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1. INTRODUCTION
1.1.

Abstract

MIM (Metal Injection Molding) is the more attractive alternative compared with the classical
powder metallurgy. The process combines the advantage of powder metallurgy (more
independence of material sampling) and the plastic injection molding (more independence of
shape design). Advantages in mechanical properties are given by an higher density and the
regular microstructure with controllable grain size and also from totally closed porosity with
rounded shape of pores.
The aim of this work is to study the mechanical properties and dimensional shrinkage during
sintering of different powders of the steel 42CrMo4, to know which is more suitable for the
production of parts using MIM technology.
The conception of this project emerged as a result of the collaboration of the Department of
industrial engineering of the University of Trento with the company MIMest, specialized in
producing metal injected parts. The company provided five specimens produced with different
powders, but all of them with of the same chemical composition (steel 42CrMo4):
-Master Alloy
-Blended Elemental
-Prealloyed
From these samples, is intended to develop a detailed investigation of the steel 42CrMo4 during
sintering, as well as studying the mechanical properties of the material after sintering.
Finally, the sintering of materials was performed, determining the optimal process conditions.
The obtained parts were studied to evaluate some physical and mechanical properties as density,
porosity and hardness. Both, the sintering process as the end properties were related with the
characteristics of starting powder and its effects on microstructure and densification

1.2.

Objectives

Before presenting the theoretical framework in which this project is developed, it is necessary to
highlight what has been the motivation for it and what objectives have been pursued.
The range of master alloy powders has increased in response to a demand for components
manufactured by Metal Injection Molding (MIM) for a diverse range of applications, some of
which demand high temperature mechanical properties and corrosion/oxidation resistance.
In order to find a metallic powder that meets these requirements, the study of the three types of
test specimens listed above will be held.
The study consists on the one hand analyze the characteristics of powders and secondly the
sinterability of each of them, evaluating the effect of the sintering atmospheres.
Also intends to study the mechanical behavior of the different samples, for this way analyze
which of the samples has better tensile resistance.
4

2. BACKGROUND
2.1.

Powder metallurgy

2.1.1. Introduction
PM (Powder Metallurgy), is a process for forming metal parts by heating compacted
metal powders to just below their melting points. Although the process has existed for more
than 100 years, over the past quarter century it has become widely recognized as a superior way
of producing high-quality parts for a variety of important applications.
The success of this technique is that it opens the possibility of manufacturing high quality parts
of complex shapes, with dimensions close to the final product and with better mechanical
properties, by their greater uniformity and control the size of the grains; essential factors for the
formation of strong links between the particles and therefore increases the hardness and
toughness of materials.
In this process alloys are prepared by mixing metal powders, sometimes, combined with other
elements as ceramics or polymers, pressing them to high pressure and warming them then at
temperatures just below the melting point of the main metal, long enough so that the particles
are bonded; the result is a solid and homogeneous alloy with special properties. The waste of
materials is reduced; admits combinations or rare mixes, and allows obtaining a controlled
degree of porosity and permeability.
Powder metallurgy began with the manufacture of metallic powders; and although all metals
can be produced in the form of powder, not all comply with the characteristics necessary to
form a part.
There are different procedures for producing metal powders; the manufacture is done by
chemical and electrolytic methods; but mostly by spraying metals liquids using a jet of
compressed air or jets of vapor water.
The selection and application of a powder depends on the type of material and the objectives
that you want to achieve, therefore, in the industry powders are chosen according to their shape,
size and distribution of the particles, as well as its purity, density, speed, flow and
compressibility, since these characteristics determine the final properties of the parts.
These features make powder metallurgy be identified as an efficient process, high productivity,
saving energy and raw materials. As a result, powder technology, is growing and replacing
traditional methods to conform parts such as casting and forging. In addition, is a flexible
manufacturing technique and useful for a wide range of applications, such as for example wear
resistant compounds, tungsten filament bulbs, dental restorations, self-lubricating bearings, gear
transmission for automobiles, electrical components, reinforcements for nuclear technology,
orthopedic implant, filters, batteries, and aircraft parts.
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2.1.2. Historical Precedents
The first uses of metal powders have been tracked to several places. For instance, gold powders
were fused on jewelry by the Incas, and the Egyptians used steel powder in 3000 BC. Another
example of early use is the Column of Delhi in India that dates back to the year 300 DC. This
column was made of 6.5 tons of steel powder.
Powder metallurgy was initially used to obtain those industrially metal parts hardly meltable
because of their high melting points. The first application direct it seems to have been in the
manufacture of Platinum ingots in the 19th century, at the same time, they manufactured
powders of lead, silver and copper coins coined and sintered. In 1855, Townsend began to use
dental amalgams (mercury silver powder). But it was not until the beginning of the 20th century
that took place a serious development of the process with the manufacturing of tungsten wire for
filament lamps (Coolidge). Porous bronze Bearings were developed in the 1930s and electrical
contacts of graphite-copper. Then followed sintered carbides materials for tools, rail structural
alloys and refractory metal alloys.
Since the 1940s, several less common materials have been processed, such as powders including
refractory metals and its alloys (Nb, W, Mo, Zr, Ti and Re). In addition, the growth of structural
metals has advanced equal in the period. Most of the structural parts are produced from powders
based on iron.
Initially, the reason for manufacturing powder-based components was simply its low cost.
Currently, the main reason for selecting this method is the improvement of quality, homogeneity
and properties. The nickel superalloys, the specific hardness of aluminum alloys for aircraft and
aluminum compounds with controlled thermal expansion are good examples of this evolution.
Not may only be manufactured in a more economical way, but also through new and improved
properties that are being developed by taking advantage of the chemical and microstructural
control. The expansion of PM processes in areas requiring high quality materials and unique
properties will create more opportunities for the future.
Today this process is no longer confined to the treatment of refractory materials that cannot be
obtained by other means, but it has been extended so as to include the manufacture of alloys that
can be produced also by casting.
In castings the presence of internal porosity can be considered as a serious defect, but if you get
a controlled degree of this porosity would be very useful in products such as bearings selflubricating and filters, only possible with the use of appropriate size powders.

2.1.3. Definition
Powder metallurgy can be understood as a part of the Science and metallurgical engineering of
multidisciplinary character that starting from the metal powders (particles with sizes < 200µm),
they conform to obtaining a compact with sufficient strength and cohesion and to be handled
and transferred to the next stage in a secure manner. These compact are referred compact green.
In the next stage, sintering, the physical contacts between particles are transformed in
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chemicals; the particles lose their individuality and forming a body with a certain porosity but
with sufficient strength.

2.1.4. Advantages
Among the advantages offered by this processing technology, can be highlighted:






Production on a large scale of identical parts (with dimensional uniformity) with great
versatility of shapes. In addition very narrow tolerances can be achieved in components
of complicated forms. They can be obtained complex geometries, that require a small or
no machining as a secondary operation. This means in the reduction of costs.
Possibilities of obtaining materials that, being obtainable by alternative techniques,
using powder metallurgy highly improved properties are obtained (for example, high
speed steels).
Possibility of obtaining metallurgical combinations that cannot be achieved with any
other processing technique, for example the cemented carbides.

