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Summary:

Different metal-powders like Cu, Ni and precious metals like Ag, Au, Pt or Pd
can be produced by adding a suitable reducing agent to an aqueous metal
solution. In some cases it is also possible to produce homogeneous solid
solution powders. The particle-sizes can be varied in dependence of the
reducing parameters like dilution of the solutions and temperature. Sub-
micron powders far below 1 um as well as particle-sizes up to 5 um can be
produced. A simultaneous co-precipitation of solutions containing the
dissolved metal as well as Zr-, or Y-compounds is possible to obtain ODS-
materials thereof. Subsequent conventional PM-processing like sintering with
simultaneous transformation into oxides and subsequent deformation
produces e.g. Zr-, or Y-oxide stabilized materials with suitable mechanical
properties.
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1. Introduction:

The production of fine powders of controlled morphology and size is the
challenge for powder-metallurgists today. There have been numerous
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attempts in the last decade to produce sub-micron resp. nano-scale
crystallites of various metal- and non-metal-powders. The use of such
powders in the material-technology covers applications where the heat-
treatment and sinter-temperature has to be decreased and lower porosity and
smallest grain-sizes are desired to realize specific convenient mechanical
properties (1), (2).
Two methods are applied in principle in the production of powders in the
nano-, and meso-range (3). So-called "top-down" methods comminute
macroscopic particles by physical methods like mechanical grinding, high-
energy ball-milling etc. (4), (5). A smallest particle-size of about 500 nm
cannot be remain under by limiting factors and commonly result in an
undesired pollution with abrasion-products from the balls and vessel. Melt-
atomization is also a common method, but gives products in the range of >
10um, sometimes 5um are possible, but not below. Pollution with abrasion-
and reaction-products from the crucible are common.
So-called "bottom-up" methods produce materials or phases by physical or
chemical methods from precursor-components. An increase in the use of
chemical principles for the development of nano-structured materials can be
found in almost all industry-nations. The precipitation has been accepted as
most popular process (6). Other current processes for the production of
ultrafine powders are evaporation and condensation of metals, gas-phases-
reactions and sol-gel-methods (3).
Beside the production of elemental powders also alloy-powders in the sub-urn
range have an increasing demand and market in the PM-industry. The most
common processes use elemental powders, which are mixed and heat-
treated to gain alloy-powders. This homogenization is very time-consuming,
as the diffusion-paths are longer for coarser particles. Using finer particles,
the times or temperatures could be decreased. Applying chemical methods
for the powder-production, chemical alloyed powders could be produced, so
that mixing or atomization of alloy-melts could be replaced completely. By the
way ODS-materials could be produced by a co-precipitation reaction. This
replaces the mixing operation completely, as the dispersoids are already well
distributed during the precipitation-reaction.
From the above outlined can be concluded, that bottom-down processes
cannot be successful for the production of sub-micron-powders with the
demand for highest purity, only bottom-up processes are suitable. The most
promising bottom-up processes are clearly chemical processes, like chemical
reduction with inorganic or organic reducing agents, gases, cementation-
reactions with base metals or electrochemical processes.
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In this article, a simple chemical reductive process using aqueous metallic
solutions is presented, where a suitable reducing/precipitation agents is
added. The solutions are commonly cheap and available in highest purity, the
necessary equipment for the process is also very simple. Due to the (co-)
precipitation-reaction followed by the addition of the reducing agent, the pure
metals, their hydroxides, oxides or other metal-compounds are precipitated. A
heat-treatment under H2 will give metal-powders of controlled morphology
and particle-size. Furthermore chemical methods offer the possibility of
producing extremely homogeneous (precursor-)mixtures or even solid-
solutions, so that heat-treatments for the homogenization of mixtures for the
production of alloy-powders can be done at lower temperatures or is
unnecessary.

chemical direct-reduction: corresponding to their position in the
electromotive series, metals can be reduced directly from their solution by
adding a reducing agent (7), (8). The necessary electrons for this are the
result of the oxidation of the reducing agent. Prerequisite for the discharge of
the reduction is a significant negative potential of the reducing agent
compared to the deposited metal.
Due to their positive potential, the precious metals like Au, Ag, Pt, Pd, Rh and
Ir are especially predestined for a chemical reduction from their aqueous
solution. Additions of a reducing agent at a well defined concentration and
temperature directly gives metal particles (9)-(12). Reducing agents can be
either inorganic or organic. Inorganic compounds have the disadvantage of
polluting the products, organic reducing agents offer the advantage of giving
mostly no disturbing residues, provided that they have a distinct negative
potential compared to the precipitated metal. Therefore compounds like
hydrazine-hydrate, formic acid, ascorbic-acid or gases are often used.
Hydrazine-hydrate has the advantage, that it has an extremely negative
potential and - depending on pH and kind of matrix-compound - just gaseous
reaction-products are evolved. Beside the precious metals, this method is
also interesting for metals like Cu, Co or Ni.

