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3-D Analysis of sinter processes by X-ray computer tomography
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Abstract

Microfocus computer tomography (u-CT) gives the opportunity to observe the pogtions of
individud paticdes in 3D powder samples The description of sinter processes, leading to the
formation of bonds the growth of dntering necks and particle centre gpproach, is based on
two patice modds. These modds neglect the complex geometry of red powder specimens,
like patide gze didribution, irregular paticde shgpe and inhomogeneous specimen dendties
2D modds can be used to prove rearangements of particles during sntering. These
movements are atributed to the atempt to form low energy gran boundaries, asymetric
sntering necks and stress caused by the inhomogenous particle centre approach. Up to now,
an observation of particle movementsingde of 3-D specimens has not been possible.

The firg method to measure the patice arangement in 3D specimens is the p-CT. In this
paper the motions of sphericd copper powder patices (average paticle sze 500...750 pum)
duing gntering are invedtigated. The postions of dl particle centres were measured during
svead dnteing dages. The andyss of movements with respect to the initid particle
podtions was peformed by mahemaicd modds It is possble to prove movements of
paticles into larger pores, an increase of the average coordination number and the bresking of
sntering necks.

Introduction

The optimisation of sinter processes requires detaled knowledge of the development of bonds
between the individud paticles and of the changes of partide conditution as well. Actudly
gnter modds are based on the destription of two partide boundaries and neglect the influence
of paticle conditution and often assume ided contact zones between the particles [1,2]. Thus
in the past great effort has been made to achieve experimentd data, thet are suitable to give a
sdf-contained description of the complex geometries of red sinter specimens. Up to now this
experiments were limited to the obsarvation of rows of metd bdls 2D modds and the
obsarvation of surfaces of 3D modds [3-6]. It is possble to follow trandaions and rotations
of paticles during sntering. The dgnificant incondstance between a theoretical description of
drinkage and the behaviour of red powder specimens during dntering is diributed to
motions of whole patices. This movements occur due to the atempt to form low energy
gran boundaries and dress caused by inhomogenous paticle approach. Unfortunately the
movements canot be quantified on bads of the currently avalable experimentd data
Microfocus computer tomography (U-CT) is the fird method to messure the partice
arangements indde of 3D powder samples giving the opportunity to andyse the patice
moations in deal. The presented paper describes firsd experiments in process research usng
this method to creaste sequences of 3D datasets describing severd gintering stages of one
sample

Crucibles filled with copper powder were dntered in a hydrogen amosphere. The dntering
was interrupted severd times to measure the particle digribution by p-CT. The obtained data
sts representing sequences of sintering stages were andlysed by mahematicd modds. This
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invedigation dlows the desription of the changes of paticde conditutions during the
andysed sntering stages.

p-CT of sinter materials

Two sts of samples congding of soherica copper patides of 125..1000 um diameter were
dudied (the dealed Szes and temperaiures during sntering are liged in Table 1). The first
set was used to test if pCT is a useful method for the investigation of sSnter materias. The
samples were sntered for 1hour a a temperature of 1025 °C under vaccum. The CT scans
have been performed a the Federd Inditute for Materids Research and Tegting (BAM). After
these fird experiments two samples were prepared for the andyss of sequences of sintering
dages. Sphericd copper paticles of 1000 um diameter were filled into dumina crucibles
(AE7mm, 4mm high). To identify the sample orientation in each tomography imege the
crucbles were marked by cuts of a diamond saw. The samples were filled with a diluted
solution of poalyvinylpyrralidone to fix the patides in ther podtions. Prior to the firg
sntering sep and after each sntering step p-CT images were made. The heat trestments of
the samples wee peformed in a hydrogen amosphere. The polyvinylpyrrolidone was
decomposed by hedting the sample with a heding rate of 5K/min to 250°C. After
mantaning 250 °C for 30 min the samples were heated with a hedting rate of 5K/min to
600°C. After the oxide reduction (at 600°C, 1 hour) the samples were hested to the sintering
temperature with 5K/min. Then the copper powder was sintered for 1 hour.

