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Abstract

The mechanisms involved in shape changes arising during sintering of complex materials like iron-based systems are

still poorly understood. New information can be obtained by use of advanced techniques such as microtomography. In

this study, the microstructural evolution of a Distaloy AE powder compact and of loose copper powder is investigated

during a thermal cycle at the European Synchrotron in Grenoble (France). Both materials are sintered in a furnace set

in front of a high-energy X-ray source in 30–45 keV range. At various steps of sintering, hundreds of radiographs are

taken with different orientations of the specimen. From these images the 3D microstructure is reconstructed. This non-

destructive method provides the 3D microstructural evolution of the material during sintering. Local and statistical

information can be obtained and will be used in the future for modelling the sintering process. Special attention is given

to the anisotropy induced by prior compaction and to its evolution through sintering.

� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Despite a consistent research activity for de-

cades, several questions remain open in the field of

metal powder sintering, in particular with regard to

the processing of industrial powders with complex

composition and morphology. Typical examples

concern the evolution of defects due to packing

faults or to inclusions, the role of particle rear-
rangement in the densification process, the causes

of anisotropic shrinkage of powder compacts dur-

ing sintering. Traditional observation techniques
such as scanning electron microscopy, that show

images of grinded cross-sections of previously sin-

tered specimens, do not provide relevant informa-

tion for investigating these types of problems.

Significant advances in the understanding of the

phenomena occurring during sintering can cer-

tainly arise from bulk images of a powder in the

course of sintering. This expectation is no longer
utopian thanks to the rapid development of non-

invasive 3D imaging techniques, such as X-ray to-

mography, for application in materials science [1].

The present paper deals with the use of X-ray

micro-tomography to investigate sintering of
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metal powder. The synchrotron radiation micro-

tomography has recently opened the way to

quantitative three-dimensional characterisation of

materials at the micrometric scale [2]. X-ray
absorption tomography consists in recording rad-

iographies of a specimen in different angular set-

tings and next reconstructing the spatial

distribution of the linear attenuation coefficient

within the specimen. This technique has been

successfully used to obtain, with micrometric res-

olution and in a non-destructive way, pertinent

information for miscellaneous classes of materials
such as foams, bones, metals, etc. In particular,

Gendron et al. recently obtained interesting data

relative to glass bead packings that had been sin-

tered for various times [3]. Indeed, analysing very

absorbing materials such as copper or steel, in a

short time is more difficult. For this purpose, the

so-called ‘‘fast-microtomography’’ with high X-

ray energy has been recently developed on the
ID15 beamline of ESRF. It provides a full micro-

tomography in about one minute with a X-ray

energy range roughly in between 40 and 60 keV.

The work presented here constitutes one of the

first applications of this technique.

The objective of this paper is to show that the

non-invasive 3D investigation of the microstruc-

ture of sintered metal powder can provide useful
information about the sintering process. Two ma-

terials have been investigated, a loose copper

powder and steel powder compact. An assembly of

copper particles inside a quartz capillary was used

to investigate sintering of a material with a low

relative density. Steel compacts have been obtained

by pressing into a close die commercial Distaloy

AE powder in the same conditions as they are used
to shape components for automotive applications.

We first shortly describe the instrumental device

used for micro-tomography, then we present and

discuss the preliminary results obtained succes-

sively on copper powder and on a steel compact.

2. Equipment

Micro-tomography experiments were carried

out on the high energy beamline ID15 at the Eu-

ropean Synchrotron Radiation Facility (ESRF) in

Grenoble, France, where the X-ray energy is

ranging from 30 to 500 keV. The schematic view of

the micro-tomography set-up is shown in Fig. 1.
The X-ray white beam is generated by a 7 poles

1.84 Tesla wiggler and filtered with 0.2 mm Cu to

remove low energy photons and avoid beam

hardening artifacts. A fast shutter is used to get

short exposure times. The sample is mounted on

translation and rotation stages in order to align it

about the X-ray beam before the measurement and

to rotate it during the measurement. Images are
collected using a CCD ESRF Frelon camera cou-

pled with a fluorescent screen.

