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Summary:

Coated powders can be produced by methods, which are commonly used for
surface coating of metals and non-metals. The advantages of coated
powders are excellent sintering behaviour, uniformity of combination, and
exactness of the part dimensions and uniformity of properties of the sintered
components. The special geometrical relationships in such powders
especially the great interface between the combined materials enhance the
densification. The outstanding sintering properties favours coated powders for
processes, which start with low green density (slurry, direct consolidation)
and need high densification rates to reach the sufficient density of the final
components. In most cases liquid phase sintering takes place and the shape
stability is an important fact. For other purposes if fast densification is needed
for instance by particle repacking (laser sintering) the coated powders seems
best suited.
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1. Introduction

In the field of PM processing a number of new forming methods have recently
been developed, that can be referred to as Direct Consolidation Techniques.
The common principle is the shaping of components by transforming a
powder suspension into rigidity without powder compaction (plastic
deformation of particles) or removal of solvent. The forming takes place by
locking the powder dispersion in a homogenous state and no segregation
effects are allowed. This gives the advantage of good material homogeneity
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that should promote control of the shrinkage during sintering and, hence,
control of the ultimate dimensions of the components.
In the case of laser sintering a loose powder is transformed into rigidity by
selective lightening of small areas with a laser beam and locking the particle
contacts by local sintering steps.
In the traditional PM processing route normally no or only little shrinkage is
obtained because the powder is pressed close to final density. Forming by
alternative techniques requires powder loading in the forming step
corresponding to relative densities of 50-60% on volume basis. In order to
achieve good material properties significant shrinkage sintering must
therefore follow to arrive a suitable final sintered density. In most cases
(excluded MIM with fine powders) the required shrinkage during sintering can
than only be obtained by means of liquid phase sintering.
The powder characteristics (size, shape, chemical homogeneity, surface
chemistry) and the packing situation have a significant influence on the result
of the sintering process. The starting powder can be a mixture of elemental
powders of different chemical composition. During sintering one of the
powder constituents melts and spreads throughout the remaining solid phase.
At places of the molten powder particles pores are remaining and lower the
final density. The volume fraction of liquid is critical as it sets the relative
contribution of the different sintering stages (solution, particle repacking,
solution-reprecepitation) and thus controls shape retention of the components
in relation to volume shrinkage. Not only the amount of liquid is important but
also the distribution and the place of the origin of the melt affect the
densification mechanism during sintering.
The application of coated powder particles produces a strong geometrical
effect relating the sintering process. The regular distribution of the
components and the large interface area between them favouring sintering
and homogenisation. For that reason some examples should be discussed in
view of the sintering behaviour of such powders.

2. Coating of powders

The majority of methods commonly used for surface coating of metals and
non-metals can be chosen as coating process for powders too (table 1). The
choice of the suitable coating method depends mainly on whether metallic or
non-metallic base powder particles are present and which material
combinations are desired.
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Table 1: Coating methods for metal powders [1]

Type

Mechanically

Chemically

Electrolysis

Physically

Method
Milling

Mechanic-fusion

Hybridisation
Paste of fine particles

Cementation

Separation
from solutions

with reducing agent

Substitution
(contact method)

CVD-method

galvanic coating

PVD, sputtering

Comment

Combination of densification,
shear, friction

Shear-, friction demand
Spraying method

Difference of standard
electrode potential

reducing aqent:
Formaldehyde, Boron hydride,

Hypophosphite,
Basic powder:

metal, non- metal

powerful planetary mills

Decomposition of
Cl-compounds, carbonyls,

org. metal compounds
special cathodes

Weight rate of flow is good, cost
of installation !

It is possible to produce compound powders with one or more layers on the
particle or powders with partly inserting of sintering enhancer into the coating
can be obtained. Examples of coated powders are shown in figure 1. The
fundamental problem of all the methods is to make sure that the particles are
desagglomerated, which is more important with decreasing particle size. In
the range of 1 urn particle diameter or smaller relatively high shearing demand
must effect on the powder to create individual particles. In most cases this
process takes place easier in aqueous solutions than in the gaseous medium.
For that reason the coating in aqueous solutions was chosen for the
investigations.
Varying the process parameters can modify the coating properties; for
instance the interparticle friction and the compactibility can be influenced
significantly.
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a b c
Figure 1: Microstructure of coated powder particles, a - iron powder with Ni

layer, b - Fe-Carbonyl particle with Ni-layer, c - iron powder with
Cu - Ni - Cu -layer

