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Introduction

Powder Metallurgy (PM) is a net- shape and cost effective technology used for the
production of steel parts having good mechanical properties and geometrical
precision. In the conventional press and sinter process, the voids among the
powder particles cannot be completely eliminated, and the as sintered
microstructure contains a certain amount of residual porosity. Mechanical
properties are consequently lower than those of the corresponding wrought steels
[1]. In particular, the fatigue resistance is significantly affected by porosity; crack
tends to nucleate in correspondence of clusters of pores, and to propagate along
the network of interconnected pores [2, 3].

Fatigue resistance can be improved on increasing the density, reducing pore size
and pore clustering and enlarging the sintered ligaments between pore, or,
similarly to wrought steels, by thermochemical (carburizing and nitriding) or
mechanical treatments (shot peening).

Carburizing consists in a surface carbon enrichment, which gradually decreases
towards the core. After quenching high carbon martensite is formed at the surface,
characterized by high hardness and a compressive residual stresses suitable for
wear and fatigue resistance. Low pressure carburizing is a variant of the
conventional gas carburizing performed under sub-atmospheric pressure with
pressurized gas quenching. It is quite attractive for carburized PM sintered steels,
for two main reasons.

1. Porosity increases the surface exchange area, enhancing the risk of
oxidation mainly in Cr and Cr-Mn steels. Low pressure carburizing uses propane or

acetylene, as carburizing gas, which does not contain oxidizing agents.
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2. Quenching oil remains entrapped in the open porosity, and has to be
eliminated. The possibility to combine low pressure carburizing with gas quenching
results in clean parts as well as lower distortion.

However, the combination between the very high carburizing potential of LPC and
the large surface area of porous steels results in overcarburizing, with the
precipitation of grain boundary carbides in Cr steels, and the formation of retained
austenite in the case in Cr free ones [4, 5]. This problem can be solved by either
increasing density, to close the residual porosity, or rolling and shot peening, to
eliminate the surface porosity.

Nitriding is based on the nitrogen enrichment of the surface layers of steel. On the
base of nitrogen content the surface microstructure can be divided in two zones:
the compound and the diffusion layer. The former is in principle a ceramic layer,
whilst the latter consists in the base matrix hardened by solid solution and by the
precipitation of nitrides. The nitride precipitation induces a compressive residual
stress field which offers a resistance to the nucleation and propagation of the
fatigue crack, improving the fatigue resistance. In order to obtain a hardened and
deep diffusion layer the steel has to contain alloying elements with a high affinity
for nitrogen, as chromium and molybdenum. Nickel and manganese have a
negligible interaction with nitrogen. Among the different nitriding processes, plasma
nitriding is recommended for sintered steel. Plasma nitriding is less sensitive to
porosity than gas nitriding due to the particular mechanism of nitrogen diffusion
(volume diffusion) which allows a uniform diffusion front on the steel surface and a
homogeneous nitrogen distribution [6, 7]. Therefore, a preliminary surface
densification is not necessary.

Shot peening is a flexible and cost effective solution to improve the fatigue
performances of mechanical parts, as gears and springs, thanks to the
compressive residual stress generated below the surface and the surface work
hardening. The improvement in fatigue resistance is more effective if shot peening

is applied on case hardened steels, because of the more stability of the
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compressive residual stresses. Since the fatigue strength of sintered steels
strongly depends on the material density, shot peening is a useful technique to
improve such property, owing to the densification of the surface layer [8, 9].The
fatigue cracks nucleates beneath this layer and since it cannot propagate in a
compression field, it moves towards the core.

This PhD thesis is part of the an international research project, “Hogands Chair
project- fourth round”, financed by Héganas AB, world leader in the production of
ferrous powders, involving four research institutions: Trento University, Technique
University of Wien, Carlos Il University of Madrid and Slovak Academy of Science,
Institute for Materials Research, Kosice. The aim of the project is to carry out a
cooperative study to design highly performing structural steels by the conventional
Powder Metallurgy process.

This thesis has the aim to investigate different hardening treatments (plasma
nitriding, low pressure carburizing and shot peening) carried out on four powders
containing chromium (Cr-Mo, Mn) or not (Ni- Mo(-Cu)). The base approach
consists in the microstructural study correlated with the results of the mechanical
tests. Impact properties and fatigue resistance are carried out to evaluate the
embrittlement, caused by surface treatments and the behavior of the materials
under cycling loading, respectively.

The surface treatments were carried out with industrial treatments in order to

transfer easily the results to the industrial applications.



Chapter 1: Low Pressure Carburizing

1. Low Pressure Carburizing

1.1. Carburizing: microstructure and properties

Carburizing is a thermochemical diffusion process in which the steel will pick up
carbon to a quantity determined by atmosphere, temperature, time at temperature
and different carbon activity between atmosphere and material. This process
allows a surface carbon enrichment in the pieces heated at the temperature where
austenite is stable. Carbon atoms diffuse as interstitial in the austenite matrix and
after quenching are responsible for the formation of a martensite surface layer with
high hardness and characterized by a compressive residual stresses, suitable for
wear and fatigue resistance. Since martensite start temperature (M) is lowest at
the surface where carbon content is the highest, the core transforms into ferrite-
perlite or bainite on cooling, whereas the surface become martensitic. Martensite
has a higher specific volume than ferrite, perlite and bainite, therefore, a
compressive residual stress is established in the surface layer which is in
equilibrium with tensile stress at core. After carburizing process the materials are
tempered to convert the very brittle tetragonal martensite into the less crack
susceptible cubic martensite [10, 11].

Many factors affect this process, including alloying elements and carbon, which set

Ms, see equation 1.1, and hardenability, as shown in figure 1.1.

Ms(TC)=561-474(%C)—33(%Mn)—17(%Ni)-17(%Cr)-21(%Mo)  (eq. 1.1)
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Figure 1.1: alloying elements effect on hardenability [10]

Alloying elements traditionally used for improving hardenability in carburized steels
are manganese, chromium, molybdenum, and nickel. Chromium and molybdenum
are strong carbide formers. Manganese is not a potent carbide former as
chromium, however promotes cementite networks. In the standard range of
carburizing steel, nickel and silicon reduce the lattice parameter of iron, making the
solubility of the interstitial more difficult and retarding carburizing [11, 12, 13]. They
have the tendency to inhibit the formation of grain boundary carbides, enhancing
the formation of austenite.

The different microstructure between surface and core is accomplished by changes
of mechanical properties. The fracture occurs at case-core interfaces when heavy
contact loads create stresses that exceed the strength of the microstructure at this
distance below the surface. Subsurface crack initiation is moved towards the
interior by producing deeper cases, by using alloy steels with higher base
hardenability and by increasing core carbon content.

Hardness is a property commonly measured in carburized steels and is used as a
quality control parameter to document carburizing success and to establish case
depths. One of the most commonly accepted techniques is to measure the

microhardness profile of the carburized steel. The distance from the surface to the
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point where the microhardness drops to a given hardness, (550HV), is defined as
the case depth.
The successful of carburizing depends on the control of four principal variables [14,
15]:
Carbon Potential. Carbon potential, at a specific temperature, is defined as the
carbon content in thermodynamic equilibrium with the surrounded atmosphere. The
carbon potential of the furnace atmosphere must be greater than that on the
surface of the work pieces and this difference is the driving force for carburizing.
Carbon activity. The carbon activity of a solute is defined as the vapor pressure of
the substance, i.e. carbon, divided by the vapor pressure of the pure substance in
its standard condition, which is graphite. Carbon activity in austenite is an indicator
of the reactivity of carbon as a solute. However, the ratio cannot be measured
directly, but only indirectly using for example equation 1.2, in which carbon activity
is related to the carbon content of austenite (fig. 1.2):

ac = fi-%C (eq. 1.2)
where fi is the activity coefficient and is chosen so that ac =1. Carbon activity in

austenite decreases with temperature.

peralure

femp

corbon aclivily

carbon content

Figure 1.2: carbon activity in austenite [15]
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The carbon activity influences the carbon flux (dm/dt), from the carburizing
atmosphere to the steel parts, by the equation 1.3.

dm/dt = FR(ag — as) (eq. 1.3)
where F is the exchange surface area, B is the coefficient of carbon transfer (fig.
1.3), a4 and as are the carbon activity in the gas and the steel, respectively.
Equation 1.3 show clearly the direct proportionality between the carbon flux and
the exchange surface area.

A
\,\"/z carbon transition
s/ N coeficient in10”'cm/s
280

TN
/// < \ 2\

Hye 0+ CHy £0-C0;

Figure 1.3: the carbon transition coefficient [15]

The alloying elements in carburizing steels have a pronounced effect on carbon
activity and shift the boundary between the phase file of austenite and austenite
plus cementite. The definition of carbon activity in an alloyed austenite (acp) is
expressed by equation 1.4.
aca=fac (eq. 1.4)

where ac is the carbon activity for unalloyed steel and f is the parameters that
considers the effect of various alloying elements [15] (fig. 1.4). The alloying
elements traditionally used for improving hardenability in carburized steels are
manganese, chromium, molybdenum and nickel:
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f = (0.13-0.0055%Cr); (0.025-0.01%Mo); (0.0365+0%Mn); (0.03+0.00365%Ni);
(0.15+0.033%Si)

corbon oclraly modificotion |

olioying content
Figure 1.4: effect on carbon activity of different alloying elements [15]

Chromium and molybdenum tend to decrease the activity coefficient, while nickel
tends to raise it. As a consequence, a chromium-molybdenum steel will take on
more carbon, whilst nickel ones will take on less carbon.

Carbon diffusion. The effect of time, temperature and local carbon content on
carbon diffusion in austenite can be expressed by Fick’s laws. The first Fick law
(eq. 1.5) states that the flux (J) of the diffusing substance is proportional to the
local carbon gradient (AC).

J =-DVC (eq. 1.5)
The constant of proportionality is the diffusion coefficient D; it is a function of
carbon content and temperature by an Arrhenius equation. Fick's second law is
reported in equation 1.6:

C_CO
CS_CO

X
=1-—erf (Zm) (eq. 1.6)
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where C is local carbon content at distance X, Cy is the initial carbon content in the
steel prior to carburizing and Cg the surface carbon content that correspond to the
carbon level of atmosphere. Combining the two laws and with true values of the
diffusion coefficient, it is possible to predict the carbon gradient and depth of
penetration occurring for any combination of time, temperature, and surface carbon
concentration.

Temperature and time. Since carburizing is controlled by diffusion, temperature is
the most powerful parameter in controlling the depth and the amount of carbon
diffusion into the parts. The diffusion rate of carbon in austenite increases greatly
on increasing temperature, thus shortening the total process time (fig. 1.5). At a
constant carburizing temperature case depth is proportional to the square root of

time.

5.0 0.20

o 955°C
40 P p—— 01
5 899°C
s B71°C /
£ /
£ <
£ 30 e o2
¢ T ——"" ¢
5 H
2 20 P 008 3
) — 2
/ |
1.0 — / i 0.04
|
0 1 o
5 1

o ] 15 20 25 30

Carburizing time, h

Figure 1.5: effect of the carburizing time and temperature on case depth [11]

1.2. Low pressure carburizing

1.2.1. Introduction

For case hardening of wrought steel, low pressure carburizing (LPC) is increasingly
used in the last years [16]. This technique is a variation of the conventional gas

carburizing performed under sub-atmospheric pressure. LPC runs under non

9
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equilibrium conditions in two steps: austenite carbon enrichment up to saturation
point, defined pure carburizing or boost, and diffusion of carbon, called pure
diffusion. The carbon content at the surface of the steel reaches very rapidly the
saturation level and the carbon penetration is deeper than after gas carburizing,
thanks to the higher temperature (950C) respect to the traditional endothermic
process. The result is a homogeneous and hardened case and a very clean
environment.