Tab. 1. Ligt of the samples

SampleID  |Measurement ID | Patideszes[um] | Sinter temperature [°C]
0624 0624 750 1025

0639 0639 750>x>500 1025

0638 0633 500>x>350 1025

0625 0625 3B>x>125 1025
040420024 | 12042002.4.0.3 1000 Not sintered
040420024 | 17042002.4.1.1 1000 850
040420024 | 19042002.4.2.1 1000 950
040420024 | 290420024.3.1 1000 1000
040420024 | 06052002.4.4.1 1000 1050
110420025 | 150420025.0.2 1000 Not sintered
110420025 | 180420025.1.1 1000 90
110420025 10052002521 1000 1050

Figure 1 shows a scheme of the CT system used for andyss of the copper powder samples.
The device congds of a microfocus X-ray tube (1), a manipulator for the sample (2) and a
sintillator (3) with an adgpted CCD-camera. Indde the tube an éectron beam is focused on a
thin tungsten target. The smdl focd spot emits X-ray bremsstrahlung and projects an enlarged
X-ray trangmisson image (projection) on the scintillator. Usud setings were an accelerdion
voltage of 175KV and a tube current of 20 pA. If the beam is well adjusted, the target aurrent
is 12...126pA. Due to therma expandon of the Xray tube during the scanning process the
beam adjusment changes. To reduce this effect, the X-ray tube was operated a least
15hours prior to the measurements. The measurements were interrupted two times to check
the target current and depending on this current a beam adjusment has been performed. In
case of dgnificant changes of the target current dl images made before the beam readjustment
were removed. After each exposure (usud exposure time 550ms) the sample was rotated by
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Fg. 1. Scheme of amicrofocus computer tomograph
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Fg. 2. Measured and expected attenuation of a copper wedge

0.5degrees to obtain the 720 projections required for a good 3-D image qudity (totd time of
measurement:  goprox. 3hours). The detector cdibration was performed by meking 11 imeges
without sample prior and after the neasurement of the sample. The images of the sample were
divided by the average of the cdibration images.

The absorption of low energy (soft) X-ray radiaion is higher than the absorption of high
energy (hard) X-ray radiation. Thus the gpparent absorption coefficient of any maerid is
getting lower with growing materid thickness This effect is known as edge hardening. It can
be suppressed by using a filter to shift the spectrum towards higher energies (2mmCu and an
Al filter). Another posshility is a <software dgorithm based on the idess of medicd
tomography [7]. The X-ray absorption of a copper wedge is messured to determine a relaion
between atenuation given by -log(l/l)) where | is the intensty measured with filter and |p is
the intendty messured without filter and the thickness of a copper layer. An example is shown
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in Hg. 2. This reation is linear if no edge hardening occurs. Thus the measured atenuations
of each pixd of the sample images (seeHg. 2 pointA) were replaced by the corresponding
expected atenuations (see Hg 2pointB). By this transformation of the greyscae the edge
hardening is suppressed as shown in Fg. 3.

After the greyscde trandformation a distorson correction was peformed. The last step was a
recongtruction of a 3-D dendty digtribution (given asa 3D image) by a Fdkamp dgorithm.

a) b)
Hg. 3. Sices of 3D images @ without edge hardening correction b) with edge hardening
correction using the described software adgorithm

Sinter experiments

The characterisstion of dnter modds requires the description of paticde podtions the
digribution of digances to the next neighbours the number of sinter necks per particle the
dnter neck geometry, the paticle surface area and the particle volume. Except the number
and geomery of dnter necks these parameters were messured by image andyss. To
determine the number of snter necks by image adyss is very difficult and therefore
atributed to be not very rdiable The cdculaion of the Euler number gives another vaue for
the connectivity (number of dnter necks), which differs ggnificantly from that obtained by
image andyss For the dnter neck geometry first results have been obtained, neverthdess
thereis need for further development.

Results

Fgure 4 shows the image of the dntered sample 0625 (13.93 um voxd sSze). The results of
the andyds of the fird samples is summarized in Table 2 (connectivity caculated usng the
Euler number). As the average coordingion of the patides in sample 0624 is very low
(assuming a krz dructure the coordination would be 4,8) this sample was andysed in detall
asligedin table 3.

Tab. 2. Reaults of the andysis of the fird samples

Measurement | Number of partides | Number of sinter necks per partide
0624 133 382
0625 1986 511
0638 1308 471
0639 512 557
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Tab. 3. Reaults of the andyss of sample 0624
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Average particle diameter 855 um
Minima particle diameter 35 um
Maximd particle diameter 1400 pm
Average distance 790 um
Average volume 377* 10° unv’
Minima volume 22800 pnt
Maximd volume 146* 10° pnv
Totd volume (by voxd counting) 481* 10" um’
Average surface 241* 10° pnt
Minima surface 3900 pnt
Maxima surface 6.22* 10° pn?
Totd surface 308* 10° un?

Hg. 4. 3-D image of sample 0625

Fgure5 shows X-ray trangmisson images of sample 040420024 (a) before gntering,
(b) after the first sntering sep a 850 °C, (c) 9ntered a 950 °C. Figure5d shows an image
(the projections shown in ¢ and d are not identical) of the sample after trandformetion of the
greyscde. Obvioudy the sample was expanded dfter the firg dntering step a 850°C and
dightly shrank as result of a second sintering step a 950 °C. This behaviour must be found in
the results of the andlysis of the 3-D images if the dgorithms we use are correct. The applied
test was an analysis of the distances between next neighbours.