2.1.5. Process Steps
The powder metallurgy ranges from the manufacture of the powder to the obtaining of the piece
and, in general terms, may be considered that this process consists of four stages:
1.
2.
3.
4.

2.1.5.1.

Production of metal powders that are used in the piece.
Participating metals mixed.
Compaction of the raw material.
Sintering of the pieces.

Obtaining of powders

Powders can be produced in several ways that can be classified into three methods: physical,
chemical and mechanical.
Physical methods
Of all existing physical methods, the atomization is the most used to industrial level for the
production of pure and prealloyed metal powders. It is based on that the molten metal is
subjected to the effect of a beam of gas pressure, fluid pressure, ultrasonic, centrifugal force, or
any other mechanical effect. Thus, the mass of molten metal disintegrates into numerous
droplets which solidify rapidly in that atmosphere of atomization or under an additional cooling
effect. Then the particles are annealed in a reducing atmosphere to soften them and remove any
residual oxide.
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Figure 1: Vertical gas atomization
The final powder properties such as, the dispersion degree and the form and structure of the
particles, can be modified by varying the power of the bundle that acts on the molten mass,
temperature, viscosity and surface tension of the own mass, and cooling conditions. In general,
the atomized powder has an irregular structure but if pressure is adequate and the cooling is
slow, can be obtained spherical particles.
Chemical methods
Reduction of oxides by solid and/or gaseous reducing agents is, currently, the main chemical
production process of metallic powders. In it, the metal oxides are heated in reducing
atmosphere obtaining slag. However, the contaminants present in the metal may not be disposed
through the slag so, before starting the reduction process, oxides of departure should be
prepared and purified to ensure maximum purity of the retrieved powder.
In the reduction process, carbon-reducing agents and hydrogen in elemental form are used, also
gaseous compounds or mixtures (coke, methane, CO and others). After a first reduction, the iron
powder can be subjected to numerous reduction stages including a milled between each of them.
Finally, the powder obtained is subjected to an annealing process to get a decarburization and
reduce the concentration of oxygen. Thus, with this process you can get spongy and porous
metal powder particles, with spherical or angular shapes and uniform in size.
Mechanical methods
Within the mechanical methods to obtain powders highlights the grinding or crushing, and the
mechanical alloying.
Crushing is a specific technique for fragile materials as the ceramics, applied also to the
materials of the oxides type, carbides and nitrides. It takes place in a ball mill in which the
grains of material are crushed mechanically by the future impact of these with steel balls
contained in the interior of the mill. The reduction achieved above the size of the powder is
direct function of speed and mechanical treatment time. In this way, the grain size can be
reduced up to the order of 10 μm.
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Figure 2: Scheme of a ball mill
On the other hand, the mechanical alloying is a process designed to obtain alloy grains from
more elementary components and, to this end, high-energy ball mills are used. This process
against the previous variation is that during the grinding, at the time particles are fracturing,
local welds are formed between the alloying powders, which are subsequently fragmented and
perform the cycle again. The result is an intimate mixture between the components, seeming at
all its constitution to an alloy obtained by fusion. Thus, the properties of an alloy obtained by
this process can be much higher than those obtained by the conventional powder metallurgy.

2.1.5.2.

Participating metals mixed

Metal Powders should be mixed (depending on of the desired properties for the finished piece),
for create a homogeneous mixture of ingredients. Generally, for obtaining the required
characteristics, it is necessary to mix powders with different sizes and compositions; equally,
can be add additives that act as lubricants for the compacted or binding agents to increase the
resistance of the compressed raw. The time of mixing can vary from a few minutes up to several
days, Depending on the material and the results desired.

2.1.5.3.

Compaction of the raw material

This is the most important operation in powder metallurgy, the mixture is introduced into a
mold of steel or hard carbide, and compacted under pressure until you get a piece with the
desired size and shape. How to apply the pressure, the temperature of powders or the process,
determines the different techniques.
Most of the compaction is performed in cold, although there are some applications for which the
mixture is pressed hot; hot compression produces greater accuracy of the workpiece. Pressure
aims to unite the particles, generate links between atoms and increase the density of the mixture.
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Cold uniaxial compaction
It can be defined as the forming and simultaneous compaction of a granular powder, through its
confined to a rigid compression matrix. The reason that one-way compaction is so used is due to
its ability to generate quickly and easily automatable, compact forms with very tight tolerances
and controlled characteristics.
Sequence of compaction:
1 - Filling the matrix
2 - Positioning of the punches
3 – Entry of the upper punch
4 – Compaction
5 - Cease of pressure application
6 - Remove the green compact
Figure 3: Sequence of compaction
During the application of pressure the particles are joined, first they are deformed elastically and
after plastically, and they may even break. At this point, they begin to form microwelds between
particles, as a result of pressure; they are deformed plastically and elastically. Starting from this
point the set of powders starts to behave as a unique and it can be considered that it has obtained
a green porous compact, whose strength and density depends on the applied pressure. An
inadequate control of pressure will lead to the appearance of cracks and a possible break of the
compact.

2.1.5.4.

Sintering of the pieces

Sintering is one of the most important technological processes in the powder metallurgy. This
technique is used to produce density-controlled materials and components from metal or/and
ceramic powders by applying thermal energy.
It is one of the oldest human technologies, originating in the prehistoric era with the firing of
pottery. The production of tools from sponge iron was also made possible by sintering.
Nevertheless, it was only after the 1940s that sintering was studied fundamentally and
scientifically. Since then, remarkable developments in sintering science have been made. One of
the most important and beneficial uses of sintering in the modern era is the fabrication of
sintered parts of all kinds, including powder-metallurgical parts and bulk ceramic components.
At this stage the mixture compressed acquires resistance and final strength. The pieces are
introduced in a furnace with controlled temperature that it does not exceed the point of metal
smelting (between 60 and 90 per cent before fusion), this achieves the atomic diffusion and
bonding material between the different powders, achieved during the compaction process, and
the metallurgical links are strengthened to form a uniform piece with special properties.
In the majority of cases electric furnaces are used but if needed higher temperatures it is
possible to use multiple types of furnaces.
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Sintering aims, in general, to produce sintered parts with reproducible and, if possible, designed
microstructure through control of sintering variables. Microstructural control means the control
of grain size, sintered density, and size and distribution of other phases including pores. In most
cases, the final goal of microstructural control is to prepare a fully dense body with a fine grain
structure.
Basically, sintering processes can be divided into two types:


Solid state sintering



Liquid phase sintering

Solid state sintering occurs when the powder compact is densified wholly in a solid state at the
sintering temperature, while liquid phase sintering occurs when a liquid phase is present in the
powder compact during sintering.
Figure 4 illustrates the two cases in a schematic phase diagram. At temperature T 1, solid state
sintering occurs in an A-B powder compact with composition X1, while at temperature T 2,
liquid phase sintering occurs in the same powder compact.
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Figure 4: Types of sintering
In general, compared with solid state sintering, liquid phase sintering allows easy control of
microstructure and reduction in processing cost, but degrades some important properties, for
example, mechanical properties.
In contrast, many specific products utilize properties of the grain boundary phase and, hence,
need to be sintered in the presence of a liquid phase. In these cases, the composition and amount
of liquid phase are of prime importance in controlling the sintered microstructure and properties.
The sintering process takes place under protective atmospheres, which serve three main
functions:
1. Volatilization of the lubricant at the end of the entrance of the piece in the oven. If it is
not done correctly can cause variations in the resistance of the workpiece, deposits into
the oven and waste in the piece, cracks in specimens, etc.
2. Prevention against the corrosion of the pieces.
3. Reduction of the layers of oxide on the surface and inside the powder particles.