3. General aspects of coated- powder- sintering

The production of PM alloys starts in most cases from the mixture of the
elemental powders, time to time from pre-alloyed powder and seldom from
coated powder. In comparison of these alloying techniques considerable
differences of the geometrical arrangement of the alloy components exist in
view of the starting situation of sintering.
The mixture of two components ( A and B) exhibits 3 types of particle
contacts (A-A, B-B, A-B), a small interface area, a strong concentration
gradient at A-B-contacts exists and demixing tendency is given, whereas in
the coated powder only one contact type is given, nearly the contact region
between the coat and core of the particle a strong concentration gradient
exists and a maximum interface area (identical with the powder surface) is
realised. Additional advantages of coated powder are the homogeneous
distribution of the second element in the base powder and no demixing
phenomena. In the case of pre-alloyed powder a homogeneous distribution of
elements is achieved but the driving force relating the geometrical constitution
of components is non-active.
Commonly two types of microstructure in the sintered state can be obtained:
- The powder mixture forms two penetrating 3D-sceletons. One skeleton is

formed by the solid solution around places of particles of the alloying
elements and the other one is formed by the unalloyed particles of the
basic powder.

- Coated powder particles show more or less homogeneous microstructure
(time depending) with higher density or in the non-metallic /metallic
combination the type of metal matrix composite.
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The sintering behaviour of coated powders is considerable different from that
of a powder mixture of the same composition. In the case of thin layers the
concentration gradient is influencing the shrinkage in a strong manner. In
case of faster diffusion of the coating element into the core particle a higher
vacancy concentration in the coat occurs which is enhancing the mass
transport into the contact region. If the diffusivity of the core particle element
is higher than the increased vacancy concentration will be obtained under the
coating layer. The distance to the neck is greater and for that reason an effect
on the sintering intensity is not evident. A melting of the coating material
during sintering produces liquid films in every sintering contact which
enhances the particle rearrangement uniform in the whole volume and the
other mechanisms of liquid phase sintering.
The sintering investigations were carried out in a dilatometer or in a tube
furnace mostly under hydrogen atmosphere. In some cases a mixture and a
coated powder of the same composition are compared.
The basic relationships of the sintering process are to be shown in the case
of the iron-nickel-system as example (Carbonyl-iron powder as core
particles). The Ni-coat was obtained by cementation reaction.
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Figure 2: Shrinkage of Carbonyl-Fe-Ni-samples (Ni-coated, Fe-Ni-mixture)
compared with unalloyed Carbonyl-iron

The results of the dilatometer-investigations are given in fig. 2. The Ni -coated
powder shows in the beginning of the heating period little more shrinkage in
comparison with uncoated iron powder as a result of the higher defect
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concentration in the Ni-coat. With increasing temperature (>500°C) swelling
occurs because the diffusion of Ni into iron is faster than vice versa.
From 1000°C the shrinkage rises because the accelerated diffusion of Ni is
decreasing the thickness of the coat and the higher defect concentration
nearly the interface Fe-Ni enhance the mass transport into the particle
contacts. The Fe-Ni mixture shrinks not so much as the pure iron; the
heterodiffusion causes swelling of the iron skeleton.
Producing the Ni-coat by the reduction method in Ni-salt solutions with
phosphides as reductants the reaction generates free P, which is inserted into
the coat. Such layers are amorphous, nano- or microcrystalline as a function
of the extent of super saturation of the Ni with P influenced by the process
parameters [2]. The sintering of iron particles with Ni-P compound coatings is
characterised by higher shrinkage from the beginning because the layers are
metastable and effect densification by transition of the structure (amorphous-
crystalline) and a first liquid phase at about 550°C. With increasing
temperature the melt remains exist because the diffusion of Ni and P into the
iron produces additional liquid phase in the range 850°-1000°C (Fig 3).
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Figure 3: Shrinkage of Carbonyl-iron samples coated with Ni (solid phase
sintering) and Ni/P (liquid phase sintering)
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4. Forming methods and starting conditions for the sintering
process