The standard carburizing, carried out in endogas or in CO containing atmosphere,
uses CO as carburizing agent and the metallic surface catalyses a reversible
chemical reaction, relies on Boudouard’s equation (eq. 1.7), at temperatures of
about 850- 900<C [4, 11]:

2C0O+> CO,+Cre (eq. 1.7)
A clearly defined equilibrium carbon activity (eq. 1.8) can be given as:
P(C0)?
= .1.8
ac =K P(COy) (eq )

The introduction of oxygen containing compound may result in oxidation. In steels
containing alloying elements with high oxygen affinity, like chromium, manganese
or silicon, some internal oxidation of these elements can occur along the grain
boundaries. Oxides layers are diffusion barriers for carbon penetration and affects
negatively the fatigue performances. If sufficient depletion of the alloying elements
occurs, hardenability may decrease to the point at which non-martensitic products
are formed. The surface has now low hardness and therefore fatigue resistance is
reduced. Therefore oxides have to be first reduced.

Low pressure carburizing uses hydrocarbons, as methane (eq. 1.9), propane (eq.
1.10) and acetylene (eq. 1.11), as carburizing agent. These avoid the introduction
of oxygen compounds, and therefore the oxidation, and generate a large amount of
carbon at the workpiece surface. By using hydrocarbons the carburizing reaction is

a virtually irreversible decomposition with different carbon available [4, 5, 8]. The

10



Chapter 1: Low Pressure Carburizing

dissociations take usually place in the temperature range between 900C- 1000C
at pressures below 20mbar and are given below:

Methane CH4;—CH, (eq. 1.9)

Propane C3Hg— C +2CH, (eq. 1.10)

C3Hg—CH4+CoHy— 2CH+ Cee
C3Hg— CH4+H+CoH,—CHut 2C o)+ 2H,

Acetylene CyHo— 2C ) + Hy (eq. 1.11)
Propane and acetylene generate an higher average carbon flux, 140 and 16Og/m2h
respectively, than methane (Sg/mzh). Methane molecule breaks down at pressure
below 10mbar and at temperature of up to 1050C, so at normal carburizing
temperature and at low pressure (below 20mbar) it has basically no carburizing
power and behaves like an inert gas. Pyrolysis of acetylene does not forms
methane and as a result, more carbon is transferred to the work pieces. Moreover,
acetylene tends to dissociate only in contact with metallic surface which allows an
uniform carburizing of steels; the higher carbon available allows to carburizing
eventually complex geometries. All these considerations put acetylene significantly
ahead of propane. Despite the high carbon availability and the high carburizing

capability no soot is formed in low pressure carburizing at pressure of 10mbar.

11



Chapter 1: Low Pressure Carburizing

1.2.2. The process

Low pressure carburizing is a four-steps process, as reported in figure 1.6 [11, 14,
16- 18]:

TP

Temperature Pressure

Boost
Boost

Diffusion
Diffusion

time

Figure 1.6: low pressure carburizing cycle

Heat: the first step is to heat steel up to the carburizing temperature, typically
950%C, and to maintain at the carburizing temperatu re only long enough to ensure
that the steel is uniformly at temperature. During the first step, surface oxidation
must be prevented, and any surface oxides present must be reduced. Steels with
high oxygen affinity alloying elements usually require a higher vacuum level prior to
carburizing.

Boost step: this step results in carbon absorption by austenite up to the limit of
carbon solubility at the process temperature. The boost step consists into injecting
pure hydrocarbon or a mixture of hydrocarbon and nitrogen by pulsation, on
increasing the partial pressure up to 30mbar.

Carbon transfer occurs by dissociation of the hydrocarbon gas on the surface of
the steel and by direct absorption of the carbon by the austenite. The carbon
transfer is so effective that the limit of carbon solubilitation in austenite is reached

after only a few minutes.

12
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Diffusion step: carbon transferred
penetrates into the material resulting
in a lower surface carbon content and
a more gradual case- core transition.
The

performed at low vacuum of about

diffusion step is usually
2mbar and at the same temperature
used for carburizing.

Depending on the desired case
depth, repeated boost and diffusion
steps can be used (fig. 1.7).
Quenching step: The cooling of the
steel from the diffusion temperature
to room temperature, is performed by
a partial pressure of gas (6-20bar
nitrogen).  After quenching the
material is tempered to convert the
into cubic

tetragonal martensite

martensite.

1.2.3. Low pressure carburizing of PM steels

Sintered steels react faster with the surrounded atmosphere than wrought ones

due to their large surface area and therefore require a strict control of the

carburizing. The interconnected porosity constitute a preferential way for the

carburized gas penetration in the bulk. Consequently, the hardened layer is not

uniform and an unusual carbon enrichment can be found in the inner zones.

13
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Low pressure carburizing is a suitable candidate to carburized sintered parts
because of the more homogeneous and well- defined case layers and the shorter
times especially if combined with high pressure gas quenching. Oil quenching
requires complicate and expensive washing operations in order to remove oil from
the pores.

At low density (<6.8g/cm®) the penetration of the carburizing agent is so quickly
that overcarburizing can occurs. Surface carbon contents raise up to 1.80%- 3.0%
and carburized steels with large amounts of carbide forming elements, such as
chromium and molybdenum, respond most effectively forming large volumes of

massive carbides (fig. 1.8).

Figure 1.8: low density steels carburized at 920C: a) ACrM and b) Astaloy Mo [5]

Below this carbides thick layer a second layer is formed that contained carbides at
the grain boundaries, whilst grains contained martensite and a large amount of
retained austenite, which causes the hardness to drop significantly. These carbides
are difficult to dissolve during later stage of carburizing and it is necessary a post
solution annealing treatment [4]. By figure 1.8 it is clear that the chromium is a
stronger carbides former than molybdenum. In presence of nickel, which is not a

carbides former, overcarburizing causes the formation of retained austenite in the

14
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case. On increasing the treatment temperature the networks of carbide become
smaller, whilst the amount of retained austenite tends to increase (fig. 1.9). This
effect is due to a decrease in carbon activity and an increase in the solubility of
carbon in austenite. A third consequence is the decrease of diffusion step time,

shortening the total treatment time [5].

Figure 1.9: low density ACrM carburized at: a) 950°C and b) 1050<C [5]

By using acetylene as carburizing gas instead of propane, the carburizing
temperature is higher and a better penetration of cavities is allowed. However, the
high carburizing ability of acetylene gives too much carbon at the surface of the
component, which is detrimental especially with large surface area. The ability to
form and to absorb carbon is very high using the acetylene gas and it is the reason
for the large degree of carbide formation. Therefore, in presence of low density it
may be better to use propane.

However, in a recent work Danninger et al. have observed the absence of
overcarburizing in low pressure carburized Astaloy 85Mo blanks with graded
porosity. The core hardness was not affected by the process and a deep
microhardness profile is achieved [19].

On exceeding density of 7.4g/cm3, where closed porosity can be found, a uniform

case depth is achieved (fig. 1.10).
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Figure 1.10: surface densified ACrM carburized at 1050C [5]

At this density the material starts to behave very much as a solid steel. The gas
penetrates into the parts homogenously, due to the slow diffusion rate of carbon
through the interface, forming a surface martensitic microstructure with eventually a
low amount of austenite. This sintered density can be reached by means of warm
compaction with second pressing or high velocity compaction. Post sintering
operations, such as rolling or shot peening, can be used to close the surface
porosity. This method is particularly efficient for parts subjected to fatigue bending
loads or high surface pressures, since the stress decreases rapidly from the
surface into the part. The improvement in fatigue resistance is significant and due
to the cracks behavior which nucleate below the densified layer and eventually
grow towards the surface [5, 20].

The mechanical properties of low pressure carburized sintered steels have not
been adequately investigated in literature, however the known data allow to predict
an excellent fatigue resistance, in absence of surface overcarburizing [13, 20].
Kanno et al. [20] have shown that low pressure carburizing increases fatigue
resistance of around 30% respect to the as sintered condition, however it is lower
compared to that of gas carburized steels. Possible reason for this lower fatigue

performance is the presence of carbides and retained austenite.
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2. Plasma Nitriding

2.1. Nitriding: microstructure and properties

Nitriding is a thermochemical process which modifies the surface microstructure of
the steels by introducing nitrogen, when steel is in ferritic phase (495- 570C). The
nitrogen diffuses as interstitial atom in solid solution from the surface, until the
solubility limit (0.4% N) (fig. 2.1). A very fine precipitation occurs depending on

alloying elements, temperature, time and concentration of nitrogen [11, 14, 21].
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Figure 2.1: iron- nitrogen diagram [11]

On the base of nitrogen content two zones can be distinguished in the

microstructure of nitrided steels:

« Compound layer (or white layer) presents a high nitrogen concentration. It is
in principle a ceramic layer made of two iron nitrides: Fe,3N (€) and FesN (Y'),

in carbon steels.
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- Diffusion layer is characterized by low nitrogen concentration. It can be
described as the base microstructure hardened by solid solution and by the
precipitation of nitrides; the type and size of these precipitates depend on the
chemical composition of the steel. The dissolved nitrogen and the volume
expansion of nitrides precipitation causes a compressive residual stress field in
the diffusion layer, whilst the compound layer results in a tensile residual
stress.

In order to obtain an appreciable hardening and depth of the diffusion layer,

materials containing alloying elements with a high affinity for nitrogen, like

chromium, aluminum and, molybdenum, have to be selected (fig. 2.2). Copper,

nickel and manganese have a negligible interaction with nitrogen.
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Figure 2.2: alloying elements effect on hardness and case depth [21]

Aluminum is the strongest nitride former, however, more than 1% causes the
formation of surface cracks in working condition because the ductile core cannot
support the hard case layer. Chromium is a very desirable element because it
increases the mechanical properties of steels on increasing both hardenability and
nitrability [21, 22]. Chromium forms stable nitrides, but, with high concentration,
makes difficult the nitriding treatment because of the high affinity for oxygen that
induces surface oxidation. Molybdenum forms stable nitrides at nitriding

temperature and reduces the risk of embrittlement. The presence of nickel in the
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steel is ineffective to the hardness of the nitride layers due to the low affinity for
nitrogen [23].

Looking at the mechanical properties of nitrided steels, the increase in the fatigue
resistance is due to the hardened surface and mainly to the compressive residual
stresses in the diffusion layer. The fatigue crack nucleate below the surface, where
the maximum tensile stress results from the superimposition of residual stress and
applied stress, and stop growing inside the diffusion layer [24, 25].

Nitriding can be considered like a finishing operation because it permits minimum
distortions and high dimensional control due to the absence of phase

transformation.

2.2. Plasma nitriding

2.2.1. Introduction

Plasma nitriding (or ion nitriding) is an extension of conventional nitriding
processes using plasma- discharge physics. An electric current is applied in
vacuum, in order to reach a differential potential of about 500-1000V, and
consequently nitrogen particles are dissociated, ionized and accelerated on the
surface components. N* ions impact on the steel surface, acquiring an electron and
emitting a photon. This emission, which represents the return of nitrogen ions to
their atomic state, creates the visible glow discharge that is typical of plasma
techniques. The impact between ions and components takes place at high kinetic
energy and maintains the component at the nitriding temperature . This results in a
very fast saturation of a-iron so only a few minutes later a coherent layers of iron
nitrides exist in equilibrium with the saturated iron.

The two essential factors of the fast diffusion of nitrogen in plasma nitriding are: the

high surface concentration of nitrogen, which is of particular relevance at the
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beginning of the process, and the increased rate of nitrogen penetration due to the

different diffusion mechanism.
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In the early stage of the plasma nitriding
process a nitrogen rich phase (FeN) is
condense on the nitrided surface as the result
of sputtered Fe atoms combining with the
incoming nitrogen atoms. Because FeN is not
a thermally stable compound it immediately
dissociates into lower nitrides. At each
dissociation stage, one atom of nitrogen is
released, which becomes ready to diffuse
into the iron matrix. The nitrogen atoms
undergo a volume diffusion, allowing a plane
diffusion front (fig. 2.3).

lon nitriding, like other nitriding processes,
produces several distinct structural zones on
the base of nitrogen content which include a
layer of iron-nitride compounds at the surface
(e and y’) and the diffusion layer made of a
saturated solid solution with a fine dispersion

of sub micrometric nitride particles. During

the process, different alloy and iron atoms combine with the nitrogen as it diffuses

into the material, forming a hardened surface and case [6, 7].

