min at 540 °C
1920 min at 590 °C

0.0
0.0

0.5
0.5

1.0 (low intensity)

cylindrical-like with a widespread
distribution of radius

cylindrical

cylindrical

ature. The as-cast sample and the sample lightly
homogenised for 30 min at 540 °C have a symmet-
rical mean curvature distribution centered on zero,

which suggests an elongated surface which is
slightly rippled, as was expected from the plate-like
morphology of the (3-AlsFeSi. The distribution is

(2)

10 T T T T T T T
9 i o,-Al,(FeMn), Si and B-Al,FeSi ]
gL — o Al,(FeMn),Si i
[ ——pB-AlFesi ]
> 7 -
(&)
[ r 4
()
=]
o
o
L
e
[}]
@2
©
£
[]
z
. , . , .

T T
-0.25 0.00

-0.50 0.25
Gaussian curvature (um?)
(b)
T T T T T T T T
M e o,-Al, (FeMn),Si and B-AlFeSi ]
ol o -Al(FeMn) Si i

—— B-AlFeSi

Normalised Frequency

-3 -2 -1 0 1

Mean curvature (um’™)

Fig. 10. Frequency plot of (a) the Gaussian curvature, (b) the mean curvature for the sample homogenised for 480 min at 540 °C.
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Table 6

Surface interpretation of the Gaussian and the mean curvature signs for the sample partially homogenised for 480 min at 540 °C

Mode of Gaussian
curvature (K, pm — ?)

Mode of mean Morphology according
curvature (H, pm ~ ") to the signs of K and H

B-AlsFeSi phase
ae-Alj(FeMn);Si phase

0.0 (strong peak)
0.0 (low peak)

0.0 plate-like
1.0 cylindrical-like

biased towards the positive scale for the samples
heavily homogenised (1920 min at 590 and 540 °C)
and partially homogenised (480 min at 540 °C),
which implies on average a convex surface. These
observations indicate that a major morphological
change of the intermetallics occurs during the

(2)

10 . , .

homogenisation for a range of homogenisation time
between 30 and 480 min at 540 °C.

Table 5 shows an evaluation of the intermetallic
morphology for the samples homogenised for different
conditions according to the sign of the Gaussian and
the mean curvature.

F 1 hour at 590°C
—— 32 hours at 540°C

Normalised frequency

T
0.00 0.25 0.50

Gaussian curvature (um™)

(b)

.......... 1 hour at 590°C
12

Normalised Frequency

—— 32 hours at 540°C

Mean curvature (um™)

Fig. 11. Frequency plot of (a) the Gaussian curvature, (b) the mean curvature for the samples homogenised for 60 min at 590 °C

and 1920 min at 540 °C.

357
358
359
360
361
362



t7.1

t7.2

t7.3

t7.4

363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395

396

397
398
399
400
401
402
403
404

ARTICLE IN PRESS

N.C.W. Kuijpers et al. / Materials Characterization 5514 (2002) xxx—xxx 13
Table 7
Sample Gaussian curvature with ~ Mean curvature with ~ Morphology according to
highest appearance highest appearance the signs of K and H
(K, pm?) (H, pm ")
Homogenised for 60 min at 590 °C 0.0 0.5 (strong peak) cylindrical-like with

Homogenised for 1920 min at 540 °C 0.0

widespread radius distribution
cylindrical-like with narrow
radius distribution

0.5 (low peak)

Fig. 10a and b shows the distribution of the
Gaussian and the mean curvature for the sample
partially homogenised for 480 min at 540 °C. The
contributions of phases (3-AlsFeSi and o-Alj,(Fe-
Mn);Si have been separated and analysed separately.
The maximum in the distribution of the mean cur-
vature for the 3-AlsFeSi phase is centered on zero,
whereas the distribution for the oc-Alj>(FeMn);Si
phase is biased toward the positive and is centered
on 0.75pm ~ '. These observations allow us to con-
clude that the morphology of the 3-AlsFeSi phase in
this state is still plate-like, whereas the morphology of
the a.-Alj(FeMn);Si phase appears to be convex due
to the growth of the a.-Al;(FeMn);Si nuclei.

Table 6 shows an evaluation of the intermetallic
morphology for the sample partially homogenised for
480 min at 540 °C according to the sign of the
Gaussian and the mean curvature. The average mor-
phology corresponding to the a.-Al;>(FeMn);Si phase
is cylindrical-like, whereas for the 3-AlsFeSi phase,
the morphology is strongly plate-like.