Because of this, the main problems during the sintering process are due to the effects of
protective atmosphere:
One of them is the incomplete elimination of the lubricant, which may have an effect on the
mechanical properties, due to the creation of cracks. Another problem that can occur is the poor
control over the carbon potential, affecting its variation the mechanical properties. Finally can
cause oxidation, decreasing the final properties of the workpiece. Under this point of view,
noteworthy a prealloyed is more favorable than a blended elemental, since it decreases the
activity of related elements with oxygen.
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The reaction between a metal and oxygen is described as:
Me + ½ O2 → MeO
The partial pressure of oxygen determines the direction of the reaction. A high partial pressure
means that the reaction moves to the right, which leads to the oxidation of the metal.
The susceptibility of an element with oxygen, also depends on temperature. This dependence is
used to calculate at a given temperature, for a specific metal, the partial pressure of oxygen
which is in equilibrium with its oxide. To prevent oxidation, during sintering values must be
less than in equilibrium.
Given that the oxidative processes can occur, not only to the sintering temperature, but also
during heating and cooling; the partial pressure of oxygen must be monitored throughout the
process.
Another cause of oxidation is moisture that can exist in the atmospheres of the ovens.
In addition to avoid oxidation, in sintered materials, it is essential to keep the content of carbon.
The risk of uncontrolled decarburization or carburization should be minimized by minimizing
the amount of H2O, which is always present in the atmosphere.
The dominant reaction in this process is described as:
C + H2O → CO (g) + H2 (g)
Several works have emphasized the fact that sintering at high temperatures allows to obtain, in
steels, a level of properties comparable to more expensive production processes.
One of the advantages it offers, is that reduce the oxides which inhibit the formation of contacts
between the particles, what allows to minimize porosity.
When a multicomponent system is sintered at high temperatures, the improvement of the
interdiffusion of elements allows obtaining more homogeneous microstructures and clean of
impurities.
For example, Piotrowski studied the effect on porosity and microstructure of the system Fe-Mo
Ni-Cu sintering it at 1280 ° C. The pores become large and round and the distribution of
alloying elements is much more homogeneous, thereby achieving a more pronounced effect on
solution hardening.
Normally, with sintering it could be finished the process of obtaining parts, since the piece can
have the form and specific properties. Even so, in some cases, must rely on secondary or
finishing operations, with the aim of establish an improvement of porosity, fully densify the
parts, or optimizing their mechanical properties.
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2.1.6. Alloying elements used in powder metallurgy
In the mid70s began to introduce alloying elements in Fe and Fe-C systems, in order to improve
the mechanical properties of the materials.
The first alloying element employed was Copper (Cu). This can be sintered without any
problem, and can produce a liquid phase during sintering at the usual temperatures of the
process. This allows a good distribution of the alloying element between the particles of iron
and a good distribution in the early stages of the process.
Despite this, some problems were detected, as the secondary porosity, due to the diffusion of the
molten copper during sintering and the growth of the copper after it.
One of the most widely used alloying elements, was the nickel (Ni), which has a low affinity for
oxygen. On the other hand, it has a low diffusivity in iron, so it requires high sintering
temperatures or long time processes.
However, nickel improved mechanical behavior in steels and, as a result, began to be widely
used. In addition, the contraction produced by the use of this alloying in the sintering process,
reduces partially the effect of the growth of copper, using both elements in the same system.
As the industry began to require higher reliability and performance in steels, began to introduce
other alloying elements. This is the case of molybdenum (Mo), which is a refractory metal, that
increases the mechanical strength at high temperatures and the wear resistance of these alloys.
The biggest problem in the manufacture of molybdenum parts is that it is a conductive material
of very high melting point (2623 ° C) and high reactivity with oxygen. Sintering reduces the
necessary temperature to manufacture molybdenum parts, but even so the necessary
temperatures are very high.
In the 90s, the need to compete in the obtaining of high performance parts, promoted on the one
hand, the development of qualities with a high level of alloy elements, and on the other hand,
the search for new ways to get a high density, working for it in the improvement of the stages of
compaction and sintering.
In fact, began to use alloys such as chromium (Cr), manganese (Mn) and Silicon (Si).
Implantation of chromium or manganese in large-scale producing is has been postponing due to
its high affinity by oxygen and the difficulties presented by reducing its activity during the
sintering. In addition, the great stability of oxides produced by these two elements, makes it
very important to know what reducing agents are involved in every stage of sintering, since
these change with temperature.
Additional advantages of chromium for PM steel alloys are its low price compared with nickel
and its good recyclability compared to copper. Also the addition of this element offers the
possibility of obtaining microstructures of high mechanical performance without having to
resort high cooling speeds.
Figure summarizes the influence of different alloying elements on ferrous materials hardness.
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Figure 5: Effect of alloying elements in the material hardness

Höganäs AB (Sweden), in 1998, introduces the chrome as an alloying element in the PM market
through the prealloy powder with 3Cr-0.5Mo, commercially called Astaloy CrM, which offers
an advantageous price/performance relationship. This material is presented as an alternative to
the existing broadcasting Fe-Cu-Ni-Mo alloy.
The PM steels with alloying elements of low affinity for oxygen (such as copper, molybdenum,
nickel, phosphorus) widely meet the requirements of mechanical properties, and also combining
their contents properly with the carbon content, very good dimensional tolerances can be
obtained.
However, they are expensive, they may be difficult to recycle (such as copper), or have other
disadvantages (such as nickel and its manipulation).
Alloying elements such as chromium and manganese, and to a lesser extent the Silicon, have a
powerful effect on the hardenability of steels, as well as the increase in mechanical properties
due to the solid solution hardening. These elements are traditionally used in conventional
metallurgy despite its high affinity for oxygen.
After decades researching the process itself (mixture, compacted, sintering...) and on the alloy
system, have been obtained in the field of powder metallurgy very competitive materials, both
in terms of performance and cost.
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2.2.

MIM ( Metal Injection Molding )

Metal Injection Molding (MIM) is a low cost manufacturing process that produces very
complex parts to net-shape in a wide variety of materials and unique alloys, including
superalloys, stainless steels and carbides, resulting in minimal secondary and assembly
operations. MIM offers significant cost savings, increased design and materials flexibility,
increased possibility of miniaturization, high mechanical properties, good surface finish and
high speed production.
Figure 6 compares MIM with machining and Powder metallurgy (PM). When there are more
key process steps, invariably some error is introduced at each step and the dimensional precision
worsens.