The facility in control of the plasma nitriding variables (temperature, pressure, gas

mixture, gas flux, current and voltage) allows a better control of the surface layer

with thickness, microstructure and properties well defined. The limitation of plasma

nitriding is the equipment cost in comparison with the traditional nitriding process

and therefore it is not suitable for the treatment of small components.
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2.2.2. The process

A plasma nitriding system is shown in figure 2.4.The component to be nitrided are
cleaned and charged in a vacuum furnace. The process of plasma nitriding can be

resumed in four steps [11, 14]:

-—N
- Hy

View port —+— CH,

Cycle
program

Current/vohage network
Vacuum pump

Figure 2.4: typical ion-nitriding system [11]

Vacuum. Vacuum is carried out by mechanical pump until about 7-13Pa. This
operation is necessary to remove the air and some contaminates presented in the
furnace atmosphere.

Heat. Heating is assured by resistors, connected to the cathode (work surface
piece). During the heating the pressure is increased to lead over the electrical
discharge concentration.

Plasma. After load is heated to desired temperature, process gas is admitted at a
flow rate determined by the load surface are, on increasing pressure up to 10%-
10°Pa. An electric current is applied and consequently nitrogen particles are
dissociated, ionized and accelerated to the surface. The thickness of the glow
discharge can be modified by pressure, temperature, composition, potential,
electrical current and gas mixture. Usually the thick is about 6mm.

Cooling. The load is cooled by inert-gas circulation.
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2.2.3. Plasma nitriding of PM steels

The importance of plasma nitriding as thermochemical treatment for sintered steels
has grown together with the idea to produce components for mechanical
application with suitable mechanical properties. The main problems in nitriding PM
steels is the effect of porosity on nitrogen diffusion and consequently on the
diffusion layer thickness. The presence of interconnected pores increases the
surface area and enhances the nitrogen absorption and penetration into the bulk of
materials. Due to the particular mechanism of nitrogen enrichment the ion nitriding
process is less sensitive to the porosity than the other gaseous surface treatments.
The diffusion front is uniform on the steel surface which allows an homogeneous
nitrogen distribution [6, 7, 26, 27]. Therefore, a preliminary closure of
interconnected porosity, performed by expensive operations, is not necessary.

As shows in figure 2.5, in plasma nitrided sintered the compound layer has a good
compactness and a uniform thickness in the range 4-10um. The compound layer
is formed essentially of y’ and g, the amount of y’ increases on increasing the
treatment temperature and decreasing the density (<7.0g/cm?®), whilst introducing
small amounts of carbon (CH4;) and on increasing density (>7.3g/cm3), € phase

tends to increase [27- 31].
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Figure 2.5: compound layer of plasma nitrided sample [31]

Regarding the mechanical properties of plasma nitrided sintered steels, the

increased in fatigue resistance is noticeable and due to the surface hardness and
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mainly to the compressive residual stresses built up in the diffusion layer. The
fatigue crack nucleates in depth, for stresses upper than the difference between
residual stress and applied stress, and stops growing inside the diffusion layer [32-
34]. The treatment increases wear resistance significantly, and its effect on surface
plastic deformation and microcracking is superior than that of through hardening
and plasma carburizing. [22, 30].

However, nitriding causes a greater embrittlement in the base material than
carburizing: both processes cause a reduction of ductility but this is accomplished
by an increase in strength in carburizing only. In nitriding there is not such a
compensation between brittleness and strength, then the loss of toughness is
much more significant [35].

To improve the toughness of the nitrided steels the hardness of the diffusion layer
should be decreases. In principle the microhardness can be reduced by reducing:
the nitrogen content in the atmosphere and/or increasing the nitriding temperature.
Reducing the nitrogen content in the atmosphere the microhardness of the
specimens decreases, as reported in figure 2.6. The microhardness profile of
6.99/cm3 ACrM sintered at 1120C shows a reduction from 990H V0.025 to
920HV0.025 by changing the atmosphere composition from 90N,-10H, to 60N,-
40H, [31].
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Figure 2.6: microhardness profile changing the atmosphere composition [31]

23



Chapter 2: Plasma Nitriding

Higher nitriding temperatures can improve case hardness but there is a maximum
temperature which limit further progress. This maximum temperature depends on
the alloying elements and it is fixed by decarburization. It is well know that
decarburization is enhanced by high temperature and influences hardness
negatively. In order to reduce these negative effect, nitriding treatments should be

carried out at lower temperature. Therefore, a compromise is necessary [36].
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3. Shot Peening

Shot peening is a mechanical surface working process in which the steel surface is
bombarded with a flow of spherical shot at room temperature. Each shot strikes the
material creating a small indentation or dimple. The kinetic energy is sufficient to
cause the plastic deformation of the subsurface layer and consequently to produce
a compressive residual stress field, useful to prevent crack nucleation or to stop
crack propagation. Since the fatigue crack does not nucleate or propagate into a
compressed material, the compressive residual stress improves the fatigue
properties of the treated component up to approximately 70% in comparison to the
untreated condition. Therefore shot peening is the most economical and practical
method of ensuring surface residual compressive stresses [37- 41]. The
compressive residual stress is induced by two phenomena, as reported in figure
3.1: the core constrain on the surface layers (fig. 3.1a), and the Hertzian pressure
induced by the impact of each shot (fig. 3.1b) [38, 42].

Therefore, the compressive stress profile has a maximum under the surface which

is, at least, as great as half the tensile strength [43].
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Figure 3.1: compressive residual stress profile: a) surface layers and b) Hertzian
pressure

The compressive stress distribution through the thickness of the material can be
investigated with the X-ray diffraction method, using sin® g technique. It is not
practical to take measure beyond a depth of 100um and moreover, since fatigue
tests are performed in axial direction, only residual stress in this direction are
usually measured.

3.1. Shot peening parameters

The improve in fatigue performance depends on the shot penning parameters such
as the coverage, Almen intensity, relative hardness between shots and material
and shots diameter and type [44].

Shots. The shots can be made from cast iron, stainless steel, glass and ceramic.
For steel parts is typical to use hard steel shots in the range of 55-65HRC or
ceramic shots, with hardness comparable to 57-63HRC. To archived high residual
stress at great depth under the surface, parts must be peened with shots as hard
as the steel surface. Shots can have different diameters depending on the treated
surface, and on increasing the diameter the maximum compressive residual stress
value increases.
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Coverage. Coverage is defined as the percentage ratio between peened surface
and the original surface (minimum 85%) of the treated steel.

Peening (Almen) intensity. The shot peening intensity is defined as the amount of
impact energy delivered to the part by the shots. Shot peening intensity is
controlled by Almen plats. They are standardized thin plates placed in parallel to
the treated material, which receive the same treatment. The deflected shape, due
to the deformation induced by residual stress, is called Almen intensity [45]. The
intensity is established by plotting the saturation curve, as shown in figure 3.2, and
assuming that the required intensity (determined by the arc height) falls on the right
side of the knee of the curve. By doubling the time of exposure, the arc height of a

test should not increase by more than 10% (the coverage is 100%).

Less than| 10% increase

ARC
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Figure 3.2: intensity determination curve [44]

Impact Angle. The impact angle represents the angle between the shots beam

and the steel surface.

3.2. Shot peening and thermochemical treatments

In literature many papers attest that shot peening is more effective in fatigue
improvement if it is combined to high strength steels, owing to the greater stability
of the residual stress. Therefore the combination between shot peening and

thermochemical treatments, as carburizing or nitriding, should increase further the
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mechanical properties of the steels. In particular, it is possible to find many studies
and researches about shot peening application to carburized materials. If shot
peening is applied on carburized surface, surface fatigue resistance is increased
up to approximately 8- 15% [20, 41]. The case of nitriding plus shot peening is less
investigated and applied; this is usually attributed to the fact that nitriding is able by
itself to give adequate hardness and fatigue strength and also to the fact that, in
high-cycle fatigue applications, cracks in nitrided elements start from an internal
inclusion, thus preventing to make effective the residual stresses induced by shot
peening. Croccolo et al. [46] have shown that the effectiveness of shot peening on
nitrided components is related to the inclusion rate and to the typical inclusion
dimension of the steel. The fatigue resistance is increased by shot peening from
3% to 20% with respect to nitriding condition. Pariente et al [47] have
demonstrated that shot peening has a positive effect on the fatigue behavior of
nitrided elements. The microhardness of steels is increased, just under the surface
were residual compressive stresses are higher, and the fatigue resistance is
enhanced. In both the cases no appreciable modifications in surface microstructure
are archived because the nitriding temperature is not sufficient to modify the grain

aspect.
3.3. Shot peening of PM steels

The most decisive parameter in powder metallurgy is density since an increase in
density usually improves mechanical properties of the steels. In the manufacturing
of sintered steels different ways are used to increase density: after single press
and sintering density is around 7.1g/cm3. By double pressing and double sintering
technique, densities of about 7.59/(:m3 can be reached. By techniques like powder
forging and hot isostaic pressing, full density (7.8g/cm®) can be exceeded.
However, these techniques are very expensive and in many case a local surface

densification is sufficient to increase the fatigue properties of PM parts. Sonsino et
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al. [8] have demonstrated that surface rolling improves the endurance resistance
by roughly 100%. This is due to the interaction of different mechanisms: the
surface densification, the increse of hardness and the build-up of compressive
residual stresses which contribute to stop crack propagation.

A very effective and economic post sintering alternative to increase the fatigue
properties is shot peening. The improvement in fatigue strengths, reported by
Saritas et al. [9], ranges from 30% (pure iron) to 48% (Fe-0.5%C) with respect to
the as sintered condition. This increase in fatigue performance is due to both
compressive residual stresses and surface densification, which closes most of the
pores in surface layers, up to 400um depth.

The effective stress distribution in the subsurface layers can be obtained by
superimposing the applied stress and the residual stresses. Therefore, the fatigue
crack nucleates beneath this layer in correspondence to a cluster of pores or a
large pore and propagate along the network of interconnected pores. Shot peening
moves the site for crack initiation towards the interior, improving the fatigue
resistance.

However, too heavy shot peening is not beneficial to the mechanical properties of
the treated material because the hardened layer produced could be eroded by
excessive shot peening [9]. Moreover, it could impair dimensional and geometrical
precision of steel parts, which is one of the main attracting characteristics of PM

components.
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4. Materials and Experimental Procedures

4.1. Materials

Two main groups of low alloyed steels were investigated: Cr containing steels and
Cr free ones. The chemical composition of the powders produced by Hoganés, AB

[48], used for the preparation of the specimens, is reported in table 4.1.

Table 4.1: nominal composition (wt.%) of the powders investigated
Code Powders %Cr | %Mo | %Mn | %Ni | %Cu | %Fe
ACrL 15 0.2 bal.
Cr steels AD4 0.8 0.4 bal.
ACrM 3 15 bal.
Cr free ALH 0.9 0.9 bal.
steels DLH 0.9 0.9 2 bal.

Astaloy CrL was widely studied and applied in manufacturing of PM parts while the
other steels are based on new powders. The powders are water atomized
prealloyed with Cr, Mo and Ni. Cu was added by diffusion bonding.

Graphite C-UF4 was added to the powder mixes to obtain a final carbon content of
0.05%, 0.2% and 0.4%. Conventional lubricant, typically 0.6% of Kenolube, was

added to the powder mixes.
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4.1.1. Compaction

Different compaction methods were used depending on the required density. In
order to obtain a green density of 6.8g/cm® and 7.0g/cm®, cold compaction with
600MPa applied pressure was used. Green density of 7.4g/cm®was obtained by

using warm compaction.
4.1.2. Sintering

Sintering was carried out at two different temperatures: 1250C and 1120T with
60 and 30 minutes of isothermal holding respectively. The lower temperature was
carried out in a continuous belt furnace in a 90%N.,/10%H, atmosphere, the cooling
rate obtained in this furnace is close to 0.8C/s. The higher temperature sintering
was carried out in a batch furnace in a 90%N,/10%H, atmosphere, the cooling rate

obtained in this furnace is close to 1C/s.

