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Summary
Non-conventional sintering techniques
• Liquid phase sintering

• Reactive sintering
• Spark plasma sintering
• Field assisted sintering
• Microwave sintering
• HIP

• ….
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Liquid Phase Sintering (LPS)
Liquid phase sintering (LPS) is a process for forming high performance, multiplephase components from powders.

It involves sintering under conditions where solid grains coexist with a wetting
liquid. Two cases:
-mixed powders, (liquid is formed by the lowest melting point component)
-alloy powders (supersolidus LPS)

High-diffusion rates are associated with liquids, giving fast sintering or lower
sintering temperatures.
In the typical situation, the solid grains are soluble in the liquid. This solubility causes the
liquid to wet the solid, providing a capillary force that pulls the grains together. At the
same time, the high temperature softens the solid, further assisting densification.

The LPS events are ideal for densifying hard materials that cannot be fabricated
using other manufacturing approaches (i.e. WC–Co system).
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LPS: materials and applications
Typical materials:
Cemented carbides (WC–Co)
Porous bronze (Cu–Sn)
Tungsten heavy alloys (W–Ni–Cu)
Copper steels (Fe–Cu–C)
Tool steels (Fe-C-W-Mo-V-…)
Cermets (TiC-Fe),
Etc.

Main applications:
Drilling tips
Automotive valve seats
Porcelain jacketed dental crowns
Wire drawing dies
High-temperature bearings
Electrical contacts
Electronic capacitors
Radiation shields
Diesel engine turbochargers
Electronic insulator substrates
Ultrasonic transducers
Grinding abrasives
Etc.
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LPS: process stages (mixed powders)
The solid grains undergo solidstate sintering during heating.
The common situation is for the
liquid to wet the solid. In this
case, the newly formed liquid
penetrates between the solid
grains, dissolves the sinter
bonds, and induces grain
rearrangement.
Further, because of solid solubility
in the liquid, the liquid improves
transport rates responsible for
grain coarsening and densification.

The surface energy associated
with pores leads to their
annihilation, while there is
progressive microstructure
coarsening and bonding to
increase rigidity.
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LPS: wetting (I)

The contact angle is altered by factors that change solubility or surface
chemistry and on the processing atmosphere.
A low-contact angle induces liquid spreading over the solid grains, providing a
capillary attraction that helps densify the system.
A wetting liquid moves to occupy the lowest energy configuration, so it preferentially flows to
the smaller grains and pores. This gives rise to rearrangement densification.
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LPS: wetting (II)

A high-contact angle indicates poor
wetting, so the liquid retreats from the
solid. This results in compact swelling and
liquid exuding from pores
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LPS: influence of solubility
Mixed powders with different compositions represent a non-equilibrium
condition with solubility being a dominant factor.
In the simplest case, the binary phase diagram provides a first estimate of the
potential for densification of the mixed phases.
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LPS: activated liquid phase sintering
Also termed transient liquid-phase sintering
Depends on solubility limit, amount of liquid, phase diagram and composition
of the alloy.
With continuous heating in the presence of a liquid phase, the solid phase
begins to dissolve and if the solid has high solubility in the liquid, the liquid
composition may re-cross a solidus boundary of the phase diagram and
solidify.
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LPS: activated liquid phase sintering
Commercial application: production of self lubricant bronze bearings from a
ixture of tin and copper powders.
The goal is not to achieve rapid densification but to control carefully the changes in density during
sintering

This is achieved by proper selection of the initial particle size distribution of
powders, compacting pressure, sintering temperature and heating rate.
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LPS: solution and reprecipitation
Systems with high solubility ([5 at.%) of solid in the additive phase, but
little reverse solubility (limited solubility of liquid in the solid), are ideal
for LPS. This is the most common situation, since substantial densification
occurs.

www.upv.es/itm

11

LPS: solution and reprecipitation
With continued T and t, the liquid phase becomes a carrier (diffusion)
for the solid phase atoms.
Solution and reprecipitation does not change the amount of solid and
liquid, however it may lead to the coarsening of the solid phase.
-The solid phase achieves higher packing density through particle shape
accommodation with flattening of faces.
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LPS: solution and reprecipitation
Liquid-phase sintering kinetics generally are more sensitive to temperature than
to sintering time.
In the final stage solid-state sintering is dominant, and the rate of densification
is quite low so the major focus is on the solution and reprecipitation stage,
where higher amounts of liquid and higher solubilities aid densification
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LPS: solution and reprecipitation
Main steps:
(1) solid dissolution into the liquid, preferentially from higher energy regions,
including asperities, convex points in the microstructure, areas under
compression, and small grains,
(2) diffusion of the dissolved solid in the liquid, and
(3) precipitation of the dissolved solid onto concave regions or larger grains in
areas not under compression.

A microstructure typical to solution-reprecipitation stage
densification, consisting of liquid films on the grain
boundaries, residual pores, and grains undergoing shape
accommodation. This structure is for a LPS steel alloy
processed at 1200ºC for 30 min
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LPS: solution and reprecipitation
-Example CW-Co system
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LPS: effect of interfacial tension
When interfacial tension between solid and liquid is
isotropic (liquid solidifies in the same crystalline structure)
the microstructure consist of smooth, rounded grains.

When the interfacial tension between the solid and liquid phase
is highly anisotropic, a microstructure of polygonal particles is
produced in the matrix.
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LPS: effect of interfacial tension
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LPS: factors on swelling
Green density and initial particle size have important effects.
Coarse particle size and high green density offset the favourable effects
of the liquid
In many systems, swelling rather than densification occurs. The melt penetrates along the
interparticle junctions and causes particle separation.