Fig. 11a and b shows the mean and the Gaussian
curvature for the samples heavily homogenised for 60
min at 590 °C and 1920 min at 540 °C, respectively.
These samples correspond to two different homoge-
nisation conditions that lead to the same fraction
transformed, 80%.

Table 7 represents the interpretation of the mor-
phology according to the Gaussian and the mean
curvatures signs for these two samples. The sample
homogenised at 540 and 590 °C both have a cylin-
drical morphology, however, at 590 °C the intermetal-
lics have a narrower radius distribution.

4. Discussion

If the different observations, quantifications and
calculations are linked together, the morphological
evaluation of the intermetallic microstructure for
each homogenised state can be made with a rela-
tively high degree of accuracy. The phase transfor-
mation from (3-AlsFeSi to a.-Al;(FeMn);Si phase,
which occurs during the heat treatment, plays an
essential role in the overall morphological change of

the microstructure. The morphological evolution of
the intermetallics during the homogenisation heat
treatment gives some indication of the stages occur-
ring during the transformation process. Such data are
crucial as input data for transformation models and
model validation.

The results show that for homogenisation at 540
°C, the transformation occurs in a few stages, indicated
by (A), (B) and (C):

(A) In as-cast samples, plate-like intermetallics are
present and, in the early stages of transformation (up to
20%), the plate-like shape of the intermetallics is still
pronounced. The calculation of the area-to-volume
ratio gives valuable information regarding the mor-
phologies in the lightly and heavily homogenised
states. The thickness of the plates for the as-cast and
30 min homogenised at 540 °C conditions is approx-
imately the same (0.46 and 0.40 pm), which indicates
that the 3-plates break up only at the edges during the
B-AlsFeSi to a-Alj>(FeMn);Si phase transformation.
The plate-like morphology of the 3-AlsFeSi plates for
the partially transformed sample is in line with pre-
viously recorded LSCM observations on deep etched
samples which showed plate-like 3-AlsFeSi interme-
tallics with rounded nuclei of o on the edges and on the
faces [11].

(B) At an intermediate transformation stage (50%),
the small « nuclei start to grow on top of the (-
AlsFeSi plates. Observations showed that these o
particles have a mode absolute curvature of 1.6
pm ~ ', corresponding to diameters of 0.6 pm. The
results in Fig. 10 showed that those a.-Al;(FeMn);Si
phases are already cylindrical at this stage of trans-
formation, however, the weak peak in the Gaussian
curvature distribution in Fig. 10a reveals that this
remains a wide range of morphologies.

(C) Late in the transformation the a.-Al;>(FeMn);
Si particles become clearly cylindrical and the con-
nectivity decreases. The mode of absolute curvature of
the o particles decreases to 1 um ~ ', thus, the radius of
the particles increases. For the heavily homogenised
(80% transformed) and fully homogenised samples, it
can be seen that the diameter of the cylinders are
comparable which indicates that the morphology of
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the intermetallics does not change for the range of 75—
100% transformed.

The effect of the temperature on the homogenisa-
tion was shown in Fig. 11 for two samples with the
same fraction transformed. Although the peak posi-
tions of the frequencies of mean curvature are approx-
imately the same for both temperatures, the radius
distribution is narrower for the lower 7' (540 °C). This
is also clearly visible in 3D (Fig. 11), showing that the
structure at 540 °C is finer and less connected than at
590 °C. While this is an observation based on limited
data, it nevertheless implies that homogenisation tem-
perature has an influence on the morphological evolu-
tion during heat treatment.

5. Conclusions

The 3D characterization technique by serial sec-
tioning reveals qualitative and quantitative data
regarding the morphology of the metallic microstruc-
ture which would be impossible to obtain by 2D
analysis.

The morphology of the intermetallics at the early
stages of the transformation (3-AlsFeSi to o-
Aly»(FeMn);Si is predominantly plate-like and inter-
connected. Nucleation of the a.-Alj(FeMn);Si phase
occurs on the initial 3-AlsFeSi plates. In the first half of
the transformation, these nuclei grow and the (-
AlsFeSi plates break up at their edges; Leading to both
growth of the ac-Alj(FeMn);Si and morphological
evolution of the 3-AlsFeSi, the morphology changes
mainly in the first half of the transformation.

In the second half of the transformation, the initial
ae-Aljx(FeMn);Si nucleus becomes more cylindrical
and the connectivity decreases dramatically. Neverthe-
less, the morphology is stabilised to a cylindrical
morphology for the a.-Aljx(FeMn);Si particle. The
spatial distribution of the a.-Al;,(FeMn);Si cylinders
still closely reflects the spatial distribution of the
original 3-AlsFeSi plates.
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