Figure 6: Comparison of process steps in Machining, PM and MIM

Metal injection molding offers two fundamental advantages when compared with other
conventional powder metallurgy processes: physical properties and greater design flexibility.
Specifically, engineers can design components with:



Enhanced properties: Tolerances that can be achieved by metal injection molding are
located between ±0. 5 percent and achieved densities between 95 and 98 percent, with
properties of wrought material, excellent mechanical strength, corrosion and magnetic
properties.



High-level details: complex functions, such as dovetails, curves, grooves, cavities,
threads and high precision notches can be manufactured.
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Figure 7: Comparison of manufacturing Processes


Work optimization: The ability to deliver sintered components eliminates many
secondary operations.



Greater freedom in design: Provides flexibility to the designer, having the properties
of plastic injection molding.



Reduced assemblies: Presents a great ability to combine pieces of mesh in a single and
more complex component.



Low cost: When large volumes of production are produced by MIM in a short time, the
cost is rapidly amortized. In addition, parts tend to have a high added value, there is no
loss of material because it can be reused and no need to apply any secondary operation.

Figure 8: Comparison of costs between Machining, MP and MIM


Automation: Is a process easily automatable, although initially it requires high
investment.
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2.2.1. MIM Characteristics
Metal injection molding combines the qualities of plastic injection molding, such as form
complexity and high productivity, to the specific properties of ceramic, metallic or carbide
materials. The basis of the process is to use a semi-solid mixture, made of fine powder and
melted polymeric binders, to fill the mold cavity by injection under pressure. The polymers are
then extracted and the porous structure of loosely packed powder is sintered into a dense solid
to obtain the strength which characterizes the dense material. The typical implementation of
MIM process is described below. As illustrated in Figure 9, there are four primary steps in the
MIM process.

Figure 9: MIM process chain
1. Mixing or Feedstock: The first step of the process, the mixing, is critical since all the
details must be considered in order to obtain homogenous and predictable feedstock
with the desirable rheological behavior. This process is carried out in mixers where fine
metallic, ceramic or carbide powders, of less than 25 μm, are hot mixed together with
melted polymeric binders, then cooled and granulated to form the feed material for the
injection molding machine. Integrating metal powders with lubricant and plasticizer
particles, these act as conductors of the metallic charge and allow give fluidity to the
whole of the mixture to enable her shot at casts and get the shape of the workpiece.
Spherical powder is the best candidate since it helps in increasing the maximum solid
loading of the feedstock and, therefore, offers a better control of the final dimensions.
The usual solid loading is between 60 and 65 vol.%. Several binder systems have been
proposed in the literature and consist in mixtures of polymers, waxes, dispersants and
surfactants. Typical polymers are polyethylene, polyethylene glycol, polymethyl
methacrylate, polypropylene, and typical wax is paraffin wax.
2. Molding: At this stage conventional injection molding machines for plastics are used,
in which the guide and screw have been previously hardening to prevent wear, obtained
part is called 'green' and can be as complex as permits the design of the mould. The
feedstock has a different rheological and heat behavior, unlike a conventional polymer,
by what are considered, during the process, other factors when it comes to optimizing it;
among the main differences are:




The viscosity of the mixing is usually different from the polymer used as a
binder, due to loads that are introduced, so the rheological study is of great
importance.
Load thermal conductivity is much higher.
The high density of metals, in comparison with the density of the binder
system, makes loads very sensitive to the gravitational and centrifugal forces.
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Due to these differences, the injection process requires an optimization of all its
parameters (pressure, temperatures at different stages, among others).
3. Debinding: The multi-components binder system is then eliminated during the
debinding step. The main goal of this step is to remove the binder without distorting the
part. Thermal debinding is the most common technique where the parts are heated in an
oven under controlled atmosphere. There are different techniques; It can be done
gradually, or use a unique way of elimination, it always depends on the binder System.
At the end of the extraction is obtained a piece called 'brown', which is made up of
metallic powder and a minimum of polymer component, without losing the geometry
formed by the injection. Most common extraction systems, are:


Solvents extraction (water, acetone, toluene).



Thermal extraction: Through the temperature rise of the piece, the degradation
of the polymer and their disposal are achieved; it is convenient to check the
conditions of the process not to cause defects in the piece and know properly
the binder composition, therefore, if it is made up of several components.
Fusion, decomposition and evaporation must be done at the appropriate
temperature setting for each component.



Catalytic extraction: A gaseous catalyst hydrolyzes the binder into its
monomers, extraction is made in special reactors where is introduced a
controlled flow of gas and acid, and at the output are combined products of
reaction, with oxygen and a combustion gas to produce the burning of gases,
which provides a clean exit gas.



Wick debinding: consists of eliminating the binder, by capillary action, through
a porous material contacted with the green compact. The optimization of this
stage is essential so that in sintering there are no remains of binder that may
affect the process and the properties of the material, in the case of stainless
steels. The total elimination of the binder is critical, since any remains within
the stainless steel can cause sensitization of the steel during sintering; on the
contrary, in the case of fast steels, even can be beneficial the presence of extra
carbon to enable sintering.

4. Sintering: The final sintering step is to densify the part by removing the voids left
behind by the binder extraction. The sintering occurs at temperature lower but close to
the melting temperature of the metallic, ceramic or carbides powder material. In this
way the piece is hardened and consolidated, yielding the final dimensions and
characteristics. Therefore, the objective of sintering is to give the piece the final
mechanical properties and density. The final density is normally more than 97% and can
reach up to 99.5%. The mechanical, physical and chemical properties are comparable to
wrought material.

MIM technology is applied to the manufacture of metal components of small size, complex
geometry and manufactured in high series production. It is a multi-stakeholder process that can
give service to industrial sectors as varied as the automotive, electronic, medical, surgical,
capital goods, security, among others.
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3. Materials and Experimental
process
3.1.

Materials

The objective of this project is to study the mechanical properties and densification behavior of
42CrMo4 steel from different powders with the same chemical composition.
During this experimental phase, it was used metallographic technic to carry out a
microstructural study of the various samples and the mechanical characterization of these after
the sintering process, for which purpose hardness tests and tensile tests were performed.
The effects of diffusion mechanisms of alloying elements on mechanical properties given by the
homogeneity-heterogeneity of the microstructure have been highlighted during this study.
For this reason three kinds of powders were used (Master Alloy, Blended Elemental and
Prealloyed) of the same steel 42CrMo4 (AISI 4140), which is a low alloy hypo-eutectoid Steel
(% C< 0.85) with chromium and molybdenum as main alloying elements. The following table
shows its chemical composition:

A brief description is given to understand better the differences in the typologies of powders
used, as well as the various experimental processes that have been followed during the
development of this work.