Expansion occurs if there is not rapid dissolution of the solid phase.
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LPS: influence of particle size

Densification is faster with higher temperatures, smaller grains, and more solid
solubility in the liquid
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LPS: influence liquid fraction

In a wetting situation, a high-liquid content ensures rapid densification. However, if
there is too much liquid, then distortion occurs.
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LPS: supersolidus LPS
A variant to traditional LPS
Use of alloy powders,
Heated to a temperature between the
liquidus and solidus.
The liquid forms inside the particles and
spreads to the particle contacts, resulting
in a capillary force acting on the semisolid
particles

www.upv.es/itm

21

LPS: supersolidus LPS
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LPS: supersolidus LPS
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LPS: supersolidus LPS keypoints
To assure process control during SLPS, a high alloying level is desirable to
widen the separation between the liquidus and solidus temperatures.
This minimizes the effects of slight compositional fluctuations and diminishes the sensitivity to
sintering temperature.

To maximize the SLPS benefit, the liquidus temperature should decrease
with alloying. This ensures liquid nucleation on grain boundaries due to segregation on
solidification.

Alloying additions greatly improve the SLPS process if they segregate to
grain boundaries and form a low melting temperature phase.
B, Si, S, P perform this role in low concentrations in several alloys.

Alternatively, alloying additions can be co-mixed with the prealloyed
powder to form a liquid. It is possible to use a conventional alloy powder and mix a low
melting phase powder to form the first melt on heating. The melt from the admixed powder
will then penetrate the grain boundaries of the major phase, giving full density at low
temperatures.
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SHS: introduction
Combustion synthesis (CS) can occur by two modes:
- Self propagating high temperature synthesis (SHS)
- Volume combustion synthesis (VCS)
The samples are then heated by an external source (e.g., tungsten coil, laser) either locally
(SHS) or uniformly (VCS) to initiate an exothermic reaction.

The characteristic feature of the SHS mode
is, after initiation locally, the selfsustained
propagation of a reaction wave through the
heterogeneous mixture of reactants.

During volume combustion synthesis, the
entire sample is heated uniformly in a
controlled manner until the reaction occurs
essentially simultaneously throughout the
volume. This mode of synthesis is more
appropriate for weakly exothermic reactions
that require preheating prior to ignition.
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SHS: introduction

Final product

Synthesis
propagation

Combustion front

Reactants (Fe+Ti+Mo+C)

https://www.youtube.com/watch?v=8i2EJ42XDrc
https://www.youtube.com/watch?v=TTBcDEHCF9I
https://www.youtube.com/watch?v=cgPyZoZGqVM
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SHS: introduction
The temperature of the wavefront in SHS can reach quite high values (2000-4000 K).
Combustion velocity and reaction rate throughout the mixture can be calculated so the SHS
mode of reaction can be considered to be a well-organized wavelike propagation of the
exothermic chemical reaction.
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SHS: production technologies
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SHS: Types of CS
Three main types of CS processes can be distinguished:
The first type is Gasless combustion synthesis from elements,

The second type, called gas-solid combustion synthesis, involves at least one gaseous
reagent (e.g., N2, 02, H2, CO), in the main combustion reaction. Nitridation of titanium and
silicon are common examples:

The third type of CS is reduction combustion synthesis, where an oxide reacts with a
reducing metal (e.g., Al, Mg, Zr, Ti), resulting in the appearance of another, more stable
oxide and reduced metal.

This reaction may be followed by the interaction with other elemental reactants to produce
desired products:
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SHS: materials produced
A. GASLESS COMBUSTION SYNTHESIS FROM ELEMENTS
1. Carbides (and cemented carbides)
i. Group IV (Ti, Zr, Hf)
ii. Group Va (Ta, Nb)
iii. Nonmetal (Si)
2. Borides (TiB2)
3. TiC-TiB2 Composite Ceramics
4. Silicides (TiSi2, Mo3Si,)
5. Aluminides (NiAl, Ni3Al, TiAl)
6. Compounds of Ti with Ni, Co, and Fe
7. Diamond Composites
8. Functionally Graded Materials
B. COMBUSTION SYNTHESIS IN GAS-SOLID SYSTEMS
1. Nitrides and Nitride-Based Ceramics
i. Metallic Nitrides (TiN, ZrN, NbN, HfN, TaN, and VN)
ii. Nonmetallic Nitrides (Si3N4, BN, and AIN,)
2. Hydrides
3. Oxides
i. High-Temperature Superconductors
ii. Ferroelectric Materials
C . PRODUCTS OF THERMITE-TYPE SHS
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SHS: main parameters
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SHS: particle size and green density
The SHS characterization is strongly dependent on the structure of powdered mixture, the
grain size and density of a green mixture.
Typical parameters are as follows:
Grain size for (Ti, Zr, Hf, V, Nb, Ta…) 1 - 100 mm
Grain size for (B, C, Si…) 0.1 - 10 mm
Relative density of green mixture A up to 0.6 of the bulk density

The smaller are the particles and more dense is the green mixture, the more efficient and
complete is the SHS process. However, it should be emphasized that the most finely-grained particles
(< 1 mm) not always are the most proper SHS reactants, due to the presence of oxide films.

Velocity and incompleteness of combustion as a function of grain size
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SHS: dilution
One of the most effective and commonly used procedures to modify the synthesis
conditions is to dilute the initial mixture with a chemically inert compound,
often the final product.
In general, an increase in dilution decreases the overall heat evolution of the system,
and therefore decreases the combustion temperature and velocity.
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