In the common PM route the component density after the compaction step is
in comparison to the apparent density of the powder strongly increased as a
result of the plastic deformation of the particles. No or a little shrinkage is
obtained.
The alternative methods create components in the range of the apparent
density of the starting powder after the forming step. In the case of MIM
feedstock the solid loading is relatively high because a pressure is used to
realise the perfect mould filling despite of the increased viscosity of the
feedstock. The Direct Consolidation Techniques are working with a powder
suspension which solidifies at different consolidation mechanisms
(polymerisation, polycondensation, freezing and others). To realise a suitable
mould filling the solid loading of the suspensions (low viscosity) is in the
range up to 50 vol.-%. In other cases the solid loading is relatively low
because a fixed volume portion must be water as basis for the solidification
reaction after the forming step. This means that in the frame of the Direct
Consolidation Techniques the tap density of the powder is not exceeded and
the sintering process must generate high shrinkage values to create nearly
full dens parts with regarding properties. Mostly the alternative forming
methods are applied for larger components and small series and from a cost
point of view the use of fine powder with high solid state sintering activity is
not justified every time. Therefore the raw material is restricted to be coarse
powder of similar size as used in die pressing. For that reason in most cases
the required shrinkage during sintering can only be obtained by means of
liquid phase sintering.
Extreme conditions exist in the case of the selective laser sintering. It is a tool
less technology, which is producing solid freeform objects directly from a
graphical computer description of the object. A computer model of the part is
created and appropriately sliced to provide data layer wise to the laser and
scanner. A uniform thin layer of powder is deposited (thickness: 50-200um).
The first layer of the object is traced with a laser coupled to the computer-
controlled scanning system. The laser beam rasters the powder bed surface
and raises the temperature of the powder it contacts, binding the loose
powder. At the end of the first laser scan a second layer of loose powder is
deposited and the process is repeated. The powder sintered in the second
layer binds to itself and the material constituting the first layer. The process is
repeated and by altering the shape of each scan layer a part of arbitrary
shape may be produced. In comparison to the common sintering the duration
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of the laser beam at any powder particle is very short, typically in the order of
< 20 ms. the mass transport by diffusion is too slowly. The liquid phase
sintering is the only possible process to produce shrinkage mainly by the
primary particle rearrangement process [3]. The starting density is in this
case the apparent density of the powder too. The powder is tailored to get a
relatively high fill density (50-60% of the theoretical density of the material)
and excellent flow properties (spherical particles).

5. Sintering conditions and coated powder particles

5.1. Shaping from powder suspensions

The sintering process starts with parts of relatively low density and during the
process a high densification and debindering must be realised. Homogenous
shrinkage is needed to guarantee shape stability of the sintered components.
On the other hand the high shrinkage sintering requires the presence of liquid
phase but the amount must be limited in such a way that an optimum
shrinkage without shape distortion is enabled. The coated powder particles
represent the geometrical advantage that in every particle contact liquid
occurs if the melting point of the coat is lower than that of the core material.
The particle rearrangement can take place as the relatively quick
densification step if the coat-melting temperature is reached. A decreasing
melt content in the solid particle powder is increasing the viscosity TISI which
is related phenomenologically to the viscosity of the liquid phase rjo in the
absence of any solid and the relative solid content d> [4]:

-i - 2

(1)

Where Om is a critical volume fraction above which the mixture has infinite
viscosity. In comparison to the powder mixture the content of solid phase can
be higher in coated particles as estimation has shown ( d>m = 0,87 )
(Fig. 4). The particle shape influences the particle sliding. Irregular particles
must have some more liquid than spherical ones.
It is very important to make sure that the shape stability of the parts is given.
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It could be shown [5] that there are clear links between micro structural
parameters and distortion behaviour. Quantitative micro structural data will be
needed to numerically define the conditions that give distortions. Systems
with limited inter-solubility give less grain growth and have relatively high
dihedral angles consequently they have improved structural rigidity. The
dihedral angle governs other micro structural parameters including contiguity,
connectivity and the coordination number.
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Figure 4: Influence of volume fraction of solid on the relative viscosity of the
solid-liquid-mixture for particle mixture and coated particles
(spherical and irregular shape). The numbers at the curves are the
assuming mean coordination numbers of the particles in the powder
bed.

In the case of Ni- (P)-coated atomised iron powder (Hoganas ASC100) the
core particles are irregular and coarse. The powder was chosen to create
components by a method of DCT. The starting powder is shown in fig. 5. The
coating thickness was monitored to yield an alloy with 13 wt-% Ni and 1,4 wt-
% P. The aqueous powder suspension was loaded with 47,6 vol.-% powder.
The formed component started the sintering process with nearly 50%
porosity. The sintering behaviour is characterised by the dilatometer curve in
fig. 6. In the temperature range 950° - 980°C liquid phase occurs and particle
repacking takes place and than solution-reprecepitation creates further
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shrinkage with particle shape accommodation. The sintering density reaches
more than 95% of the theoretical density. The form stability is given

Figure 5: Micrograph of coated ASC100 particles with 14 wt-% Ni and
1,4 wt-% P
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Figure 6.: Shrinkage behaviour of a DCT- formed component from
coated iron powder
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Figure 7: Micrograph of sintered ASC 100 iron powder coated with Ni-P
relating fig. 5

because rigid bonds between the particles are formed resulting in even
greater structural rigidity. Other criteria may be necessary to fully explain this
rigidity, because the dihedral angle is low in this case (fig. 7) and as first
between the entire particles contacts melt occurs.