4.1.3. Secondary heat treatment
Secondary heat treatments were carried out in industrial plants. The parameters of
heat treatment cycles (low pressure carburizing, plasma nitriding and shot peening)
are reported in the relevant section in the following chapters.

4.2. Experimental procedures

A general overview on the experimental and testing procedures is presented

below.
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4.2.1. Chemical analysis

The combustion techniques (LECO) are used for the determination of carbon,
nitrogen, oxygen in steels. The techniques are useful for the analysis of these
elements over a wide concentration range.

Tests have been done in accordance with ASTM E1019 (Standard Test Methods
for Determination of Carbon, Sulfur, Nitrogen, and Oxygen in Steel and in Iron,
Nickel, and Cobalt Alloys) on specimens of about 0.5-1g.

4.2.2. Density and porosity

Density was measured in according to ASTM B 328-96. Specimens impregnation
was made in oil with a density of 0.823g/cm®. Measurements were performed on a
precision balance (Gibertini E42) with sensibility of 0.001g.

4.2.3. Dilatometry

The study of the variation of the relative change in length as a function of
temperature was carried out by means of a dilatometer (DIL 805A/D quenching
and deformationdil by Bahr-Thermoanalyse). Dilatometric tests were performed on
4x4x10mm samples which were positioned in the chamber in contact with the
alumina bars. The control of temperature was made by means of a thermocouple
welded on the specimen. Experiments were carried out in an inert atmosphere to

avoid the oxidation of samples.
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4.2.4. Metallography

Metallographic characterization was carried out by a LOM microscopy (LEICA
DC300) on polished and etched samples. The etching agents are listed in table
4.2.

Table 4.2: Etching solutions

Materials Etching Composition
agents
AD4 Nital 2% 2% Nitric acid solution in ethanol
AcrL'DALhH and | \jital- picral 50% Nital- 50% Picral
Picral 2% 2% Picric acid solution in ethanol

4.2.5. Hardness and microhardness

Hardness and microhardness of materials were measured by the Vickers method
(ASTM c 730-98). The applied load was 10 Kg for hardness test and from 0.05 -
0.1Kg in case of microhardness test. The reported values represent the average of

7 indentations.
4.2.6. Impact test

Impact tests were carried at room temperature on unnotched test bars (ASTM E
23), using a Charpy instrumented pendulum (Wolpert). During the test the impact
direction was perpendicular to the compaction surface, according to the standard.
Available energy was 150J with a impact velocity of 3.9m/s. In figure 4.1 the typical

impact load-deflection curve is reported.
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241

Load

Deflection
Figure 4.1: theorical load-deflection curve

The absorbed impact energy can be divided in energy required for elastic
deformation (Eg), for plastic deformation until crack nucleation (E,) and for
propagating fracture: stable crack propagation (Ep) and unstable crack
propagation (Eg,).

Moreover, the yielding load (P,), the maximum load (Pna), the load at the onset of
unstable crack propagation (P,) and the correspond deflection can all be
determined from the record.

Given the density of the investigated materials, the energy required for the
propagation is quite low and negligible with respect to that necessary for crack

initiation.

4.2.7. Transverse Rupture Strength (TRS) test

The transverse rupture test defines the stress, calculated from the three-point
formula, required to break a specimen supported near the ends when a
compressive force is applied parallel to the pressing direction of specimen (ASTM
B 528-05). This test is only applied to relatively brittle materials. According to the
standard ASTM B 925-03, the rectangular test specimen dimensions are 12,7x
31,8x 6,35mm.
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4.2.8 Bending fatigue test

Modified 1SO 3928 specimens were used to perform bending fatigue tests. In figure
4.2 the unnotched specimen is shown with an attention on the particular edge
geometry which eliminates the influence of the shape edge on crack nucleation

[49].

Fatigue tests were carried out in 4 points bending mode on a Schenck machine, at
30Hz of frequency and with load ratio R= 0,/ Omax = -1. The fatigue resistance,
defined as 50% survival value, was calculated by the stair case method with a run
out of 2x10° cycles (standard MPIF 56- 2001).The stair case step was fixed at 15
MPa.

4.2.9. Fractography

The surface and the facture surface of the materials were observed at the ESEM.
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5. Chromium Steels: as sintered microstructure

and mechanical properties

5.1. Effect of carbon content, density and sinterin g temperature on

microstructure and microhardness

The materials investigated in this part are ACrL and AD4. Graphite was added to
the base powder in order to obtain 0.05% (+0.04), 0.2% (+0.04) and 0.4% (+0.02)
carbon. Impact bars were compacted to green density of 6.89/cm3, 7.Og/cm3 and
7.4g/cm3. Sintering was carried out at 1120C (L) and 1250° C (H). The carbon
content in the as sintered materials is reported in table 5.1, with reference to the

nominal one. The analysis was carried out only on 6.8g/cm?® steels.

Table 5.1: results of carbon analysis

Green/nominal As sintered

%C %C
ACTL 6.8g/cm® 1120C 0.05 0.06
ACTL 6.8g/cm® 1250C 0.05 0.02
ACrL 6.8g/cm® 1120C 0.2 0.19
ACrL 6.8g/cm® 1250C 0.2 0.16
ACrL 6.8g/cm® 1120C 0.4 0.44
ACTL 6.8g/cm® 1250C 0.4 0.31
AD4 6.8g/cm® 1120C 0.05 0.09
AD4 6.8g/cm® 1250C 0.05 0.03
AD4 6.8g/cm® 1120C 0.2 0.22
AD4 6.8g/cm® 1250C 0.2 0.17
AD4 6.8g/cm® 1120C 0.4 0.47
AD4 6.8g/cm® 1250C 0.4 0.30
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Because of the high oxygen affinity of chromium, the oxide which covers the
powder particles is very stable. The main reducing agent is graphitic carbon
associated with high temperature, which is beneficial both for complete reduction
and for optimum mechanical properties [50, 51]. However, decarburization takes
place in the samples sintered at 1250 and it incr eases on increasing the green
carbon content (fig. 5.1).
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Figure 5.1: sintered carbon vs green carbon for ACrL and AD4

The as sintered density of ACrL and AD4 is presented in figure 5.2 as a function of

carbon content.
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Figure 5.2: as sintered density of ACrL and AD4
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As sintered density slightly increases with high sintering temperature [48].The
increase in density induced by high sintering temperature is tendentially higher in
cold compacted specimens than in warm compacted ones and decreases on
increasing carbon content. The maximum increase is 0,15g/cm®. Total porosity,
presented in figure 5.3 as sum of closed and open porosity, decreases on
increasing green density, carbon content and sintering temperature. The residual

porosity is almost fully closed in 7.4g/cm® materials.
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Figure 5.3: porosity of ACrL and AD4

It is well known that porosity is not uniformily distributed in the sintered steels. Pore
aspect can be described by using two factors, Fgge and Fghape, determined by
image analisys on mettalographic samples. Fge represents the profile irregularity
of pores (Fgircle= 1TA/P2), whilst Fsnape is reppresentative of the pore elongation
(Fshape= Dmin/Dmax). Both parameters range from O (ellipctic pore) to 1 (circular
pore). The reference to the ellipse morphology diagram (fig. 5.4) may help in
recognizing the effect of process variables on pore characteristics. Figure 5.5
shows that the parameters, which are expected to improve pore morfology, i. e.
higher density and sintering temperature, move the experimental points of 0.05%C
ACrL towords the upper right corner of the diagram. In particular, the effect of

sintering temperature is more evident.
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Figure 5.4: ellipse morphology diagram
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Figure 5.5: Feircie- Fshape Of 0.05%C ACTrL: a) 6.89/cmssintered at 1120C, a)
6.8g/cm” sintered at 1250 and c) 7.4g/cm 3sintered at 1120C

Figures 5.6 and 5.7 present the typical microstructures of the 6.8g/cm3 steels for
different carbon contents. Microstructure is mainly: ferritic in 0.05%C steels, ferritic-
perlitic in 0.2%C steels, with a large amount of perlite (around 40%) in ACrL,
bainitic in 0.4%C ACrL and ferritic perlitic (around 50- 50) in 0.4%C AD4. An
increase in sintering temperature results in the refining of the perlite and bainite,

whilst the increase in density does not influence the microstructure.
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The effect of the sintering temperature can be interpreted considering that the CCT

curves move towards the right on increasing the temperature from which austenite

is cooled down. All the other microstructures are reported in appendix.
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Figure'5.6. microstructures of 6.8g/cm3 0.05%, 0.2%
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Figure . : ures of 6.§g/c %,-0.2% and 0.4%C AD4 sintered at
1120C and 1250C
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Hardness and microhardness of the materials are listed in table 5.2-5.3.

Table 5.2: hardness and microhardness of as sintered ACrL

Material %C Densng/ T sintering HV10 HV0.05
[g/cm ]
68 1120<C 56+1 875
1250C 60+1 905
1120<C 65+1 88+9
0.05%¢ 7.0 1250C 68+1 123+3
74 1120C 84+1 115+ 14
1250C 92+4 122 +7
68 1120<C 7916 118 £ 15
' 1250C 80+2 131£21
1120C 89+2 124 £ 19
ACIL | 0.2%C | 7.0 1250C 91+1 | 142+18
74 1120<C 113+2 145 +17
1250C 114 £ 3 149+ 14
6.8 1120<C 126 £ 4 248 + 33
) 1250C 158 +3 27116
1120C 150+ 8 253 £17
0.4%C .0 1250C 168 £ 6 273+ 20
74 1120<C 2071 246 + 15
1250C 211 +3 247 + 40
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Table 5.3: hardness and microhardness of as sintered AD4

Material %C Densny T sintering HV10 HV0.05
[g/cm 7]
6.8 1120C 54 +2 87+3
1250C 54 £2 86+ 11
1120C 62+1 98+9
0.05%C 7.0 1250C 62 +3 93+ 16
74 1120C 84+1 102+ 6
' 1250C 92+9 117+5
6.8 1120C 71+1 101 +11
1250C 73+1 132 +12
1120C 78+2 103 +14
AD4 0.2%C 7.0 1250C 8l+1 143 £ 22
74 1120C 101+1 131+16
1250C 103 +4 150+ 31
6.8 1120C 96 +1 172+ 16
] 1250C 95+2 180 + 27
1120C 104 +2 169 + 23
0.4%C 7.0 1250C 114 +5 176 £ 26
24 1120C 136 + 3 166 + 15
1250C 143 +4 215+15

0.05% and 0.2%C ACrL has a microhardness similar to AD4 with the same carbon
content, since the materials have the same microstructure and the solution

hardening effect of the alloying elements is very similar (fig. 5.8).

+375 |
§ +300 ij —
E «225 /IF ﬁ
§ 10 =
I / ;;,_,._—_—_d—l-",_%ﬂ Ma
E 0% Ni and Al
..7% "C'J"!- |

05 1.0 15 20 25 30
Allgy content, wi%h

Figure 5.8: effect of alloying elements on solution hardening
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The microhardness of 0.4%C ACrL is greater than that of 0.4%C AD4, because of
the different microstrcture. According to the multiplying hardenability factors, the
two materials have the same hardenability but chromium and molybdenum have a
greater effect on retarding the perlite formation than manganese, favouring the
formation of bainite.

To confirm the different microstructures of the two materials, a dilatometry
investigation of the austenite transformations on cooling was carried out. The
variation of the relative change in length as a function of temperature achieved by
7.0 g/cm3ACrL sintered at 1120 is reported in figure 5.9 for 0.05%C and 0.4%C.
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Figure 5.9: dilatometric curve (a) and microstfucture (b) of 7.09/cm3 0.05%C ACrL,
dilatometric curve (c) and microstructure (d) of 7.0g/cm™ 0.4%C ACrL

The formation of austenite takes place between A.; and A, temperatures that

represent the temperature at which the ferrite (with trace of perlite, - perlite), in
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0.05%C steels, to austenite

transformation starts and ends, respectively [52, 53]. A, is defined as the

and bainite (- perlite), in 0.4%C materials,
temperature at which the linear thermal expansion deviates from the linearity. This
behaviour is caused by the volume contraction associated with the austenite
formation. Likewise the transformation finish temperature A is determined by
extrapolating the linear portion of the curve after transformation.