"chemical alloying and chemical mixing": beside the precipitation of pure
metals the preparation of compound-mixtures appears to be interesting. In
this case, the starting-solution contains a mixture of the individual metals and
are precipitated simultaneously ("co-precipitation"). Homogeneous powder-
mixtures can be the result, without any long lasting and intensive mixing
operations. In some cases also solid-solutions are possible. Mixed
compounds are possible in the case of isomorphic crystallizing salts.
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bulk materials: to produce bulk nano-crystalline materials, deformation
processes like Severe Plastic Deformation (SPD) or Equal Channel Angular
Pressing (ECAP) can be applied, where a nano-structure is formed by
intensive plastic stress (shearing). But these techniques are still carried out
on a laboratory scale. Another method to produce sub-micron-structured bulk
materials is via a powder-metallurgy processing, where sub-micron-powders
are consolidated at a temperature which do not result in a coarsening of the
structure. To stabilize additionally the structure at higher temperatures, fine
oxides can be introduced, which impede the grain-boundary migration (ODS-
materials). Such dispersoids can be added to the aqueous-solution as
dispersoid-compounds. This is already known for producing so-called TD-
nickel (Thoria Dispersed nickel). For the production of nano-, and meso-
structured powders by chemical reduction from aqueous solutions such
dispersoid-compounds could for example be Y-, or Zr-compounds, which are
transformed by a subsequent heat-treatment under oxidizing conditions into
their oxides Y2O3 resp. ZrO2.

2. Experimental Procedure:

The aqueous metal-solutions of Pt, Au, Ag, Pd and some common alloys of
precious metals, Cu and Ni were used as starting solutions. As the chlorides
and chloro-complexes of the precious metals are the easiest available, they
were used for the following experiments. But investigations were also made
with nitrate- or sulfate-compounds for the other metals (e.g. H2PtCI6, HAuCI4,
H2PdCI4, AgNO3, AgCI, Cu(NO3)2, Cu(SO4), [NH4]2Mo2O7, NiCI2 or Ni(NO3)2

etc.) and mixtures between the different solutions.
In the case of precious metals, the solutions were prepared by dissolving the
bulk metals in hot acids (13), (14), commercially available solutions and
compounds were used for the other metals. All solutions were prepared by
diluting with distilled water to the desired concentration. The pH was adjusted
with NaOH, if necessary. Due to its highly negative potential hydrazine-hydrate
is especially suitable as reducing agent and was used in most cases.
Alternative media like ascorbic acid, formic acid or oxalic acid can result in a
undesired pollution of the powders with residue-substances of the reducing
media like carbon or a non-complete reaction.
The metal-solution, as well as the reducing agent are preheated before mixing
both. The experiments were carried out at mixing-temperatures from room-
temperature to 90°C. After the unification, the solutions are then heated up to a
final temperature of > 90°C under vigorous stirring (figure 1). After the reaction
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has completed, the powders are filtered off the mother liquor, washed with
distilled water and dried at 105°C. For all experiments an 50% excess of the
reducing agent was used.

H2PtCI6, H3RhCI6, HAuCU,
H C H 0 H C O O H ,

Cu(NO3)2, Cu(SO4),
[NH4]2Mo2O7, NiCI2, Ni(NO3)2

H2O, NaOH

Pt, Au, Pd, I
Rh, Ag V

figure 1 : schematic procedure for the precipitation of metal-powders from
aqueous solutions

3. Results and discussion:

The technological challenge is to produce powders with a specific particle
size, narrow size distribution and shape. The experiments showed, that the
control over the particle-sizes and the morphology is influenced by a couple
of parameters. Typical process-parameters are e.g.:
- kind of metal-compound (chlorides, nitrides,...)
- single-salts, complex-compounds, insoluble intermediate-products (e.g.