5.2. Laser Sintering

In the case of laser sintering only the liquid phase sintering produces the
needed high shrinkage during a very short duration mainly by primary particle
rearrangement. Starting from the powder mixture with two components the
lower melting powder creates liquid phase, which must distribute by capillary
forces between the solid particles. This relatively time consuming process is
followed by particle rearrangement of the solid particles between them melt is
penetrated. It could be shown that the melt is spread over a small volume
around the place of the molten particle, which remains as a pore. It means
that the particle rearrangement occurs uncompleted. The result is mostly an
insufficient densification and a poor bonding with the previous layer. The use
of coated particles means that at any particle contact a sufficient amount of
liquid phase is obtained if a lower melting layer on the particle exist.
As previous discussed, the viscosity of the solid-liquid-mixture (equ. 1)
determines the shrinkage of a volume element and the so-called tendency for
balling effected by the surface energy of the melt. An increasing solid particle
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content is increasing the viscosity. By adjustment of the volume fraction of the
high melting phase it becomes possible to induce binding without balling. On
the condition that only the viscous flow and particle repacking are working the
sintering of coated particles was analysed for idealised conditions (equal-
sized spherical particles) using finite-element method [6]. The sintering rate is
determined by the liquid flow in the channel between the spheres. Starting
from a particle packing of the relative density of 60% TD the normalised time
x, which is necessary to result a certain density, can be estimated.

r\ - viscosity of the melt, y - surface tension of the melt, D - radius of the core
particles, d - layer thickness

With the corresponding values for copper melt (Cu-coating on the core
particles) the total densification time x results in the range of us to ms without
consideration of the heating period. It can be assumed that the conditions are
corresponding to the circumstances of laser sintering. Figure 8 show the
predicted change in relative density of a packing of coated particles as a
function of time. The amount of melt influences the sintering density after
particle repacking, the balling tendency is determined by the surface tension
of the melt. In the case of copper melt the surface tension is high and balling
takes place. The behaviour can be changed by alloying elements, which are
lowering the melting point and cause an overheating of the melt with
decreasing of the viscosity. Some elements are lowering the surface tension
for instance: Zn, Cd, Sn, Pb, Bi, Sb, S with increasing effect.
The sintering behaviour of a loose powder bed was tested in such a way that
a small crucible with a constant mass of powder (0,15 g) was pushed from
the cold region into the hot region of a furnace (1300°C, Ar-atmosphere).
There it was remained for some seconds and than pushed back into the cold
region. The shrinkage of some Cu-coated iron powder samples is shown in
fig. 9. The samples are reaching the melting point of Cu after 17 s. The whole
amount of Cu acts as liquid phase and the particle rearrangement occurs in a
very short time. Because the core particles are irregular the amount of melt
influences the shrinkage of the powder bed. The effect of Sn and P (lowering
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Figure 8.: Relative sintering density of a packing of equal sized spherical
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the melting point) is not so strong relating the particle repacking because the
melt occurs gradually as Sn and P are reacting with the Cu-layer. The
shrinkage is higher with the same amount of melt.

Relating the sintering behaviour the mechanical properties of the sintered
components show interesting values as result of the high density and time
depending uniformity of the microstructure. In some cases the remaining
volume content of the partly brittle liquid phase (i.e. Fe-Ni-P) can lower the
elongation. In such cases it is necessary to optimise the sintering duration
and the content of P for instance. Some values in table 2 are given.
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Table 2: Mechanical properties of sintered test bars from coated carbonyl iron
powder

Coating (wt-%)
Uncoated
3Cu
2 Ni ; 0,8 P
1,4 Ni ; 0,03 B
2 Mo, 1 Ni ; 0,3 P

UTS (MPa)
200
350
500
430
460

Elongation (%)
5

20
7
9
15

Sint. duration (min)
20
20
20
60
60

6. Conclusion

The coating of powder particles can be realised with methods, which are
commonly known for metallic and non-metallic components. The result is
powders without demixing tendency, good compaction properties and
excellent sintering behaviour. The results of the sintering process are nearly
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dense parts with uniformly microstructure. Particularly in the case of liquid
phase sintering a strong uniformly shrinkage and relating densification with
shape-stability of the components can be obtained. The powders are suitable
for such technologies with relatively low density of the parts after the forming
step (direct consolidation techniques) and the aim to get high densities after
the sintering process ore for short time sintering (Laser sintering), because
the particle repacking process is enhanced by the geometrical effect (at
every particle contact liquid is present and particle sliding occurs in all volume
elements). The properties of the sintered parts are a function of the degree of
homogenisation (sintering duration) and the brittleness of the remaining
volume content of the liquid phase in some cases.
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