The A,z and A,; temperatures correspond to start and end temperature of austenite
decomposition into ferrite (- perlite), respectively (fig. 5.9a). The final
microstructure, composed of ferrite (- perlite), is confirmed by the metallographic
analysis reported in figure 5.9b.

On increasing the carbon content (fig. 5.9c) a different transformation takes place
during cooling. Figure 5.9d shows that the final microstructure is composed of
bainite and trace of perlite. Since perlite is formed at higher temperature than
bainite, there is no doubt that the first slight volume expansion corresponds to the
transformation of austenite into perlite, whereas the expansion shown at the lower
temperature corresponds to the austenite to bainite transformation. Bg is the
temperature at which the dilatometric curve deviates from the linearity due to the
volume expansion associated to the bainite formation; B; is the temperature at
to bainite transformation ends. The transformation

which the austenite

temperatures thus determined are shown in table 5.4.

Table 5.4: transformation temperatures determined by dilatometry

ACTL AD4
T[C] | 0.05%C | 0.4%C | 0.05%C | 0.4%C
At 770 770 740 740
Acs 890 808 880 808
As 790 788 636
A 747 750 637
B, 529
By 441
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The ferrite, perlite and bainite percentages, measured by image analysis, are

reported in table 5.5.

Table 5.5: phase fractions

ACrL AD4
Microstructure |0.05%C 0.4%C 0.05%C 0.4%C
Ferrite 95% 95% 50%
Perlite 5% 12 5% 50%
Bainite 88%

The variation of the relative change in length as a function of temperature carried
out on 7.0g/cm® AD4 sintered at 1120 is reported in figure 5.10 for 0.05%C and
0.4%C. The dilatometric and metallographic analysis show the formation of the
same microstructure of ferrite plus perlite but the amount of perlite increases on
increasing the carbon content (tab. 5.5). The transformation temperatures are
shown in table 5.4.
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Figure 5.10: dilatometric curve (a) and mlcrostructure (b) of 7. Og/cm 0.05% C
AD4, dilatometric curve (c) and microstructure (d) of 7. Og/cm 0.4% C AD4

The dilatometry results of the austenite transformation on cooling confirm the
microstructures shown in figures 5.6 and 5.7. At the highest carbon content (0.4%)

Cr and Mo have a greater effect on forming bainite than Mn, which favours the

perlite formation.
5.2. Impact toughness

Figure 5.11 shows impact energy of the materials as a function of density, when
sintering temperature is 1120°C. Figure 5.12 shows the effect of the sintering

temperature on impact energy.
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Figure 5.12: effect of sintering temperature on impact energy: a) ACrL and b) AD4

Impact energy increases with density, decreases with the carbon content and
increases with the sintering temperature, as expected. All the materials have an
elasto-plastic behaviour with a distinct yield point followed by strain hardening, as
shown by the impact curves in figure 5.13.
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Figure 5.13: load- deflection curves as a function of: a) density, b) carbon
percentage, c) sintering temperature and d) chemical composition

Concerning the effect of density, the comparison of impact curves of 0.2%C ACrL
sintered at 1120T, reported in figure 5.13a, indicates that yield load (Py),
maximum load (P, and deflection increase from 6.8g/cm3 to 7.Og/cm3 and even
more to 7.4g/cm3, because of the increase in the load bearing section.

On increasing the carbon content, the load-deflection curves of 7.Og/cm3 ACrL
sintered at 1120<C, shown in figure 5.13b, indicate that deflection decreases whilst
Py, and P increase. However, the overall effect is the decrease of the impact
energy.

Figure 5.13c shows the load-deflection curves of 7.Og/cm3 0.2%C AD4 sintered at
two temperatures. The effect of temperature is that of increasing ductility

(represented by deflection), with a slight decrease of yield and maximum loads
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(due to decarburization, tab. 5.6). The increase in ductility is due to the effect of the

load bearing section by the high sintering temperature.

Table 5.6: carbon content of as sintered AD4

%C
AD4 0.2%C 7.0 g/cm® 1120C 0.209
AD4 0.2%C 7.0 g/cm® 1250C 0.158

In the end, figure 5.13d shows the curves of the materials, with the same carbon
content (0.05%), density (7.Og/cm3) and sintering temperature (1120C).The load-
deflection curves are very similar because the microstructures are the same. The

results of the impact test (impact energy, P, and Py,,) are reported in appendix.
5.2.1. A simplified model for impact strength of sintered steels

Impact energy increases with density, but different correlations are observed at
different sintering temperatures. Sintering temperature, infact, increases the load
bearing section even without increasing density, due to the growth of the neck size.
Therefore, the possibility to correlate impact strength to the load bearing section of
the sintered steels was investigated.
The load bearing section (®) can be calculated by the equations 5.1 and 5.2, which
were determined in a previous work on low alloyed steels in a density range 6.6-
7.1 glcm?® [54].
® = (1- K, -€)’ (eq. 5.1)

Kp =5.58 - 5.7 Fircle (eq. 5.2)
where ¢ is the fractional porosity and Fge represents the profile irregularity of
pores.
Several ACrL based steels have been studied with different green density, carbon
content and sintering temperature. They are listed in table 5.7 and their

microhardness in table 5.8.
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Table 5.7: microstructures of the Cr steels investigated

ACIHL 6.8g/cm 3 7.0g/cm 3 7.4g/cm 3
1120C | 1250C |1120C |1250C [1120C 1250
0.05%C Ferrite Ferrite Ferrite Ferrite Ferrite Ferrite
50 50 50 50 50 50
0.2%C Ferrite Ferrite Ferrite Ferrite Ferrite Ferrite
50 50 50 50 50 50
Perlite Perlite Perlite Perlite Perlite Perlite
20 20
Ferrite _ Ferrite .
0, - -
0.3%C 30 Bainite 30 Bainite
Perlite Perlite
20 20 20 20 20 20
Perlite Perlite Perlite Perlite Perlite Perlite
0,
0.4%C 80 80 80 80 80 80
Bainite Bainite Bainite Bainite Bainite Bainite
20 20 20 20
Perlite Perlite Perlite Perlite
0, - -
0.5%C 80 80 80 80
Bainite Bainite Bainite Bainite
0.8%C Perlite Perlite Perlite Perlite - -
Table 5.8: microhardness of the Cr steels investigated
ACTL 6.8g/cm”’ 7.0g/cm’ 7.4g/cm’
HV0.05 1120C 1250C 1120<C 1250C 1120<C 1250C
0.05%C 86.9+4.6 89.745.1 88.248.9 123.1431.0 | 115.2+14.2 | 122.1+7.2
0.2%C | 118.2415.4 | 131.3+21.2 | 124.3+19.4 | 141.5+17.7 | 144.5+17.0 | 149.2+14.9
0.3%C | 217.3+22.0 - 219.8+28.6 - - -
0.4%C | 247.7433.2 | 271.0+16.3 | 253.1+17.8 | 272.5+26.9 | 246.0+15.8 | 246.8+41.6
0.5%C | 323.4428.4 | 355.5+43.1 | 320.2+31.9 | 337.4+35.2 - -
0.8%C | 409.2+31.2 | 412.4+30.6 | 404.8+16.8 | 397.4+27.1 - -

In this section only the investigation on ferritic steels (0.05%C) is analized and

discussed, whilst the model results for the ferritic- perlitic, bainitic (- perlitic) and

perlitic steels are reported in appendix.
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Table 5.9 reports the values of load bearing section, calculated by equations 5.1
and 5.2, for 0.05%C ACrL. The load bearing section depends significantly on

sintering temperature, and the dependence increases with porosity (fig. 5.14).

Table 5.9: load bearing section of 0.05%C ACrL

0.05%C 6.8g/cm* 7.0g/cm® 7.4g/cm®
ACrL 1120C | 1250C | 1120C | 1250C | 1120C | 1250C
Feircle 0.65 0.77 0.66 0.76 0.71 0.76
£ 0.136 0.128 0.097 0.094 0.061 0.054
Kp 1.88 1.19 1.82 1.25 1.56 1.25
o) 0.56 0.72 0.68 0.78 0.82 0.87
::A 0.05% C ACrL
0r] 7.4g/cm
]
° 04] 6.8gicm®  1120T

! T T T T T T T T T 1
000 002 004 006 008 010 012 014 016 018 020
Porosity

Figure 5.14: load bearing fraction as a function of porosity and sintering
temperature

Impact toughness depends on strength, represented by yield load (P,) and
maximum load (Pmax), and on ductility, represented by deflection (5). However P,
and P, do not show a direct correlation with the impact energy (fig. 5.15), whilst it
is clearly evident the linear correlation between impact energy and deflection: the

higher the ductility, the higher the impact strength of the steel (fig. 5.16).
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Figure 5.16: impact energy vs. deflection

The suggested simplified model correlates P, and Py, to the load bearing fraction

considering the equation between the corresponding parameters in tensile tests (o,

and UTS, respectively) and the load bearing section, which is linear.
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Where a (P, when load bearing section is zero) does not have any real meaning

and it is much lower than b. The linear correlation is verified quite well for P, and

less for Pnax. The interpolating lines do not cross the origin of the diagram,

confirming that the correlation is meaningless when the load bearing fraction is so

low. It may be assumed that all the correlations are valid only when ®> 0.5.

In the case of deflection, two different equations (polynomial and exponential) are

used considering that it increases even more on increasing the load bearing
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The exponential correlation works better than the polynomial one. The same trend

is archived by impact energy, as expected considering the correlation between

impact energy and deflection shown in figure 5.16.
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5.2.1.1. Yield load

Representing the yield load values ,determined on all the investigated materials, on

a single diagram (fig. 5.17), four different trends can be observed, grouped

according to the microhardness of the steels and characterized by the following

equations:
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Z 10
; 250-280HV0.05
a 8-
6
4 4
2
0 T T T T T T T T 1
00 01 02 03 04 05 06 07 08 09

1,0

Figure 5.17: yield load vs load bearing section
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1) 80-120 HVO0.05: P, =-0,4+ 13,20
2) 20-150 HVO0.05: P,=-2,5+ 17,40
3) 250-280 HV0.05: P, =-2,6+ 19,10
4) 320-400 HVO0.05: P, =1,4+ 19,10

The correlation between the yield load and the microhardness can be investigated
(eq. 5.3), when load bearing section is equal to 1, and therefore the yield load is
the yield load of the matrix (Pyo):

Py@-n=Pyw=a+b (eq. 5.3)

A linear correlation is obtained (fig. 5.18), characterized by equation 5.4:

Py, [KN]
5
.

| At R-square 001521

24 Intercept 11,29304 096046
Slope 002344 0,00406

T T T T T T T 1
0 50 100 150 200 250 300 350 400
HV0.05

Figure 5.18: Py, vs matrix microhardness

Py =11.3 + 0.023HV0.05 (eq. 5.4)
5.2.1.2. Maximum load
In principle the same elaboration as for yield load could be made, to obtain a
correlation between the maximum load of the matrix and microhardness. Three

different trends can be observed in figure 5.19, grouped according to the

microhardness of the steels and characterized by the following equations:
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- 320-400HV0.05
28] ® ferrite
26| @ ferrite perlite 0.2% C
2| ¥ ferite perlite 0.3% C 250-280HV0.05
A (perlite) bainite 0.4% C
221| v (perlite) bainite 0.5% C
20| < perlite
= 18]
é 16
& 14
£
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8]
6 80-150HV0.05
44
2]
0

T T T T T T T T T 1
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¢
Figure 5.19: maximum load vs load bearing section

1) 80-120 HVO0.05: Ppay = -4,3+ 24,06®
2) 250-280 HVO0.05: Ppay = -2,07+ 29,950
3) 320-400 HVO0.05: Ppmak =-0,63+ 34,27®

The correlation between the yield load and the microhardness is obtained (fig
5.20), when load bearing section is equal to 1 and the maximum load is the
maximum load of the matrix (Pmaxo)-

The linear correlation is characterized by equation 5.5:

354

304

Pmax [KN]

Value | Standard Error
intercept 14,3984 0,48342
Slope | 005314 000184

0 5‘0 1(‘)0 1éo Z(‘JO 2éo 3(‘)0 3é0 460
HV0.05
Figure 5.20: Pyax0 VS Matrix microhardness

Pmaxo =14,34 + 0,05HV0.05 (eq. 5.5)
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5.2.1.3. Deflection

Representing all the deflection data on a single diagram (fig. 5.21), three different
tendencies are recognized, grouped according to the matrix microstructure rather

than to microhardness, and in particular to the ferrite content.