Ag2O, AgCI, Ag2CO3, Au(OH)3)
- concentration of the solutions and of the reducing agents
- kind of reducing agent
- velocity of the dosage of the reducing agent, stirring velocity
- pH-value
- temperature
- use of protective-flocculants
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In the following sections, examples of some synthesized metal-powders and
metal-powder alloys, as well as ODS-materials are presented.

3.1 single metal powders:

example: Ag, Pt, Au

The following figures 1-6 show, that it is possible to vary the particle-sizes in
big ranges. Powders far below 1 |jm, around 1 urn and up to a few urn can be
easily processed, depending on the variation and control of the above stated
parameters.

figure 1: fine Ag-powder, x8000 figure 2:middle-range Ag-powder,
x5000

• • * • •

figure 3: coarse Ag-powder, x1500 figure 4: Pt-powder, x1000
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figure 5: fine Au-powder, x3000 figure 6: coarse Au-powder, x3000

example: Cu, Ni, Mo

The synthesis of Cu-powders also show impressive the possibilities for the
variation in morphology and size. Spherical particles in the range of 1-2um
and down to 0,5 um as well as needle-shaped ones were produced (Figure 7-
9). If the last ones are sintered at 900°C for one hour under H2, a density of
30% was measured. Also Ni-powders in the range of about 0,25-0,5 um were
synthesized (figure 11). Figure 12 shows a MoO2-powder with =1um.
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figure 7: coarse Cu-powder,
spherical, x 3000

figure 8: fine
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Cu-powder, spherical,
x6000
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figure 9: needle-shaped Cu-powder, figure 10: needle-shaped Cu-powder,
x600 sintered at 900°C/H2/1h, x100

figure 11: Ni-powder, x10000 figure 12: MoO2-powder, x5000

3.2 "chemical alloyed" powders:

In this section exemplary experiments for the system PtRh are presented.
PtRh acts as an representative example for the production of alloy-powders
by chemical reduction direct from aqueous solutions. Generally PtRh-alloy-
powders are difficult to produce by precipitation reactions, because of the
different solubilities of the chloro-complexes of Pt and Rh in
ammoniumchloride. This is on the other hand an effect which is used for the
refining and separation of Platinum Group Metals (PGM's). But by adding a
reducing-agent like hydrazine-hydrate to the metal-solution gives a solid-
solution powder.
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Depending on the pH-value, either coarse or very fine particles can be
obtained. E.g. at pH > 7, the resulting particles are extremely fine and far
below 1 urn (figure 13). By keeping the pH-value during the entire reaction
constantly below 7, it is not necessary to start the reaction by adding a base,
and commonly coarser particles can be synthesized (figure 14).

figure 13: PtRhiO-powders, pH>7, figure 14: PtRMO-powders, c = 15g/l,
x3000 temp. = 70°C, pH <7, x3000

Generally the particle-size can be influenced by the concentration of the
solution. The more it is diluted, the coarser the particles should be, undiluted
solutions should give finer powders. This can be explained by the decreasing
supersaturation of the solution with increasing dilution with water. Principally
the particle-size is mainly controlled by this supersaturation, as the nucleation
and crystal growth are a function of it. If a higher supersaturation is required
for an adequate crystal growth at low growth-rates, high nucleation rates and
hence small crystals will result. The nucleation rate is so small at a low
supersaturation, that in a given period only few nuclei are developed.
Although existing crystals are growing, no new nuclei are formed. With
increasing supersaturation the nucleation rate rises steeply and gives a
product of small crystals. With decreasing supersaturation the growth tends to
zero, the necessary time to infinite.
The experiments for PtRhiO shown in figure 15 confirm the theoretical
behavior partially. It can be seen, that it is additionally superposed by the
process-temperature. At a temperature of 50°C particle-sizes are
tendentiously increase, if the concentration of the solution is below 20-25 g/l.
At 70°C respectively 90°C the reverse effect can be seen. Increasing
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concentration results in an increase of particle-size. Especially for 90°C the
particle-sizes increase rapidly in the marked concentration-range.
Further investigations concerned the influence of the nominal composition of
the solutions on the resulting particle-sizes. Hydrazine-hydrate was used as
reducing agent, the pH was kept below 7. All conditions were kept constant
for all experiments, the concentration of the metal-solution was 75 g/l. The
lines in figure 16 show smaller particles with increasing Rh-content. A marked
influence on the resulting particle-size can be observed for the presence of
Pd, Au and Ir. Already relatively small amounts of these alloy-components
reduce the sizes of the particles drastically.