3.1.1. Master Alloy
Master Alloy Powder is a prealloyed powder of high concentration of alloy content, designed to
be diluted when mixed with a base powder to produce the desired chemical composition,
microstructure and properties. Master Alloy powders admixed to iron based powder are
particularly formulated to increase the hardenability of the final compact. There must be an
optimization of the master alloy composition, shape, size and amount to improve the kinetics of
the sintering process.
There are two factors that favor the effect of master alloys additions:


The presence of carbon in the Master alloy is recommendable, since it provides selfprotection against oxidation. The use of high carbon master alloys is one of the most
promising approaches found so far.



The appearance of a liquid phase during the sintering accelerates the sintering process
and has a positive effect on the homogenization of alloying elements.
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An advantage of the master alloys is that the concentration of the alloying elements in these
alloys is lower than that of elemental powders. For this reason, the number of particles required
to obtain a specific content of the alloying agent is higher thus making alloying more uniform.
This powder is used mainly in alloying with elements with high affinity for oxygen
(Cr,Mn,Si,Ni,Mo).

3.1.2. Blended Elemental
In Blended elemental powders the elements (Ni, Mo,Cu,Cr…) are mixed with the iron powder
in different content combinations. Elements with a low affinity for oxygen are used in most
cases. This powder ensures a very fine distribution of the alloying elements without the
possibility of segregation. Due to the reduced segregation of the alloying elements during
handling of the mixture, the dimensions of the products vary only slightly and their structural
homogeneity is higher than that of the parts produced from the mixed powders. As a result of
more uniform alloying this powders also have higher strength, depending on carbon
concentration.

3.1.3. Prealloyed
In prealloyed powders, the alloying elements are uniformly distributed in the solid solution or
are present as special phases. The main advantage of these powders is that during sintering it is
no longer necessary to ensure structural homogenization. These powders are preferred, despite
their high cost and the need to produce them in larger quantities, in cases in which the high
structural homogeneity of the material is required to obtain high functional properties of the
part.
Prealloyed powders are of the exact chemistry as the final component. The prealloyed powders
produced marginally better mechanical properties. They can achieve desired material properties
with less alloying content and better dimensional control.

3.2.

Process for obtaining specimens

All the steps to obtain final specimen were carried out by MIMest. The project is focused on
studying the sintering but a brief explanation of previous steps is given. The injection molding
machine was feeded with the three different feedstocks to fill a cavity in the mold of the
dimensions given by MPIF Standard 35.

Figure 10: Specimen dimensions
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After molding the debinding is divided in two steps. The first one is the debinding in water
thermo stabilized at 50°C. The rate of binder removal is 14mm/10h. Subsequently a thermal
debinding process is carried out. Specimens are heated in furnace at 600°C for 1 hour under
fluxed nitrogen. Once taken out from the debinding furnace there is the sintering stage to reach
the final densification and related mechanical properties.

3.2.1. Sintering
Achieving a successful sintering depends on many factors, and although there are some general
guidelines to keep in mind, depends very much on the design of the oven. If it is open or closed,
the entrance and exit of the atmosphere, the gas flow, the ability to host specimens, the
distribution of resistances, the speed of cooling and heating, etc. In the studied case the sintering
occurs in a batch furnace as usual for mim parts in nitrogen at 1260°C for 2 hours followed by a
furnace cooling.
That is why before sintering parts using MIM technology, it is necessary to optimize the process
on small samples as analyzed in this project. It’s necessary to verify that oxidation shouldn’t
occurs, and check the microstructure of samples according to the temperature and carbon
content. To evaluate the oxidation and decarburization of the specimens is it is necessary to
measure the content of carbon and oxygen, from these analyses the evolution of the carbon and
oxygen content combined in the sintered test pieces is evaluated.
The sintering temperature influences the microstructure of the material and the morphology of
pores. At higher temperature mechanical properties of PM steels improve, because a greater
diffusion of alloying elements and a better densification with the pores reduced in size and their
shape becomes more spherical with a sintering temperature.

3.3.

Study of the properties

In order to study the properties of the samples, a series of analysis has been done: chemical,
thermal, microstructural, mechanical and fractographic.
Thanks to chemical and thermal analysis, it’s possible to study the evolution of the shrinkage of
the steel with temperature. Densification of compacted powders and phase changes that material
encounter during heating are a directly related to the atmosphere and the composition employed.
For this reason thermal analysis is a powerful instrument to understand various mechanisms
operating during sintering.

3.3.1. Chemical analysis
For the study of the properties of the material, in the first place, it is necessary to know exactly
the chemical composition of the same, in particular, the carbon and oxygen levels.
The determination of the percentage of carbon is accomplished with an analyzer (Leco CS 200)
that enables the quantification of carbon, through the measurement of the absorption of infrared
light of the combustion gases of the samples.
The principle of carbon analysis is to oxidize the sample by heating it in an atmosphere of
oxygen, to form CO2 then measured with an infrared detector. A similar mechanism is used to
determine the percentage of oxygen (Leco TC 400).
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3.3.2. Thermal analysis
Thermal analysis was carried out by dilatometry on the different composition samples. The
heating imposed rate was faster than the one used in the industrial furnace. The goal to achieve
with the completion of the dilatometry is to detect the temperature phase change in the process
of sintering and the total shrinkage of the different powders used.

3.3.3. Physical Properties
This section aims to explain how physical properties of sintered steels have been determined.

3.3.3.1.

Density

Density is one of the most important properties of a material and, in particular, when we refer to
materials made by powder metallurgy, this property is the main difference between these
materials and others, with the same composition, manufactured by conventional methods. In
addition, it must be taken into account that density has a great influence on the rest of
properties.
The values of various materials density have been identified following the Archimedes
principle, based on the following expression:

(

)

(

)

where:
m1 = Material Weight in air (a)
m2 = Sealing and dry material weight in air
m3 = Sealing material weight submerged in water (b)
ρw = Water density
ρoil = Oil density

(a)

(b)

Figure 11: Scale for evaluating samples density
Cause the studied material are porous, before weighing them in water the possible open porosity
present in the sample must be sealed, cause of this they have been soaked in oil and then dried.

23

Figure 12: Samples sealed in oil

3.3.4. Microstructural aspects
Below are shown the microstructural aspects that have been analyzed, in order to be able to
understand its influence on the material final properties.

3.3.4.1.

Porosity

All properties of powder metallurgy materials are affected to a greater or lesser extent by the
remaining porosity in its structure.

Figure 13: Open porosity as a function of the total porosity in MP materials
The presence of pores has a decisive role in the mechanical behavior of a sintered steel, since
they produce the reduction of the area that supports the load, as well as a greater concentration
of stresses. This causes the degradation of mechanical properties.
When the pores are interconnected in the interior, the porosity is defined as open, while if the
pores are isolated is defined as closed.
In the case of ferrous alloys produced by the classic press and sinter process, if the porosity is
reduced below 5% pores are isolated. For values greater than 10%, practically all the pores are
connected, which has a negative impact on the strength of the material, especially when the
piece is subjected to tensile loads.
The determination of porosity can be done using a computer analysis image program on
micrographs of manufactured materials. To do this, after sintering parts obtained are polished to
obtain a specular surface. Analyzing these surfaces under an optical microscope pores appear as
dark spots on a white surface. With the help of the program (ImageJ), the morphology of pores
areas on each image was calculated. To conduct this study, porosity has been measured in a
series of images representing the different samples. The resulted data have been elaborated in
agree with a study conducted on sintered ferrous alloys [1] in order to calculate a real section
that can oppose to the applied load, this real section is called “load bearing section”.
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3.3.4.2.