124
m  ferrite L]
10 ® ferrite perlite
A (pelite) bainite
v perlite
8 [
E
£ .
= 64 L]
8
o L]
2 " ]
3 4+ .
L] L]
° “
24 ° A
L]
I
0 T

T T T T T T T T 1
0,0 01 0,2 03 0.4 05 0,6 0,7 0.8 09 10
®

Figure 5.21: deflection vs load bearing section

1) ferritic matrix: =17,67 ®>** (polynomial), &=2,98 + 7,34E-4 !1*7*®
(exponential)

2) ferritic- pearlitic matrix: 8=9,28 % (polynomial), &=0,88 + 0,096 e("02®)
(exponential)

3) bainitic- perlitic matrix: 8=3,60 o+ (polynomial), ©=0,89 + 1,54E-4 g(10:809)

(exponential)

Qo is the deflection when the load bearing section is equal to one, i.e. the deflection
of the matrix. It is calculated for both the models and the values are reported in
figure 5.22 versus the ferrite content. The number of experimental points is too low
to define a model, however it seems that when ferrite content decreases below 70-

80% the deflection of the matrix tends to stabilize.
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Polynomial Model Exponential Model
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Figure 5.22: deflection vs ferrite content

5.2.1.4. Impact energy

Impact energies can be grouped according to the matrix microstructure and in
particular to the ferrite content, confirming three different trends with equations

reported below (fig. 5.23).

180 4

m  ferrite
160 | @ ferrite perlite -
A (pelite) bainite
1404 | v perlite
—, 120
=2
3 100 -
O L]
c
4804
é . A
£ 60 4 .
404 n" A
L] .. ~ A
204 ° x4
® AW
o T T T T T T T T T 1

0,0 01 0,2 03 0.4 05 0,6 0,7 08 09 10
®

Figure 5.23: impact energy vs load bearing section

1) ferritic matrix: E=353,13 ®*% (polynomial), E=22,46 + 0,07 e****?)
(exponential)

2) ferritic- pearlitic matrix: E=160,23 ® 576 (polynomial), E=11,43 + 0,01 e (2.859)
(exponential)

3) bainitic- perlitic matrix: E=113,07 ® 98 (polynomial), E=11,71+1,75E-5e (16.419)

(exponential)
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E, is the impact energy when load bearing section is equal to one, i.e. the impact
energy of the matrix, calculated with both the models. The correlation between E
and ferrite content cannot be defined since the number of experimental points is
too low. However it seems that when ferrite content decreases below 70-80% the

impact energy of the matrix tends to stabilize (fig. 5.24).

650
| Polynomial Model 600 ] Exponential Model
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2004 250 ]
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0 10 20 30 40 5 6 70 8 9 100 0 10 20 30 40 5 60 70 80 90 100

ferrite [%)] ferrite [%]

Figure 5.24: impact energy vs ferrite content

Even if the exponential model fits more precisely the impact energy/deflection vs
load bearing section curves, E, calculated with the polynomial model is more
consistent with data reported in literature for wrought steels. Therefore the

polynomial model may be preferred.

5.3. Surface densification by shot peening

Shot peening is used to improve the fatigue resistance of steels because of the
compressive residual stresses and strain hardening. In porous steels, shot peening
causes surface densification, as well. In this work, shot peening was used to
densify the surface layers as a preliminary treatment for carburizing and nitriding.
Shot peening was carried out on 6.8g/cm® materials sintered at 1120, with the

following parameters: intensity 12A, shot ASH230, coverage 150%.
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5.3.1. Effect on microstructure and microhardness

The microstructural analysis shows (fig. 5.25) that part of the shot peening energy

is effectively spent for densification of the surface layers, due to extensive plastic

deformation.
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The thickness of the densified layers is reported in table 5.10 and the
microhardness profiles are shown in figure 5.26. The thickness is around 100-
130um. The thickness of the strain hardening layer, which is the distance from the
surface to the point where the microhardness drops to the core hardness, is higher
than the densified one, confirming that the plastic strain penetrates in depth

beneath the densified layer.

Table 5.10: densification depth of G.Sg/cm3 surface densified 0.05%, 0.2% and
0.4%C ACrL and AD4 sintered at 1120C

Materials T_hickness of
densified layer [ pm]
ACrL 0.05% 113.4
ACrL 0.2%C 103.4
ACrL 0.4%C 102
Materials T_hickness of
densified layer [ pm]
AD4 0.05%C 115.8
AD4 0.2%C 128.5
AD4 0.4%C 100.4
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Figure 5.26: microhardness profiles and densified depths of 6.8g/cm® surface

densified ACrL and AD4 sintered at 1120C

5.3.2. Surface morphology

The surface morphology is shown in figures 5.27 and 5.28, comparing the as

sintered condition to the surface densified one. The surface densification is clearly
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evident, but several residual defects are left on the surface, which is quite irregular,

significant of a poor surface quality.

0.2%C ACrL
As sintered Surface densified

AccV  Spot Magn  Det WD ——— 200 AccV  SpotMagn  Det WD F————— 200um

um
20.0kV 4.4 12bx GSE 99 0.6 Torr ACrL 6.8 0.2C 1120C 200kv 4.4 12bx GSE 10.0 0.6 Torr ACrL 6.8 0.2C 1120C peened

AccV  Spot Magn™ «Bet WD F——+ 20m AccV SpotMagn  Det WD F—— 20ym
20.0kV 4.4_1000x GSEQ9.9 0.6 Torr ACrL 6.8 0.2C 1120C 20.0kV 44 1000x GSE 10.0 0.6 Torr ACrL 6.8 0.2C 1120C peened

Figure 5.27: 6.8g/cm” 0.2%C ACrL sintered at 1120C
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0.2%C AD4

As sintered Surface densified

AccV  SpotMagn  Det WD F————— 200um AccV SpotMagn  Det WD F——————— 200pm

200 kv 4.4 12bx GSE 99 0.6 TorrAD46.8 0.2C 1120C 200 kv 4.4 12bx GSE 10.0 0.6 Torr AD4 6.8 0.2C 1120C peened

AccV SpotMagn  Det WD F—————— 20um AccV SpotMagn Det WD F—— 20um
200kv 44 1000x GSE 98 0.6 Torr AD46.80.2C 1120C 20.0kV 44 1000x GSE 10.0° 0.6 Torr AD4 6.8 0.2C 1120C peened

Figure 5.28: 6.8g/cm” 0.2%C AD4 sintered at 1120C

5.4. Concluding remarks

The results of the study on the influence of carbon content, density and sintering
temperature on the microstructure and impact properties can be summarized as
follows.

e Microstructures are: ferrite in 0.05%C steels, ferrite- perlite in 0.2%C
steels, bainite in 0.4%C ACrL and ferrite plus perlite in 0.4%C AD4, without
any significant effect of sintering temperature and density, confirmed also
by the dilatometric study.

« On the base of impact results, the effect of density is an increase in yield

load, maximum load and deflection because of the increase in load bearing
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section. For the same reason, on increasing sintering temperature
deflection increases, whilst yield and maximum load decrease because of
a slightly decarburization. On increasing carbon content, impact toughness
decreases because of perlite and bainite formation.

A simplified model was proposed to correlate the impact toughness to the
load bearing section, calculated through the image analysis of
microstructures. P, and Py. have a linear relationships with load bearing
section, whilst & and E have a polynomial correlation. Concerning the
microstructure effect, Pyand Py, are influenced by microhardness, whilst &
and E by the ferrite content.

Shot peening was used as a preliminary treatment to densify the surface.
The densified layer thickness is around 130um. However some residual
defects are left on the surface and the surface profile is rather irregular.
Shot peening parameters should be optimized to avoid such a residual

defectiveness
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6. Low Pressure Carburizing of Chromium

Steels

In this study ACrL and AD4 with density 6.8g/cm?®, 7.0g/cm® and 7.4g/cm?®, sintered
at 1120C and 1250C and with two carbon contents ( 0.05% and 0.2%C) were
considered. Some samples have been previously shot peened to densify the
surface. After shot peening the specimens have been polished and grinded with
SiC paper up to 1200 to remove the surface defects. The low pressure carburizing
(LPC) was carried out in an ALD plant in DANA Company (Arco di Trento, Italy)
with the target of a surface microhardness around 800-900HVO0.1 and a case depth
of 500-600um. The treatment parameters are listed in table 6.1.The carburizing
temperature was 945C and gas was acetylene. Quench ing was carried out with a

nitrogen flux at 6 bar. Tempering at 180<C for 2 ho urs was carried out after LPC.

Table 6.1: LPC treatments
Treatment Boost + diffusion time (minutes)
code I 1] 11} v V
LPC 1 2+ 15 1+1 1+4
LPC 2 2+ 10 1+15 1+19 1+27 1+4
LPC 3 2+10 1+15 1+21 1+4
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6.1. Three steps LPC- LPC 1
6.1.1. Effect of porosity

Microstructures and microhardness profiles of ACrL sintered at 1250C are shown

in figures 6.1- 6.6.

890 IACHL 0.05% C 6.8g/cm® 1250C

700 4
S
600 -i\i/ " -\!ﬂ

500

HV 0.1

400

300+

200- {\E

- o et Y = . Depth [um]
Figure 6.1: microstructure and microhardness profile of carburized 6.Sg/cm3
0.05%C ACrL sintered at 1250C

100

JACrL 0.05% C 7.0g/cm’ 1250C

A,

*\{\
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Figure 6.2: microstructure and microhardness profile of carburized 7.Og/cm3
0.05%C ACrL sintered at 1250C
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JACIL 0.05% C 7.4g/cm® 1250C
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Figure 6..3: microstructure and microhardness profile of carburized 7.4g/cm3
0.05%C ACrL sintered at 1250C
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Figure 6.4: microstructure and microhardness profile of carburized 6.Sg/cm3 0.2%C
ACrL sintered at 1250C
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JACIL 0.2% C 7.4g/cm® 1250C
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Figure 6.6: microstructure and microhardness profile of carburized 7.4g/(:m3 0.2%C
ACrL sintered at 1250C

In the 6.8g/cm® and 7.0g/cm® specimens an extensive precipitation of
proeutectoidic carbides at the prior austenitic grain boundary occurs, since the
“huge” exchange area, due to interconnected porosity, in combination with the high
carbon potential of carburizing atmosphere enhances C pick-up. Precipitation
involves a surface thickness of around 100pum, where microhardness is lower than
beneath, since grain boundary carbides do not contribute to hardening. The
amount of carbides increases on increasing the base carbon content and no effect
of the sintering temperatures was seen. Sintering at 1250C does not improve
porosity to such an extent that overcarburizing is avoided.

Figure 6.7 shows the XRD spectrum, elaborated to obtain the quantitative analysis
of the microstructural constituents of the outer layer of the carburized surface
(approximately 5um thin): martensite (46 %), cementite (Fe;C, 49%), retained
austenite (3%) and chromium carbide M»3Cgs (2%). In a previous work on 6.7g/cm3
0.35%C ACrM sintered at 1250C and low pressure car burized with one step cycle,
Danninger et al. [4] have reported that carbides are chromium cementite (Fe,

Cr)3C.
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Figure 6.7: XRD pattern of LPC1 ACrL

Figures 6.3 and 6.6 show that overcarburizing is prevented in 7.4g/cm?® steels and
the microstructures result to be homogeneous. However the thickness of the case
is too small and the surface microhardness is too low with reference to the target,
as shown in table 6.2. Even in the best case, i.e. 7.4g/cm3 steels, the target is not

matched.