0 10 20 30 40 50 60 70 80 90

metal-concentrallon |g PtRhiOfl]

figure 15: mean particle-sizes of
powders from a PtRhiO-solution in
dependance of concentration and

temperature, pH<7

5 10 15

alloy-composition [w1%]

figure 16: influence of nominal alloy-
composition on mean particle size,

pH<7

Figure 17 shows characteristic XRD-pattern of Pt, Rh and Pd-powders, as
well as those of some alloy powders produced by the chemical direct-
reduction method. The alloy-powders show the characteristic peak-
broadening and shift by the alloying. Principally alloys like PtPd5, PtRh5Pd5,
PtAu5, Ptlrt, PtRh5,10,13,20, PtRh13Pd5 and Pd60Pt35Rh5 have been
successfully produced by this method.



78 RM 11 C. Edtmaier et al.

15'" International Plansee Seminar, Eds. G. Kneringer, P. Rodhammer and H. Wildner, Plansee Holding AG, Reutte (2001), Vol. 1

figure 17: XRD-pattern of elemental powders and some synthesized alloy-
powders by chemical reduction

3.3 ODS-materials:

The common and commercial applied processes for the production of ODS-
materials are powder-mixing or mechanical alloying with commercial available
dispersoids (e.g. Y2O3, ZrO2), reactive milling (e.g. AI-AI4C3, Ag-AgSnO2),
internal oxidation of alloys or atomization of melts followed by a precipitation
of the dispersoids.
An alternative concept for the ODS-production is the chemical precipitation
combined with a selective reduction. This can be an inexpensive alternative
for refining and recycling processes of metallic valuable materials, where the
product is a purified metal-solution. In this case, a wet chemical manufacture
of ODS-materials resp. starting-materials like powders can be a cost-benefit,
as the amount of process-steps can be reduced (15). Moreover, the pollution
of the products can be prevented effectively, as no abrasion from balls and
vessels, like in the case of milling, can occur.
Due to the simultaneous co-precipitation of the disperse phase and the
matrix, a homogeneous compound is formed with a homogeneous distribution
between each other. Here, the reducing agent like hydrazine-hydrate is
added to the aqueous metal-salt-solution containing the matrix element and
the disperse phase simultaneously. Depending on electrochemical potential,
the matrix metal component(s) precipitate either in their metallic form, or
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together with the disperse phases as hydroxides. By a heat-treatment under
oxidizing conditions, the disperse phase is converted into oxides and forms
the homogeneous distributed dispersoids (figure 18). A following heat-
treatment under reducing conditions will ensure the matrix being in its metallic
state. Applying an optimal temperature and time, the size of the dispersoids
can be controlled. It is also possible to maintain alloy-matrices like PtRhiO or
PtAu5, as a solid solution is formed simultaneously. In all cases, the resulting
powders can be subsequently treated by conventional powder-metallurgical
techniques like degassing, cold/hot isostatic pressing or extrusion and rolling
to sheets (16).

figure 18: heat-treated PtRhiO-powder with ZrO2-precipitates from a co-
precipitated PGM-solution, x3000 (16)

4. Conclusion:

With the described process, suitable metal-powders can be produced directly
from aqueous metal-solutions by adding suitable reducing-agents.
Investigations were made with the precious metals Ag, Au, Pt, with the base
metals Cu, Ni, Mo as well as with some alloy-system like PtRh, PtAu, Ptlr and
PtPd. Also complex alloys of PtRhPd with varying composition were
investigated.
The advantage of the described chemical reduction process is the possibility of
varying the size and morphology of the resulting powders in big dimensions.
Depending on the chosen parameters - mainly temperatures, concentration
and pH - the resulting sizes of the powders can be in the range of far below 1
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urn up to a few |jm. Depending on the used reducing agent, pH and used
compound, the powders are unpolluted. Their purity depends only on the purity
of the used starting metal-salt solution. It was shown, that it not only possible to
produce single metal powders, but also solid-solution powders. Dispersion-
reinforced materials are an additional possibility within this process. Here, the
dispersoid-compounds are added to the starting solutions and are
simultaneously co-precipitated. Subsequent heat-treatment under oxidizing
conditions gives homogeneous distributed and fine oxides. The product can
furthermore treated by conventional PM-techniques.
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