Microstructure

The microstructure also exerts an important influence on the mechanical response in these
materials. This depends mainly on the local chemical composition and the heat treatment to
which the material has been subjected. A wide variety of microstructural phases such as perlite,
cementite, martensite, ferrite, bainite and austenite can be found in sintered ferrous alloys.
Homogeneously alloyed materials, exhibit any kind of martensite or bainite, when they are
cooled quickly after sintering. On the other hand, heterogeneous materials, present a highly
variable composition ranging from areas of single iron, nickel, molybdenum and manganese
rich compounds.

Figure 14: Microfractography of the typical microstructure of Distaloy materials(Fe-Ni-CuMo).(A)Ferrite;(B)Coarse perlite;(C)Fine perlite;(D)Upper bainite;(E)Martensite;(F)Austenite
and (G)Pores.

Of course, mechanical properties differ across each of these areas due to the intrinsic properties
for each one of these phases.
Phase
Ferrite
Perlite
Bainite
Austenite
Martensite

Brinell hardness
(HB)
90
250-300
350-650
350
700

Figure 15: Range of mechanical properties of steel phases
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3.3.5. Mechanical properties
3.3.5.1.

Hardness tests

The hardness of a material is the resistance that opposes the penetration of a hard body. The
resistance is determined by entering a body of spherical, conical or pyramidal shape, by the
effect that produces a determined force for some time in the tested body. Permanent
deformation (plastic) is used as an indicator of hardness.
The mechanical characterization of the material microconstituents was carried out through the
Vickers hardness test.
Vickers hardness is calculated from the force of Newton and the diagonal of the pyramid
footprint in mm2 according to the formula:
P: Applied load in N
d: Diagonal average footprint in mm.

Figure 16: Harding testing indenter

3.3.5.2.

Tensile tests

Tensile tests were performed in order to determine the elastic limit, the maximum resistance and
the elongation. Tests were carried out with a servo hydraulic machine INSTRON model 8500,
which is connected to a computer for data processing that allows monitoring and storing
information relating to the test, in order to subsequently obtain stress-strain diagrams.

Figure 17: Electromechanical machine INSTRON 8500
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The geometry of the specimens is illustrated in the following figure:

Figure 18: Tensile tests specimens

Specimens elongation measurements were performed using a strain gage as shown in the image:

Figure 19: Extensometer

3.3.6. Fractographic characterization
In order to identify the type of fracture (ductile or fragile) as well as to determine the
deformation micromechanisms present in the material, was performed a fractographic
characterization by scanning electron microscopy. For this purpose it was used a fractured
specimens after the tensile tests.

Figure 20: Scanning electron microscopy Instrumentation
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4. RESULTS AND ARGUMENTATION
4.1.

Density and Morphology of the porosity

The test procedure is as described in paragraph 3.3.3.1. corresponding to Chapter 3.
Although the density of a PM material is intimately related to its porosity, the first parameter
measurement is not enough to characterize the second, since it does not provide information
about the size, distribution and geometry of pores, key aspects in the study of the mechanical
behavior.
The following table shows the results of sintered density and porosity of the specimens obtained
in the tests carried out on each studied sample:

Density [g/cm3]

Blended Elemental

Master Alloy

Prealloy

Theoretical Total porosity Open porosity
dens. [g/cm3]
[%]
[%]

7,42 ± 0,06

7,85

5,43 ± 0,82

0

7,41 ± 0

7,85

5,62 ± 0,02

0

7,13 ± 0,07

7,85

9,11 ± 0,91

0

Figure 21: Density and porosity of the samples
According to the results represented in the figure, we can observe that density values range from
7.13 to 7.42 g/cm3.
Usually for mim parts a density higher than 95% is typical. Observing the data a problem is
highlighted. Prealloy specimen have the lowest density (<91%) related to a very elevate content
of pores that it’s not acceptable for a mim part. This might be problematic for the mechanical
properties and the ductility of the alloy. A step to improve this result should be a sintering stage
at higher temperature.
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Blended Elemental

Figure 22: 42CrMO4 blended elemental sintered, magnification 100X

Figure 23: 42CrMO4 blended elemental sintered, magnification 200X
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Master alloy

Figure 24: 42CrMO4 master alloy sintered, magnification 100X

Figure 25: 42CrMO4 master alloy sintered, magnification 200X
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Prealloy

Figure 26: 42CrMO4 prealloy sintered, magnification 100X

Figure 27: 42CrMO4 prealloy sintered, magnification 200X
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The previous figures show the porosity of sintered samples. A wide range of sizes and
geometries of pores can be observed in each of the samples. For these MIM sintered steels there
is a tendency of the pores morphology to be round (F circle = 1) and limited equivalent
diameters. In addition, it’s known that the larger pores have a more irregular geometry than the
small pores and they are mostly those which cause mechanical properties loss.
It can be observed that in the three cases open porosity is null, so that total porosity is due to
closed porosity. Despite the high value of total porosity obtained for the Prealloy, its porosity is
totally closed as calculated form Archimede’s method. As visible later, the microhardness of the
Prealloy is the highest, which is an indication that the mechanical properties are not only
affected by the level of porosity. In fact, the morphology of pores has also a marked effect on
the mechanical response of the material. Christian and German determined that fatigue
resistance decreases as the size of the pores increases.
In general terms the fatigue resistance is influenced by three parameters: the size of pores, its
curvature (geometry) and the spacing between them (distribution).
On the other hand, Chawla and Deng, indicate that the pores in sintered steels tend to be more
spherical (close to 1 form factor), insofar that are smaller.
The form factors of the pores in the analyzed sample are shown below, as visible the tendency
in all the three cases is to have small and perfect round pores. For all analysis, pores of
equivalent diameter less than three micron were not considered. Pores in the prealloy sample are
generally bigger. Near each plot it’s possible to see the load bering section value calculated in
agree with the following equation:

 = [1 – (5.58-5.7 fcircle) ]2

(1)

fcircle = 4  A / P2

(2)

Where A and P are the area and the perimeter of the pores in the metallographic image,
respectively.

Figure 28: Factor form of Blended elemental

Figure 29: Factor form of Master alloy
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Figure 30: Factor form of Prealloy

4.2.