The X-ray energy used here ranges from about

40 to 60 keV allowing to cross 1 mm thick steel

sample with typical transmission ratio of about

40%. The scintillator is a fluorescent screen which

transforms the X-ray into visible light. Finally a

1024� 1024 CCD ESRF Frelon camera is used to
catch the light emitted by the scintillator. With the

described set-up, the spatial resolution is about

2.5 lm.
Recent efforts devoted to decrease the micro-

tomography acquisition time opened the way to

‘‘fast tomography’’ enabling to follow rapid phe-

nomena continuously. The micro-tomographies

were recorded by taking 750 radiographies at dif-
ferent angles covering an range of 180� with an

exposure time of 0.075 s for each one. In these

conditions, a tomography can be achieved every

2 min.

The furnace located in front of the X-ray beam

shutter is composed of an horizontal ceramic cyl-

inder surrounded by a resistive wire, with a hole

drilled at the bottom for introduction of the

Fig. 1. Schematic view of the set-up for micro-tomography on

ID15 beamline at ESRF.
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sample. Each cap includes a thin, X-ray trans-

parent window. A flow of a mixture of helium and

hydrogen (4 at.%) is introduced inside the furnace

to prevent the oxidation of the particles during

sintering. The maximum heating and cooling rate

is 50 Kmin�1 but the sample can eventually be
pulled out quickly for quenching before recording

a tomography.

3. Results

3.1. Copper powder

A packing of spherical copper particles with a

diameter between 85 and 125 lm has been first

investigated as a model material. Particle and pore

sizes were well adapted to the spatial resolution of

the measurement device. No prior compaction was

performed so that the material was isotropic.

Copper powder has been poured in a 1 mm-di-

ameter, 20 mm-height quartz capillary. Since the
quartz has a much lower density than copper, the

capillary can be considered as transparent to the X-

rays (except for some small phase contrast effects)

and then does not induce any artefact. The capillary

is glued on an alumina stick. The glue is a ceramic

that supports temperatures up to 1500 �C. The
sample was introduced into the furnace specially

designed for this study. The thermal cycle imposed

to the powder is reported in Fig. 2. Several micro-

tomographies were successively recorded before,

during and after the sintering. Four reconstructed

slices representing nearly the same section of the

sample at four different moments of the thermal
cycle are shown in Fig. 3. It is clearly observed that

the material strongly evolves during sintering. The

particles get closer to each other as interparticle

necks grow up and the porosity is reduced. The

main evolution occurs between 1000 and 1050 �C.
The densification and neck growth are better

observed in the magnified images shown in Fig. 4.

Between room temperature and 1000 �C, no sig-
nificant shrinkage is observed but the neck for-

mation induces small displacements and rotations

of the particles that lead to local rearrangements of

particle packing. This can be verified in particular

by observing particles appearing and disappearing

from the section of analysis. As a consequence of

rearrangement some pores decrease in size whereas

other ones are enlarged. After sintering up to 1050
�C, interparticle necks have largely grown up and

the particles can no longer be clearly distinguished.

Most pores vanished but some of them remain

large. This heterogenous densification is a conse-

quence of the randomness of the initial packing

and of particle rearrangement in the initial stage of

sintering.

Fig. 2. Cu powder sample thermal history.
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3.2. Distaloy compacts

The second material investigated in the present

work is H€oogan€aas Distaloy AE powder, composed
of iron particles with prediffused elements (1.5

wt.% Cu, 0.5 wt.% Mo and 4 wt.% Ni), mixed with

0.6 wt.% graphite. Particle size is between 45 and

150 lm. The experimental procedure consists first
in a double-action compaction of the powder in a

rigid die up to an axial stress of 400 MPa, so that

the density reaches a value of 6.7 g/cm3 (i.e. 0.85

in relative density). The compact is then sintered
in the previously described furnace with a flow of

hydrogen–helium mixture. The thermal cycle is

composed of a heating at 30 �Cmin�1 from room

temperature up to 1110 �C, followed by an iso-

thermal stage of 15 min and cooling at 30

�Cmin�1.

