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Abstract

This paper presents numerical modelling of powder sintering. The numerical model introduced in this work employs
the discrete element method which assumes that material can be modelled by a large assembly of discrete elements (parti-
cles) of spherical shape interacting among one another. Modelling of sintering requires introduction of the cohesive inter-
action among particles representing inter-particle sintering forces. Numerical studies of sintering have been supplemented
with experimental studies which provided data for calibration and validation of the model. In the laboratory tests evolu-
tion of microstructure and density during sintering have been studied. Comparison of numerical and experimental results

shows a good performance of the numerical model developed.
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1. INTRODUCTION

Sintering is a manufacturing process used for
making various parts from metal or ceramic powder
mixtures. Sintering consists in consolidation of loose
or weakly bonded powders at elevated temperatures,
close to the melting temperature with or without
additional pressure. This is a complex process af-
fected by many factors. Modelling can be used to
optimize and to understand better the sintering proc-
ess and improve the quality of sintered components.

Modelling of sintering process is still a challeng-
ing research task. There are different approaches in
modelling of sintering processes, ranging from con-
tinuum phenomenological models to micromechani-
cal and atomistic ones. In this work the discrete ele-
ment method is adopted as a modelling tool. This
model employs a discrete model of sintered material
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and belongs to the class of micromechanical models.
It allows us to determine interaction between the
grains during sintering and to follow rearrangment
of grains during sintering. The numerical model is
validated using the results of experimental studies of
a sintering process.

2. EXPERIEMENTAL STUDIES OF
A SINTERING PROCESS

Experimental studies of sintering have been per-
formed in the laboratory of Institute of Electronic
Materials Technology. Sintering has been carried out
in the Thermal Technology Astro uniaxial hot press
shown in figure 1a. Morphology of the NiAl powder
used for sintering is shown in figure 1b. The samples
of the sintered material are shown in figure Ic. Sin-
tering has been performed under pressure of 30 MPa
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and at temperature of 1400°C. Variation of tempera-
ture is shown in figure 2. The process was ended at
different time instants in order to study the evolution
and kinetics of sintering. The measurement points
are marked on the plot in figure 2. The kinetics of
sintering can be evaluated by investigation of the
bulk density change in time. The macroscopic
shrinkage of the porous material during sintering
leads to the increase of the bulk density. The evolu-
tion of the bulk density obtained in our studies is
given in table 1. The value of the bulk density close
to the theoretical density has been obtained. It means
that the material with very low porosity has been
obtained by sintering.

a)

rial.

1450
1400
1350

o | AN

1250

1200 \

1150 / \
1100 AN
1050
1000 T T T T T T

60 70 80 90 100 110 120 130 140
time (min)

T(°C)

Fig. 2. Temperature variation during sintering of NiAl with
measurement points.

Table 1. Density evolution of NiAl during sintering.

Measurement 1 b 3 4 5
point
Bulk der;srfy 5.5 535 5,42 5,78 5,86
(g/em’)

Relative density*

%) 88,8 90,5 91,7 97,8 99,1
o

* theoretical density of NiAl pr=5,91 g/cm®

During sintering particulate material is converted
into polycrystal. Microstructure evolution during
sintering of NiAl is shown in figure 3. The micro-
structure and its change at early stage of sintering is

Mag= 500%  LEO 1530-IWC PAN

5

¢)

Fig. 1. Experimental studies of sintering: a) Thermal Technology Astro uniaxial hot press, b) NiAl powder, c) samples of sintered mate-

shown in figures la-c. In the initial stage cohesive
bonds (necks) are formed between grains. When the
sintering process is continued the necks between
particle grow. Grain rearrangement and increase of
grain compaction can be observed during sintering.
With the advancement grain growth, gradual reduc-
tion and elimination of porosity can be observed.
Change of the microstructure during sintering can be
clearly seen when figure 1d is compared with figures
laor 1b.
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Fig. 3. Microstructure evolution during sintering of NiAl:
a) temperature 1300°C (measuring point 1 in Fig. 2); b) tempera-
ture 1350°C (measuring point 2); c) temperature 1400°C (measur-
ing point 3); d) temperature 1400°C (measuring point 5).