The didributions of disances between next neighbour patices of sample 040420024 (8) and
sample 110420025 (b) are shown in figure 6. As expected from the comparison of the imeges
in fig.5 the distances (measured as pesk posgtions of the distance didtributions) between next
neighbour patides of sample 040420024 were increesed from 955 um to 970um after the
fird gntering step a 850 °C. After the second sintering step at 950 °C the pesk podtion of the
digance didribution was a 955um and the average disance was smaler than before
gntering. As we found only 81 insead of 82 particles after the second sSntering step we have
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a) cdibrated image, prior to sintering b) cdibrated image, sintered a 850°C

1mm

T
C) cdibrated image, sntered a 950°C d) image after edge hardening correction

Fig. 5. X-ray transmission images of sample 04042002.4

to assume, that one paticle fdl of the top of sample. Therefore we assume an eror of 1,23%
in the results of the andyds of the second sntering Sep. After the third dntering dep at
1000°C a further agpproach of the particle centres is detected (new pesk of didribution:
950 um). After the third sintering step we assume an error of about 4%. The lagt sintering step
a 1050°C the pesk of the digance digribution was a 955 um and the average distance was
greater than after the previous sntering step. To ducidate the influence of the frequent
interruptions  of the gntering process on  the deemined realts the  second
sample (110420025) was dntered a 950°C. After dntering the pesk of digance didtribution
of this second sample was a the same digance as prior to dntering (970 um). As dready
observed in the messurements of the other sample, the distances between the particle centres
after the gntering dep a 1050°C was 5pm (new pesk podgtion: 975 um). This sngle
measurement cannot be used to prove tha no dgnificant error occurs due to the interruption
of the dntering process, but in the future this issue will be darified when more datasets of
sanples meassured we will be ale to diginguish between the influence of interrupted
sSntering, datidica varidions and sample geometry.

Our man interet was the formaion and bresking of contacts between particles during
sintering. We assume an error of 10%" in the number of sinter necks determined by image
andyss. The coordingion higogram of sample 040420024 is presented in figure7. In
sample 040420024 the most common coordingion is 5, followed by 4 and coordinaions
above 7 ae very rae. During the firg sntering sep a 850°C the number of particles with
coordination numbers of 6 and 7 decreased approx. 40%, proving the loss of contects of some

b our image andyss oftware digtinguishes particle voxels from the surrounding air by setting a globa density
threshold. To determine the error in the number of dnter necks we performed the analysis of a 3D image severd
times. The first applied thresholds optimally reproduced the structure. The threshold was incressed in steps of
10% until differences between the reaulting structure and the origind image were vishle. The difference of the
total number of sinter necks between the first and last analysis was about 10%.
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paticles After the second sntering step the number of particles with coordination number 5
decreases by 18%. The grestest incresse is found for the coordingtion number 6 (+ 27%) and
4 (+14%). Thus both the bresking and forming of snter necks seems to be proved for two
sequential Sntering stages of a sample. After the third sintering step a 1000 °C te number of
paticdes with coordination number 6 increases by 36%. The number of patides with lower
coordination decrease (except paticles with the coordingtion number 3). After the lagt
gntering sep a 1050 °C the number of particles with coordination number 6 incressed by
17%. This proves an incressng connectivity during the two dntering seps a 1000°C and

1050°C.
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Fg. 7. Coordination histogram of sample 04042002.4
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Conclusion

The use of U-CT has been proved to be ussful for the andyds of sinter processes To be
successful the samples mugt condst of coarse particles of a leest 120 um diameter prohibiting
the application in the andyss of samples condding of sandard grade powders. The problem
of edge hadening can be solved by the application of filters This method has the
dissdvantage of srongly enhanced messurement times due to the decreasing totd intengty.
To reduce the time required for measurement a software program was developed, that alows
the correction of edge hardening by messuring the atenuation of a copper wedge instead of
usng filters Neverthdess due to long imaging times a red-time acquistion of data during
sintering is grictly not available in the near future.

After succesSfully testing the method with prediminary samples the andyds of sequentid
gntering steges was dated. The andyss of sequentid gntering dages ae limited to the
results of image andyss Thus the actud numbers of snter necks of this samples probably
auffer from large erors. As some changes in the coordination histogram exceed the estimated
arors we are able to present the results, that seem to prove the formation and bresking of
snter necks in two sequentid sintering stages. Further it could be proved, that the shrinkege
and expanson of the examined samples are corrdated with the disgance didributions of the
next particles.
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