Two micro-tomographies were recorded at

room temperature respectively before and after
sintering. The reconstructed slices of the same

sample area are reported in Fig. 5 where the solid

phase is white and the pores are black. At the

opposite of copper particles case, the sintering of a

dense green material such as compacted Distaloy,

very little densification occurs, of the order of 1%.

However this densification is anisotropic due to

prior die pressing. By comparing the two recon-
structed slices of Fig. 5, one can deduce that the

shrinkage was equal to 1.2% and 0.4%, respec-

tively along the direction of compaction and in the

perpendicular direction. These values are consis-

tent with values deduced from dilatometric mea-

surements [4,5].

In Fig. 5(a), two categories of pores can be

identified, large pores stemming from the initial
particle packing and small pores located at the in-

terfaces between particles. These interfaces have

apparently a thickness of the order of the resolu-

tion of the measure, i.e. a few microns, but they are

probably thinner and are discernible probably be-

cause of phase contrast. It seems that the direction

of visible interfaces is preferentially horizontal, i.e.

perpendicular to the direction of compaction. This
should be a consequence of anisotropic deforma-

tion during die pressing.

Fig. 3. 2D reconstructions (virtual slices) perpendicular to the cylindrical axis showing Cu particles at different stages of the sintering

process reported in Fig. 2.

Fig. 4. Magnified parts (in the square) of the reconstructed slices of Fig. 3.
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After sintering (Fig. 5(b)) the large pores have

apparently not changed neither in size nor in shape,

whereas the small pores have disappeared. These
results suggest that, for this kind of materials, the

sintering process involves the welding of interpar-

ticle contacts formed during compaction without

significant evolution of particle arrangement nor

interparticle porosity. Indeed, other important mi-

crostructural changes arise during sintering, which

are related with the diffusion of alloying elements

and with the formation of steel phases, but they
cannot be observed with the technique presented

here.

Fig. 6 shows the first in-situ microtomography

experiment performed very recently along a sin-

tering cycle. A Distaloy sample compacted at 400

MPa has been sintered in the furnace previously

described. On the contrary to prior results, the

microtomographies were performed without
quenching the sample, so that the images show the

microstructure at high temperature during sinter-

ing. From these pictures the local evolution of the

microstructure can be observed. The small pores

located at the interparticle interfaces are progres-

sively eliminated, which confirms the previous re-

sults. Also the formation of new contact areas and

the disappearance of larger pores are detected. A

deeper, quantitative analysis of these images is in

progress.

4. Discussion

In this study two materials have been investi-

gated, copper powder and steel powder compact.

Concerning copper powders, it has been proved

that meaningful information concerning the be-

ginning of interparticle neck growth, the rear-
rangement of particles and possible heterogeneous

densification resulting in residual pores in the

sintered material could be obtained from micro-

tomography imaging. To draw statistical infor-

mation from 3D images, quantitative analysis is

required, which is a heavy task, currently under

progress. This discussion will thus be focused on

steel compact since preliminary observation can
already give a novel insight into sintering mecha-

nisms.

One of the most significant results obtained in

the present work is to give some clues about the

origin of anisotropic shrinkage, which is classically

observed during sintering of powder compacts.

This phenomenon is very important since in

powder metallurgy a major issue is to control the

Fig. 5. Two reconstructed slices of compacted Distaloy sample (a) before and (b) after sintering. The direction of prior compaction is

along the vertical direction in the paper plane.
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final shape of sintered parts in order to reduce or

even avoid subsequent machining. This topic has

been largely discussed in the literature [6–13]. Al-

though it is clear that anisotropic shrinkage is re-

lated with the anisotropic structure induced by die

pressing, the resultant effects are very different

depending on the material. Two opposite behav-
iours have been reported.