3. SINTERING MECHANISMS

Growth of the neck connections between grains
during sintering is a result of mass transport by dif-
ferent mechanisms (Hosford, 2006). The main mass
transport mechanisms during sintering: surface, vol-
ume and grain boundary diffusion, as well as evapo-
ration and condensation are shown schematically in
figure 4.

The main driving force of sintering is reduction
of the total surface energy of the system. Because of
stresses in the neck and of the surface tension the
particles are attracted to each other leading to
shrinkage of the system.

E_Tj\\_/al

Fig. 4. Mechanisms of mass transport during sintering:
1 — surface diffusion, 2 — grain boundary diffusion, 3 — volume
diffusion, 4 — evaporation and condensation.

4. NUMERICAL MODEL OF SINTERING

Considering the relationship between the diffu-
sion and stress state Coble (1958), Johnson (1969),
and De Jonghe & Rahaman (1988) formulated
mathematical models for sintering force between
two particles. The discrete element method provided
a suitable framework for more general application of
these models (Parhami and McMeeking, 1998, Mar-
tin et al, 2006). Discrete element method assumes
that material can be represented as a collection of
spherical particles interacting among one another
(Cundall and Strack, 1979, Onate and Rojek, 2004),
thus the discrete element model takes explicitly into
account the particulate nature of the sintered mate-
rial. The numerical model of sintering has been im-
plemented in the finite/discrete element code Sim-
pact (Onate and Rojek, 2004).

In the discrete element method, the trans-
lational and rotational motion of rigid spherical
elements (particles) is governed by the standard
equations of rigid body dynamics. For the i-th
spherical particle we have:

mu, =F, (1)

Jo, =T, )
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where u,; is the element centroid displacement in a

fixed (inertial) coordinate frame X, ®, —the angular

velocity, m; — the element mass, J; — the moment of
inertia, F; — the resultant force, and T, — the resultant
moment about the central axes. Equations (1) and (2)
are integrated in time using the explicit central dif-
ference time integration scheme.

Vectors F; and T, are sums of all forces and
moments applied to the i-th element due to external
load and contact interactions with neighbouring
spheres. Modelling of sintering requires introduction
of the cohesive interaction among particles repre-
senting inter-particle sintering forces. In our model
the translational motion will be considered only,
assuming that the rotational motion is negligible in
sintering. The particle interaction model assumed for
sintering employs the equation derived by Parhami
and McMeeking (1998):

F = m”
8D,

V., — 7y {4R(1 —Cos %) + asin %} 3)

where F, is the normal force between two par-
ticles, ¥, — the normal relative velocity, R — the
particle radius, a — the sintering contact radius,
Y — the dihedral angle, ys — the surface energy
and Dy, — the grain boundary diffusion coeffi-
cient. The geometric parameters used in Eq. (3)
are defined in figure 5. The second term on the
right-hand side of Eq. (3) represents the attrac-
tive interaction between the particles, while the
first term described the viscous resistance opos-
ing the relative motion.

Fig. 5. Two particle interaction model — model parameters
definition.

The effective grain boundary diffusion coeffi-
cient D, is determined from the following relation-

ship (Martin et al, 2006):

p,=Lsp

7 0 Pe “)

where Q is the atomic volume, 7 — temperature, k —
Boltzmann constant, ¢ — thickness of the diffusion
area, D, — temperature dependent coefficient.

The growth of the neck radius is calculated ac-

cording to the following evolution equation (Martin
et al, 2006):

a=—" &)
a
The end of sintering is controlled by the limit
value of the neck radius:

a,.. =Rsin % (6)

The dihedral angle ¥ is determined according
to the Young’s law which assumes that in the system
consisting of two grains and a gas in the pore in the
equilibrium we have equlibrium of surface tensions.