Table 6.2: surface microhardness and case depths of LPC 1 steels

6.8/cm?® 7.0g/cm 3 7.4g/cm 3
ACrL Target
0.05%C | 0.2%C | 0.05%C | 0.2%C | 0.05%C | 0.2%C
HVO0.1 640 670 670 650 650 700 800-900
[?15;;)] 300 330 60 250 250 300 500-600

6.1.2. Effect of chemical composition of the steel

Microstructures and microhardness profiles of 6.8 g/cm3and 7.4 g/cm3 0.2%C

materials sintered at 1120<C are reported in figure s 6.8 -6.11.
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Fidurg 6.8: microstructure and microhardness profile of carburized 6.8g/cm3 0.2%C
ACrL sintered at 1120C
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Figure 6.11: microstructure and microhardness profile of carburized 7.4g/cm3
0.2%C AD4 sintered at 1120C

The grain boundary carbides precipitation occurs in 6.8g/cm® AD4, too. On
increasing density up to 7.4g/cm3 overcarburizing is fully avoided in ACrL and the
microhardness profile is quite good. In 7.4g/cm® AD4 only a few carbides are
present in the outer layers, however they do not affect the microhardness profile.
The comparison between the microhardness profiles of 7.4g/cm® specimens shows
that the case depth is greater in ACrL respect to AD4, because of the higher
hardenability.

6.1.3. Comparison between closed porosity and surface densification
Microstructures and microhardness profiles of 7.4g/cm® and 6.8g/cm3 surface
densified 0.05%C steels are reported in figures 6.12- 6.15; sintering was carried

out at 1120C. The microstructures and microhardnes s profiles of the 0.2%C steels

are shown in appendix.
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Figure 6.12: microstructure and microhardness profile of carburized 7.4g/cm3
0.05%C ACrL sintered at 1120C
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Figure 6.13: microstructure and microhardness profile of carburized 6.89/cm3
surface densified 0.05%C ACrL sintered at 1120C
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Figure 6.14 microstructure and microhardness profile of carburized 7.4g/cm

0.05%C AD4 sintered at 1120C
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Figur 6.15: mlcrostfucture nd microhardness profile of carburized 6.89/cm3

surface densified 0.05%C AD4 sintered at 1120C

In all the surface densified materials, the microstructure of the case does not show

the effect of overcarburizing and the microstructures are homogeneous, quite

similar to those of the 7.4g/cm3 ones. A difference can be appreciated between the

microhardness profiles, which are deeper in the 7.4g/cm3 specimens than in the

surface densified ones independently on the base carbon content. The reason

could lie in the effect of the surface porosity which, even if it is not communicating

with the internal one, enhances the exchange surface area increasing the carbon

pick-up. This results in a deeper effect of carburizing. To confirm the different C

pick-up between 7.4g/cm® and surface densified materials surface carbon content

of 0.05%C steels was analyzed and reported in table 6.3.

Table 6.3: carbon analyses

0.05%C 6.8g/cm”® 3
ACrL surface densified 7.4g/cm
1120C 0.42 0.51
1250C 0.47 0.49
0.05%C 6.8g/cm”® 3
AD4 surface densified 7.4g/cm
1120C 0.49 0.50
1250C 0.46 0.61
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The carbon pick-up on 7.4g/cm3 materials is effectively slightly higher than that in
surface densified ones. The greater amount of perlite in surface densified AD4
compared to the 7.4g/cm3 one, is a further confirmation of the lower C pick-up in
surface densified materials.

Table 6.4 reports the significant parameters of the microhardness profile: the
surface microhardness (HVO0.1) and the case depth (dsso). Sintered temperature

does not affected the results significantly.

Table 6.4: surface microhardness and case depths of LPC 1 steels

3
7.4g/cm?® 6.8g/cm ™
ACTL surface densified Target
0.05%C | 0.2%C | 0.05%C | 0.2%C
HVO.1 700 680 680 700 800-900
dsso 300 400 150 230 500-600
[um]
3
7.4g/cm 3 6.89/cm_ )
AD4 surface densified Target
0.05%C | 0.2%C | 0.05%C | 0.2%C
HVO.1 600 700 630 650 800-900
dsso 290 280 80 80 500-600
[um]

6.2. Five steps LPC- LPC 2

On the basis of the results obtained with LPC 1, a five steps low pressure
carburizing treatment (LPC 2) was carried out in order to increase the surface
microhardness up to 800-900HV0.1 and case depth (dssg) up to 600um. LPC 2 was
carried out only on 7.4g/cm® and surface densified steels, since low pressure
carburizing causes an extensive grain boundaries carbides precipitation in

6.8g/cm® and 7.0g/cm® specimens
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6.2.1. Microstructures and microhardness profiles

Microstructures and microhardness profiles of 0.05%C ACrL and AD4 are shown in
figures 6.16- 6.23, whilst those of 0.2%C steels are reported in appendix.

900~ ACrL 0.05% C 7.4g/cm’® 1120C
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S \
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. ,% - 7ol < Oum 0 100 200 300 400 500 600 700 800 900 1000 1100
3 T 3 . . . Depth [um]' 3
Figure 6.16: microstructure and microhardness profile of carburized 7.4g/cm
0.05%C ACrL sintered at 1120C
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Figu .17: micrstuctre nd microhardness profile of carburized 7.4g/cm3
0.05%C ACrL sintered at 1250C
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T ACrL 0.05% C 7.0glcm® 1120 surface densified
800
700
600
el
S 5004
T
400
300
200
e i B A T T S A B S S
% # - 0 100 200 300 400 500 600 700 800 900 1000 1100
2 % Depth [um]

Figure .1: microstructre and microhardness profile of carburized 7.Og/cm3
surface densified 0.05%C ACrL sintered at 1120C

T AcrL0.05% C 7.0g/cm® 1250C surface densified

800 -¥
700

600

—
500 \f
400 \ .
200 \E\i\i

100

HVO0.1

T T T T T T T T T T 1

¥ . . 0 100 200 300 400 500 600 700 800 900 1000 1100
”~ Uum
,J‘ Depth [um]

Figure 6.19: icrostructure and microhardness profile of carburized 7.Og/cm3
surface densified 0.05%C ACrL sintered at 1250C
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Figure 6.20: microstructure and microhardness profile of carburized 7.4g/cm3
0.05%C AD4 sintered at 1120C
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Figure 6.21: microstructure and microhardness profile of carburized 7.49/cm3
0.05%C AD4 sintered at 1250C
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Figure 6.22: microstructure and microhardness profile of carburized 7.Og/cm3
surface densified 0.05%C AD4 sintered at 1120C
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Figure 6.23: microstructure and microhardness profile of carburized 7.0g/cm?®
surface densified 0.05%C AD4 sintered at 1250C

79



Chapter 6: Low Pressure Carburizing of Chromium Steels

In both the 7.4g/cm3 and surface densified materials the microstructures of the
case does not show the effect of overcarburizing. The microhardness profiles are
deeper in the 7.4g/cm3 specimens than in the surface densified ones because of
the surface porosity role in warm compacted steels. Table 6.5 summarizes the
representative data of the microhardness profiles. Carbon content does not have

an appreciable effect on both surface microhardness and case depth.

Table 6.5: surface microhardness and case depths deep of LPC 2 steels

3 7.0g/cm®
ACrL 7.4g/cm surface densified Target
HVO0.1 770 750 800-900
1120 [(:fr?] 750 450 500-600
HVO0.1 750 760 800-900
1250C [(:fr?] 650 500 500-600
3 7.0g/cm®
AD4 7.4g/cm surface densified Target
HVO0.1 740 740 800-900
1120 [‘315;;)] 750 300 500-600
HVO0.1 800 740 800-900
1250 [iSr‘?;’] 650 500 500-600

The LPC 2 treatment effectively results in a deeper and harder case in comparison

to LPC 1 and in agreement with the target.
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6.2.2. Impact toughness
The results of impact tests, carried out on surface densified G.Bg/cm3 and 7.Og/cm3
specimens and 7.4g/cm® samples, are compared to the as sintered ones and

summarized in table 6.6.

Table 6.6: impact test results of LPC 2 steels

SURFACE DENSIFIED 'mpa‘:t[ﬁ”ergy [E,f,] &“;\j‘?
SPECIMENS
Surface Surface Surface
ACrL As densified As densified As densified
%C Densit;/ T sint | sint and sint and sint and
[g/cm 7] [C] carburized carburized carburized
0.05 6.8 1120 | 28 10 8 - 10 15
0.05 6.8 1250 | 42 10 8 - 11 17
0.05 7.0 1120 | 38 12 9 - 12 17
0.05 7.0 1250 | 69 11 10 - 13 18
0.2 6.8 1120 | 21 13 9 - 12 20
0.2 6.8 1250 | 34 11 9 - 14 19
0.2 7.0 1120 | 29 14 11 - 14 23
0.2 7.0 1250 | 52 13 10 - 16 21
AD4

0.05 6.8 1120 18 12 9 - 10 13
0.05 6.8 1250 | 33 9 8 - 11 14
0.05 7.0 1120 | 28 10 9 - 11 15
0.05 7.0 1250 | 47 9 9 - 12 15
0.2 6.8 1120 16 10 8 - 13 14
0.2 6.8 1250 | 27 8 8 - 11 14
0.2 7.0 1120 | 22 12 9 - 14 17
0.2 7.0 1250 | 40 10 11 - 14 15
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7.4g/cm3 Impact[ Jlinergy [IEKI] &“;\ﬁ
SPECIMENS
ACr_L - As Carburized AS Carburized AS Carburized
%C Densn;/ Tsint | sint sint sint
[g/cm 7] | [T]
0.05 7.4 1120 | 103 9 11 - 16 22
0.05 7.4 1250 | 156 9 11 - 16 20
0.2 7.4 1120 72 13 13 - 24 25
0.2 7.4 1250 95 11 12 - 18 26
AD4 -
0.05 7.4 1120 95 9 11 - 14 19
0.05 7.4 1250 | 124 15 11 - 14 19
0.2 7.4 1120 74 12 12 - 17 21
0.2 7.4 1250 | 100 10 12 - 17 21

The load-deflection curves of some materials are reported in figure 6.24.

00 ACrL 7.Ag/cm3 1120 0.2% C carburized
ffff ACrL 6.8g/cm® 1120 0.2% C surface densified and carburized — ACIL7 4g/cm3 1120C 0.2% C as sintered

—— ACrL 6.8g/cm® 1120T 0.2% C as sintered

Load [KN]
Load [KN]

) 5 6 6 8 10 12 14 16
Deflection [mm] Deflection [mm]
304
O AD4 7.49/cm3 1120 0.2% C carburized
"""" AD4 6.8g/cm’ 1120°C 0.2% C surface densified and carburized —— AD4 7‘49/cm3 1120 0.2% C as sintered
—— AD4 6.8g/cm® 1120C 0.2% C as sintered 254

Load [KN]
Load [KN]

T T T T T 1
0 1 2 3 4 5 6 8 10 12 14 16
Deflection [mm] Deflection [mm]

Figure 6.24: examples of load-deflection curves
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All the carburized materials have an elastic behavior without any significant plastic
deformation. The impact energy strongly decreases irrespective to carbon content,

bulk density and sintering temperature and it ranges between 9 and 15J.
6.3. Microstructural improvement of overcarburized materials
6.3.1. Solution annealing treatment

In order to improve the overcarburized microstructures, the grain boundary
carbides have to be dissolved in the matrix to obtain a homogeneous carbide free
microstructure.

The preliminary study was carried out on 7.0g/cm® 0.2%C ACrL sintered at 1120C
and carburized with LPC1 cycle. The microstructure and microhardness profile of
the as carburized material are reported in figure 6.25.