Mechanical properties

4.2.1. Tensile tests and fracture surface
From the tensile test of a material various mechanical properties can be determined, for
example, the elastic modulus, the yield stress, tensile strength, the elongation to failure, etc. In
this project, the tests have been focused on three of these properties: the yield stress, tensile
strength, and elongation to failure.
The test procedure is as described in paragraph 3.3.5.2. corresponding to Chapter 3 of this
project.
Below, the following table shows the results of the tensile tests obtained on each of the steels
and also the stress-strain curve:

σy [MPa]

UTS [MPa]

ε max. [%]

Blended Elemental

444 ± 21,9

650 ± 8,8

9,40 ± 0,86

Master Alloy

543 ± 8,8

751 ± 17,9

7,57 ± 2,75

Prealloy

631 ± 74,7

926 ± 89,2

4,31 ± 2,00

Figure 31: Tensile test values
Analyzing the results, there is an increase of the yield stress and the ultimate tensile stress
passing from the blended elemental to the master alloy and to the prealloy powder and a
subsequent.
At a first impression this should be related to an increasing chemical homogeneity of the
prealloy powder respect to the master alloy and of the master alloy respect to the blended
elemental. All the samples have been sintered in the same furnace with the same cycle in the
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same lot. This means that the cooling of the entire sample was the same. A segregation of
alloying elements in blended elemental sample and, in part, also in the master alloy sample
should be responsible of the presence of different phases at room temperature. Such a difference
in the results of yield stress should be explained by this difference, the microstructural analysis
will confirm or not this possibility.

Figure 32: Stress-strain curve
In figure 32 it’s visible the comparison between one significant stress-strain curve of each of the
sample tested. It’s visible at a first sight the difference of the values of yield stress and UTS for
the three types of powders. But a very important thing is the very limited elongation of the
prealloy samples. From the density measurement and the analysis of pores morphology it’s
reasonable thinking that big and not rounded pore due to the low density of this samples work as
defects that cause the failure of the specimen at very low elongation values. To improve the
elongation of prealloy samples it will be necessary first to improve the density of the specimen.
Using scanning electron microscopy, it’s possible to have information on failure surface
morphology, and also to find the fracture mode, to locate the origin of the crack nucleation or
the place of the initiation of a fatigue crack, determine the direction of propagation of fissures,
as well as mechanisms of fracture.
It is widely known that the micromechanisms of fracture that occur are not necessarily
equivalent to the macromechanisms. Fragile fracture takes place when the tension reaches a
critical value σo, before the plastic deformation. For brittle fracture it’s possible to find
cleavages areas on the fracture surface, if the failure is ductile the failure surface has a dimpled
morphology.
Below fractography images of the tested specimens are shown:
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Blended Elemental

Figure 33: Fracture surfaces of tensile test on blended elemental sample, magnification 400X

Figure 34: Fracture surfaces of tensile test on blended elemental sample, magnification 1500X
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Master alloy

Figure 35: Fracture surfaces of tensile test on master alloy sample, magnification 400X

Figure 36: Fracture surfaces of tensile test on master alloy sample, magnification 1600X
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Prealloy

Figure 37: Fracture surfaces of tensile test on Prealloy sample, magnification 400X

Figure 38: Fracture surfaces of tensile test on Prealloy sample, magnification 1600X
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Checking the images of the fracture surfaces it’s possible to say that the sample produced with
the three metal powders have ductile fracture, since many dimples can be seen on them.
Despite the low macroscopic ductility exhibited by the Prealloy in the tensile tests, with values
in the range 3-4%, it can be seen the fracture surface characterized by the presence of dimples.
This behavior is typical for Metal Injection Molded parts.
In summary, when a sintered material is tested to traction, failure begins with nucleation of a
crack from the larger and irregular pores where the hub tension effect is more pronounced.
Then, the localized plastic deformation (microcavities) allows the crack from spreading through
the ligaments (necks). Depending on the size of bottlenecks and the surrounding pores, the
crack can continue to grow through the particles of the compact (necks). In general, the crack is
joining pores on until you reach one large enough to produce the piece break.

4.3.

Microstructure

4.3.1. Microstructure and phase analysis
The microstructure, as well as porosity, also exerts an important influence on the mechanical
response of PM materials.
As mentioned above, in PM materials pores act as forerunners of cracks and therefore their
presence reduces the mechanical resistance of the material. However, adding small amounts of
some elements it is possible to design microstructures tough enough to compensate, or at least
attenuate, the effect of micro grooves caused by pores.
The microstructure of the samples carried out in the laboratory is as follows:
Blended elemental

Figure 39: Microstructure of Blended elemental sample, magnification 200X
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Figure 40: Microstructure of Blended elemental sample, magnification 500X
Present phases:[F]Ferrite; [P]Perlite and [B]Lower Bainite.
Blended elemental powders are characterized by a heterogeneous microstructure. The
microstructure is formed mainly of colonies of lower B = Bainite, F = ferrite, and P = perlite.
Master alloy

Figure 41: Microstructure of Master alloy sample, magnification 200X
39

Figure 42: Microstructure of Master alloy sample, magnification 500X
Present phases:[F]Ferrite and [B]Lower Bainite.
The micrographs on the Master alloy show ferrite structures on an array of lower bainite,
without the presence of perlite.
Also can be seen as related to the blended elemental, there has been an increase of the lower
bainite phase, which explains higher mechanical properties.
Prealloy

Figure 43: Microstructure of Prealloy sample, magnification 200X
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Figure 44: Microstructure of Prealloy sample, magnification 500X
Present phases: [B]Lower Bainite.
It can be observed as in the case of the Prealloy there are only lower bainite structures. The fact
that the microstructure of the Prealloy is composed of lower Bainite, largely explains the higher
yield stress and UTS in relation to the other metallic powders.

4.3.2. Microhardness
The test procedure is as described in paragraph 3.3.5.1.corresponding to Chapter 3 of this
project.
In our case, a quadrangular pyramid was used as a penetration body.

Figure 45: Microhardness tester used
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All tests were carried out using a load of 1N

Figure 46: Indentation on one of the test samples
Below, the following table shows the results of the hardness obtained in the tests performed on
each of the steels, it must be highlighted that the measurements were performed on the only
polished surface and not etched. This has been done to avoid measurement on specific phases.

Microhardness [HV01]
Blended Elemental (Perina)

220,8 ± 36,3

Master Alloy (Perina)

238,4 ± 13,0

Prealloy (Perina)

279,9 ± 22,6

Figure 47: Microhardness of the test samples
From the results obtained after measurement the microhardness values are increasing passing
from the blended elemental to the prealloy samples. The elevate scatter calculated for the
blended elemental are related to the heterogeneity of the microstructure as already seen form
metallographic analysis of the etched sample.
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4.4.