An anisotropy characterised by a lower shrink-

age in the direction of compaction has been ob-

served on iron–nickel alloy [7], ceramic [8] or glass

[9]. To explain this phenomenon, Bouvard and

Zavaliangos [10] performed a numerical simula-

tion of the compaction and sintering of a 2D pe-

riodic arrangement of particles. After compaction,

the axial contacts, which support higher forces, are

of course larger. Then, assuming that the main

densification mechanism during sintering was

grain boundary diffusion, the authors found that
the initial difference in contact size resulted in an

anisotropic sintering with lower shrinkage in the

compaction direction.

However other authors observed the opposite

effect with certain metal powders that had been

Fig. 6. In situ follow-up of the local microstructure evolution of a Distaloy compact during sintering.
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strongly deformed during compaction and show

very little shrinkage during sintering [11]. Kuroki

[12,13] proposed an explanation based on an ex-

perimental correlation between the elastic spring-
back of iron compacts after die pressing and the

shrinkage during sintering. Due to the mechanical

history underwent by the material during com-

paction, unloading and ejection, this springback is

much larger in the direction of compaction than in

the transverse ones. According to Kuroki, the

anisotropic shrinkage would be due to the closing

of cavities formed at interparticle contacts during
the springback. Since the axial sprinkback is lar-

ger, the cavities at the interfaces normal to the

direction of compaction should be coarser. A

special device was used by Kuroki to measure the

average thickness of these interfaces, that was es-

timated as 0.6 lm for iron powder compacted in

conditions close to the ones used in the present

study.
Figs. 5 and 6 globally argue in favour of Kur-

oki�s ideas since it confirms that the interfaces

normal to direction of compaction are thicker than

the perpendicular ones and disappear during sin-

tering. Moreover, assuming that the shrinkage in

the direction of compaction (1.2%) is only due to

the closing of the interfaces, a rough calculation of

interface thickness can be obtained by dividing this
shrinkage by the linear density of interfaces esti-

mated from Fig. 5(a). A value of 0.7 lm is found,

which is coherent with the value given by Kuroki.

This analysis should certainly be pursued and re-

fined, but it already suggests that a detailed 3D

investigation of the microstructural changes of

steel compacts through sintering could provide

substantial information to clarify the problem of
shrinkage anisotropy.

5. Conclusion

This paper presents a non-invasive 3D investi-

gation of microstructural changes of metal pow-

ders during sintering. The chosen experimental
procedure used high X-ray energy combined with

fast micro-tomography. Two different materials

have been investigated, a loose copper powder and

a steel powder compact. Concerning copper pow-

der, neck formation and particle rearrangement

have been clearly observed. Subsequent quantita-

tive analysis should be realised to obtain relevant

statistical information that could help better un-
derstanding important features of the sintering

process, such as the formation of residual pores.

Moreover, such information could provide input

data or validation data for the numerical simula-

tion of the sintering. Concerning steel compacts,

the anisotropic distribution of the interfaces be-

tween particles after compaction and the disap-

pearance of these interfaces during sintering have
been shown. This observation gave new arguments

for analysing the possible causes of anisotropic

shrinkage during sintering.

Following the evolution of the microstructure

continuously during sintering is of course even

more fruitful for both applications. We have

shown that it was possible to perform real in situ

experiments, i.e. experiments including micro-to-
mographies in the course of sintering, without

quenching of the sample. For this purpose, the

time between two successive 3D image recordings

has been reduced to 2 min. Also, a special furnace

working with reducing atmosphere and compatible

with micro-tomography measurement (X-ray

transparent windows, 180� rotation of the sample)

has been successfully tested. The quantitative
analysis of the obtained data will certainly give

new clues to better understanding the sintering

mechanisms.
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