5. SINTERING OF TWO PARTICLES

The model implementation has been verified and
calibrated using a simple example of free sintering
of two particles. Figure 6a shows two equal particles
touching each other at the beginning of sintering.
The particles can move freely along the line passing
through their centres, no other load except that due
to sintering is involevd. Figure 6b shows the parti-
cles at the equilibrium at the end of sintering. The
model parameters have been taken from the litera-
ture and then the viscosity has been changed so that
the sintering process takes about 35 minutes. The
final results have been obtained for the following
data: R = 22.510° m, p = 5910 kg/m’, ys =
1.72J/m’, @ = 1.18:10%” m’, T = 1673 K, 6D, =
3.832:10""m’/s, ¥ = 146°. Evolution of the interac-
tion force calculated according to Eq. (3) is pre-
sented in figure 7, and evolution of the velocity is
plotted in figure 8. The logarithmic scale is used for
time axes in both plots in order to better present
changes occurring in the initial period.
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a)

Fig. 6. Simulation of sintering of two particles: a) at the begin-

ning of the sintering, b) at the end of the sintering.
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Fig. 7. Evolution of interaction force during sintering of two
particles.

6. SIMULATION OF INTERING OF
A CYLINDRICAL SPECIMEN

The initial configuration of the discrete element
model consisting of 350 particles is shown in figure
9a. It has been assumed that the kinetics of sintering
is the same as in the laboratory test of sintering pre-
sented above. The model parameters found in the
previous example have been applied in this example.
The objective of this study was to check if with
these parameters we can match the results obtained
in the laboratory test. Figure 9b shows the specimen
at the equilibrium after sintering. The shrinkage can
be clearly observed.

The relative density evolution obtained in the
numerical simulation has been compared with ex-
perimental measurements in figure 10. It can be seen
that the change of the density obtained in the simula-
tion agrees quite well with experimental results.
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Fig. 8. Relative particle velocity during sintering of two parti-
cles.

b)

Fig. 9. Numerical simulation of sintering of a cylindrical speci-
men: a) at the beginning of the sintering, b) at the end of the
sintering.

7. CONCLUDING REMARKS

The discrete element method is a suitable tool to
model powder sintering. Particulate nature of the
sintered material is taken explicitly into account in
the discrete element model. Presented results show
a big potential of the developed numerical model in
modelling of sintering processes, although further
developments and validation are necessary.
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Fig. 10. Evolution of relative density during sintering process —
comparison of numerical and experimental results.
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SYMULACJA SPIEKANIA PROSZKOW METODA
ELEMENTOW DYSKRETNYCH

Streszczenie

W artykule przedstawiono badania do§wiadczalne oraz mo-
delowanie numeryczne procesu spickania proszkow metalicz-
nych. W czg$ci eksperymentalnej pracy badano ewolucje mikro-
struktury oraz ggstoSci spieku w trakcie procesu spiekania. Jako
metod¢ modelowania wybrano metodg elementow dyskretnych,
w ktorej zaklada sig, ze material jest reprezentowany przez
liczny zbior elementow dyskretnych (czastek) o ksztalcie sfe-
rycznym oddziatujacych migdzy soba. Modelowanie spiekania
wymaga wprowadzenia oddzialywania kohezyjnego migdzy
czastkami reprezentujacego napr¢zenia powstajace migdzy
ziarnami w trakcie spiekania. W artykule przedstawiono wstegp-
ne wyniki numeryczne pokazujace ewolucjg¢ gestosci pozornej
w trakcie spiekania.

Received: October 11, 2010
Received in a revised form: November 17, 2010
Accepted: November 22, 2010

-73 -

Ll
O
Z
=
0
%)
%]
—
<
4
=
<
=
Z
%)
a)
o
T
&
=
e
=
>
o
=
o
v





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /POL <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