Dimensional analisys

Sintering is often accomplished by a decrease in volume (shrinkage), which may impair the
dimensional and geometrical precision, thus affecting product quality, cost and process
efﬁciency. MIM parts can achieve a shrinkage up to 20% passing from the green state to the
sintered state. In this way it’s difficult to have strict tolerances for mim parts. A possibility to
have a better control of the dimensions of mim parts is choosing between different powders to
produce the same alloy, as studied in this work. To understand this behavior for all the three
different feedstock used, all samples have been measured after debinding and after sintering in
the industrial batch furnace. The dimensions in the green condition are not relevant cause the
difference between the green and the debound parts is given by the loss of the binder and it’s a
consequence of its volume. In table n°48 the dimensions of debound parts and after sintering:

Debound prealloy

AVG
dev.st

Debound blended
elemental

AVG

Length [mm]
89,64
0,03
Length [mm]
88,87

dev.st

0,02

0,03

AVG

Length [mm]
89,47

Diameter [mm]
5,02

dev.st

0,02

0,04

Length [mm]

Diameter [mm]

AVG

4,40

79,13

dev.st

0,02

0,08

AVG
dev.st

Length [mm]
4,19
0,04

Diameter [mm]
75,97
0,03

AVG

Length [mm]
4,37

Diameter [mm]
78,28

dev.st

0,01

0,01

Debound master alloy

Sintered prealloy

Sintered blended
elemental

Sintered master alloy

Diameter [mm]
4,98
0,02
Diameter [mm]
4,94

Sintering shrinkage Blended elemental
Δ Length = -14,52 %
Sintering shrinkage Master Alloy
Δ Length = -12,51 %
Sintering shrinkage Prealloy
Δ Length = -11,72 %
Figure 48: Dimensions of debound and after sintering parts
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To better understand the evolution of the shrinkage during sintering a series of dilatometric
experiments were carried out on debound samples using a Baehr DIL 805 dilatometer.
The goal to achieve with the completion of the dilatometric tests is to evaluate the total
shrinkage of the three different powders and check possible phase transformation during
heating.
The cycle is similar to the one used in the industrial furnace. The heating rate is 20°C/min until
1260°C. Then the sample remains for 2 hours at 1260°C and the cooling rate is limited to
15°C/min to avoid martensitic transformation. The resulting plot of the test is shown in image
n° 49:

Figure 49: Dilatometric test plots

The dilatometric curves can be divided into different parts related to different physical
behaviors. At the beginning of the test there is a linear expansion until the point of shrinkage
start that takes place still during the heating phase. The temperature of this point is different for
the three powders. The blended elemental sample shows the lower temperature for shrinkage
start, and prealloy sample shows the higher. This is related to the diffusion mechanisms of the
alloying elements activated at enough high temperature, due to the chemical heterogeneity, in
master alloy sample and more in the blended elemental sample. These mechanisms are not
present in the Prealloy sample cause this powders are perfectly chemical homogeneous.
During shrinkage is visible an expansion. An hypothesis to explain this expansion is that during
shrinkage, when the temperature is in the interval of the transformation from ferrite to austenite,
there is a slowing down of the shrinkage rate. After the densification starts, the sintering
mechanism is principally related to the coefficient of autodiffusion of iron in the ferrite phase.
When the temperature range is between A1 and A3 there is the transformation of α into γ and
the autodiffusion coefficient of iron in γ phase is much lower. This phenomena limits the
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densification of the powders and this is visible on the plot as a shrinkage stop. After the total
transformation of ferrite into austenite as the temperature grew the shrinkage starts again until
the final densification that’s reached after the isothermal break.
After the cooling is possible to measure the total shrinkage for the three powder samples and
compare them with the values measured from the sample sintered in the industrial furnace as
visible in Table n° 50:
Sample
Blended
elemental

Dilatometric final shrinkage

Industrial sintered final shrinkage

15,17 %

14,52 %

Master Alloy

14,10 %

12,51 %

Prealloy

13,38 %

11,72 %

Figure 50: Dilatometric and industrial sintered final shrinkage of the powder samples
The final values are not perfectly comparable cause the industrial cycle takes 12 hours to be
accomplished while the dilatometric test takes only 4 hours. In any case it’s visible the same
tendency for the three powders in both the two cases.

4.5.

Chemical analysis: Evolution of carbon content

To evaluate the oxidation and decarburization of specimens it is necessary to measure the
content of carbon and oxygen after sintering. From these analyses is possible to evaluate the
carbon content loss of the industrial sintered samples.
The attached table shows values obtained by sintering in the industrial furnace:
%C

%O

Blended Elemental (Perina)

0,381

0,0024

Master Alloy (Perina)

0,333

0,0029

Prealloy (Perina)

0,235

0,002

Figure 51: Percentages of C in the samples after sintering
In the case of sintered steels there is usually a loss of carbon during the sintering stage, because
of that this stage is performed under protective atmospheres (in this case nitrogen) that can bring
to a carbon depletion.
As visible in the table above, there has been a decarburization phenomenon, according to which
the material loses carbon, especially from the surface as a result of the sintering treatment, or
due to the oxygen, which reacts with the carbon.
The tests carried out in the industrial furnace by MIMest, shows that decarburization is more
pronounced in the case of the Prealloy. This aspect should be studied cause with 0,26% of
carbon content this steel is no more in line with the chemical content of carbon request for a
42CrMo4. While for blended elemental and master alloy the content is perfectly aligned with
the necessary value. The oxidation of the sample is in all cases very low.
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5. GENERAL CONCLUSIONS
Having analyzed all the results obtained in the tests, the general conclusions that are drawn are
the following:


The desired density level in a PM piece can be controlled, for example, through an
increase of the sintering temperature, together with a longer processing time, which
promotes a better diffusion of alloying elements.



An increase in density is accompanied by a reduction of the volumetric fraction of
pores, as well as a reduction in its size and an increase in the separation between them.
These parameters have a great influence on mechanical properties.



By increasing the temperature of sintering, occurs a rounding of the pores, which is
reflected in a higher form factor.



The resulting microstructure varies depending on the type of the used metal powder.



The mechanical characterization has allowed confirming the influence of density on
mechanical properties, improving these by increasing the density.



The presence of pores affects the mechanical resistance, since increasing the volumetric
fraction of these, the effective section of material that supports the load decreases, also
act as stress concentrators. Therefore, to improve the mechanical resistance of the
material, it is desirable to have smaller pores, greater spacing between them and
spherical geometry.



Despite the low ductility of the Prealloy obtained in the tensile test with values less than
4%, fractography has allowed to observe the large number of existing plastic
deformation, evidenced by the large number of microcavities.

As a conclusion of this work, it can be said that a greater knowledge of the analyzed metal
powders has been obtained. So were analyzed several parameters such as density, porosity,
microstructure, etc., as well as the effect of sintering on these. In this way it will be possible to
select the most suitable for the production of pieces using MIM technology. Therefore, metal
powders analyzed in this project are a strong candidate to be used in the manufacture of parts
using this technology.
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6. FUTURE LINES OF WORK
In order to complete the work and to continue analyzing these metal powders, a series of future
lines of research are proposed:
a) Repeat sintering under a higher sintering temperature, in order to improve the sample
densities.
b) Perform this same study with other steels, to be able to compare the results.
c) Include fracture toughness test to evaluate impact properties of the samples.
d) Carry out thermal treatments after sintering, in order to optimize the mechanical
properties of the samples.
e) Assess tribological properties, to check whether the samples could be used in service
conditions which require adequate wear resistance.
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