11007 AcrL 7.0g/cm® 1120C 0.2% C carburized

1000

*/\f/
=Y ., A
j N

HV0.1

T T T T T T T 1
0 100 200 300 400 500 600 700 800

Depth [um]

100um
Mo

Figure 6.25: microstructure and microhardness profile of carburized
7.0g/cm® 0.2%C ACrL sintered at 1120C

The case has an extensive grain boundary precipitation of carbides in an external
200pm. The maximum microhardness corresponds to the boundary between this
layer and the inner part of the case. The carbon content of the case calculated in a

500um thick surface layer, is 1.1%.
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According to the Thermo-Calc diagram (fig. 6.26) cementite can be dissolved at
temperature over 900C.However carbides are chromium enriched, which results
in an higher solution temperature than that of iron cementite. Consequently heat
treatments have been carried out at 1050C and 1100 .

1100 -
1080
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~ 950
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o 900
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i 0 0.6 1.0 1.6
o %C

Figure 6.26: Thermo-Calc equilibrium diagram of ACrL

The preliminary solution annealing treatment was carried out with the following
cycle:

- Heating up to 1050C and 1100 with a heating rat e of 0.8K/s;

- Isothermal holding for 20 minutes;

- Cooling down by high pressure nitrogen flux at 2K/s and 5K/s.

The microstructure and the microhardness profile of the material treated at 1050C

are reported in figure 6.27.
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Figure 6.27: microstructure and microhardness profile of carburized of carburized
7.0g/cm® 0.2%C ACTL sintered at 1120T and solution annealed at 10 50C

100um
promemniee g

The SEM image (fig. 6.28) shows some residual carbides at the grain boundaries,
which are not observed at the optical microscope. However, the microhardness
profile has the typical trend of carburized steel, even though the microhardness
decrease at around 400um is quite sharp.

AccV  SpotMagn Det WD ———— 20um
200kv 38 1600x BSE 7.3 0.7 Torr ACIL cem+sol 1060Cx20

Figure 6.28: SEM micrograph of carburized 7.0g/cm™ 0.2%C ACrL sintered at
1120 and solution annealed at 1050C

Since the dissolution of carbides is not complete at 1050C the solution annealing
temperature was increased up to 1100C maintaining the same isothermal holding
time. The effect of different cooling rates was investigated (2K/s and 5K/s).The

microstructure resulting from a treatment with a cooling rate of 2K/s is shown in
figure 6.29.
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AccV Spot Magn - Det WD F———— 20 ym
16.0kV. 3.8 800x BSE 7.8 0.7 Torr ACrL carb+sol 2Kjs

100pm
—_—

a)
Figure 6.29: microstructures of carburized 7.Og/cm3 0.2%C ACrL sintered at
1120, solution annealed at 1100°C and cooled down at 2K/s: a) LOM
micrograph and b) SEM micrograph

b)

The SEM image (fig. 6.29b) indicates some grain boundary precipitation in the
case, which is completely eliminated by cooling down at 5K/s, as shown by the
microstructural analysis in figure 6.30. The microhardness profile after cooling at
5K/s is reported in figure 6.31.

AccV Spot Magn Det WD H—— 20m
20.0kV 42 1260x  BSE 10.0 0.7 Torr ACIL cem+sol 1100Cx20

100um
]

a) b)

Figure 6.30: microstructure of carburized 7.0g/cm® 0.2%C ACrL sintered at 1120,

solution annealed at 1100Cand cooled down at 5K/s: a) LOM micrograph and b)
SEM micrograph
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1100 ACrL 7.0g/em® 1120C 0.2% C

carb.+sol. 1100Cx20min 5K/s
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HV0.1
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Figure 6.31: microhardness profile of carburized 7.0g/cm® 0.2%C ACTrL sintered at
1120, solution annealed at 1100 and cooled down at 5K/s

The microhardness profile is deeper thanks to the enhanced dissolution of
carbides.

The impact resistance of solution annealed and 200°C tempered ACrL is reported
in table 6.7 and compared to that of 7.4g/cm3 and surface densified carburized

material. In this case the solution annealing was carried out at 1150<C.

Table 6.7: impact energy of carburized 0.2%C ACrL with different porosity

Impact Energy
Tempering [J]
[C] 7.0g/cm”® 3 7.0g/cm®
solution annealed 7.4g/em surface densified
200 7 10-11 9-11

The impact toughness of the three materials after 200°C tempering is quite similar.
The impact energy is slightly lower in the solution annealed specimen than those of

the carburized 7.4 g/cm3 density or surface densified materials.
6.4. Fatigue resistance

A four steps low pressure carburizing (LPC 3) was carried out to study the fatigue

resistance of the steels. Since low pressure carburizing causes an extensive grain
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boundaries carbides precipitation in 6.89/cm3 and 7.Og/cm3 specimens, fatigue
resistance was evaluated only for 7.4g/cm3 and surface densified materials.
Solution annealing can effectively eliminate overcarburizing, therefore fatigue tests

were carried out also on solution annealed and tempered steels.
6.4.1. Microstructure and microhardness profile

The target for low pressure carburizing is a surface microhardness of around 800-
900HVY and a case depth of around 500-600um. Microstructures and

microhardness profiles of LPC 3 steels are shown in figures 6.32- 6.35.
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Figure 6.32: microstructure and microhardness profile of carburized 7.4g/cm?®
0.2%C ACrL sintered at 1120C
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Fiure 6.33: microstructure and microhardness profile of carburized 7.4g/cm
0.2%C ACrL sintered at 1250C
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Figur .3: microstructure and microhardness profile of carburized 7.0g/cm®
surface densified 0.2%C ACrL sintered at 1120C
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Figure 6.35: microstructure and microhardness profile of carburized 7.Og/cm3
solution annealed 0.2%C ACrL sintered at 1120C

In 7.4g/cm® materials the microstructure of the case is homogeneous for both the
sintering temperatures; quite similar to those of the surface densified and solution
annealed ones. Table 6.8 summarizes the representative data of the
microhardness profiles (surface microhardness and dsso) of the materials. The
microhardness profiles are deeper in 7.4g/cm® specimens respect to the surface
densified ones because of the absence of surface porosity. The solution annealed
and 200C tempered ACrL archives a deep microhardne ss profile similar to that of

surface densified materials.
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Sintered temperature does not affected the case microstructure and the
microhardness profile, significantly. Therefore, the results of surface densified and

solution annealed steels are reported only for the low temperature.

Table 6.8: microhardness and case depth of carburized steels

7.4g/cm® 0.2%C
ACTL Target
HVO0.1 790 800-900
1120 dsso 430 500-600
[um]
HVO0.1 820 800-900
1250T dsso 480 500-600
[um]
7.0g/cm”®
0.2%C ACrL Target
Surface Solution 9
densified annealed
HVO0.1 710 730 800-900
dsso 360 360 500-600
[um]

6.4.2. Fatigue resistance

The results of the stair case method are reported in figure 6.36 and the fatigue

resistance at 2x10° cycles are listed in table 6.9.
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Figure 6.36: fatigue results of carburized 0.2%C ACrL: a) 7.4g/cm’ sintered at
1120, b) 7.4g/cm ® sintered at 1250C, ¢) 7.0g/cm * sintered at 1120C and
surface densified, d) 7.Oglcm3 sintered at 1250<C and surface densified, €)
7.Og/cm3 sintered at 1120<C and solution annealed and f) 7. Og/cm3 sintered at
1250 and solution annealed
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Table 6.9: fatigue resistance at 2x10° cycles of low pressure carburized steels

Fatigue resistance at 2x10 ° cycles [MPa]
7.4g/cm® 0.2%C 7.0g/cm®0.2%C 7.0g/cm® 0.2%C
ACTL ACrL 3 _ ACrL
surface densified solution annealed
1120C 350+36 30316 286121
1250C 473125 331+7 30316

The fatigue resistance of the solution annealed material is similar to that of the
surface densified one, confirming that solution annealing is a real alternative to
surface densification for low pressure carburizing of sintered steels. The 7.4g/cm3
materials have the highest resistance, as expected.

6.4.3. Fracture surface analysis

The fracture surfaces of carburized materials are reported in figures 6.37-6.39.

Spot Magn ~ Det’ WD Exp m AccV. - Spof Magn  Det: WD Exp. F—7—=-4 500
6

e . :
20x% SE 78 1 AGHL 74 1120C carb 20.0kv 86 -40x SEU16 1 4 AGHL 741120C carby

V" Spot Magn Det WD~ Exp. - F————1 007
0KV 886 - 80x I'SE 520\ ACrL 74 11200 carby
P

Figure 6.37: fracture surface of carburized 7.49/cm”0.2%C ACTL sintered at 1120C
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Figure 6.38: fracture surface 0 crburizd 7.0/cm surface ensified 0.2%C ACrL
sintered at 1120C
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Figure 6.39: fracture surface of carburized .Og/c slutioannealed 0.2%C ACrL
sintered at 1120C

The analysis of the fracture surface shows a subsurface crack nucleation (300-
400um), in correspondence of either a cluster of pores or a large pore, as usual in
porous sintered steels. The movement of the fatigue crack initiation in the
subsurface layers is due to both surface hardening and compressive residual
stresses generated by carburizing; the crack nucleates in correspondence of the
maximum tensile stress and where the hardness is not affected by the treatment.
The similar fatigue resistance of the surface densified and of the solution annealed
steels is due to the very similar case hardness and depth. At the same time, the
better fatigue resistance of the 7.4g/cm3 steels is due to the deeper case, as well
as to the higher bulk density, which improves the pore distribution (clusters) and
size (large pores).
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6.4.4. Evaluation of the low pressure carburizing effect on the fatigue
resistance

To evaluate the effect of low pressure carburizing on fatigue resistance of ACrL,
the comparison with others thermochemical treatments is necessary. With
reference to the data reported in table 6.10 the fatigue resistance of low pressure
carburized 7.4g/cm® 0.2%C ACTL sintered at 1120 is similar to that r eported by
Kanno et al.[20], concerning to the same LPC steel with higher sintering
temperature (1280%C). Kanno shows that shot peening increases the fatigue limit
of low pressure carburized material, exceeding 470MPa. The same fatigue
resistance is archived by low pressure carburized 7.4g/cm3 0.2%C ACrL sintered at
1250C.

Table 6.10: fatigue resistance of low pressure carburized ACrL steels

Fatigue resistance at
2x10° cycles
[MPa

Densit T Shot Kanno et al.
%C A

[g/cm °] | Sintering peened [20]
02| 73 | 1280T NO 360-39 -

' ' LPC | YES >470 .

0.2 7.4 1120C NO - 350+36
0.2 7.4 1250C NO - 473425

The comparison with plasma carburized steels shows that the fatigue strength of
the low pressure carburized 7.4g/cm® ACrL sintered at 1120C is higher than that
obtained by plasma carburizing, in particular on increasing sintering temperature
(tab. 6.11). Moreover, the fatigue strengths of LPC surface densified steels and
solution annealed ones are quite similar to those of plasma carburized 7.1g/cm?®
ACrL, confirming that solution annealing treatment represents an effective

technique for low pressure carburizing of sintered steels with open porosity.
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Table 6.11: fatigue resistance of plasma carburized and low pressure carburized

ACrL steels
Fatigue resistance
at 2x10° cycles
[MPa]
Densit T Plasma Low
%C [/cm%i Sinterin carburized pressure
9 9 [35] carburized
0.2 7.1 1120C 30548 -
02| 7.0 1120¢ | Surface ] 3036
densified
02| 70 | 1120¢ | Solution - 286421
annealed
0.2 7.1 1250C 329423 -
0.2 | 7.3-74 1120C 33746 350436
0.2 | 7.3-74 1250C 366+20 473+25

6.5. Concluding remarks

The results of the work on low pressure carburizing can be summarized as follows.

In presence of open porosity Cr steels are overcarburized.

Overcarburizing is avoided by a closed porosity, performed by both surface
densification and on increasing density up to 7.4g/cm3.

Case depth is deeper in 7.4g/cm3 specimens, even in presence of a fully
closed porosity, than in surface densified steels.

Case depth is deeper in ACrL than in AD4 because of the greater
hardenability.

Target of surface microhardness and case depth is matched by a five
steps treatment having a total boosting time of 6 minutes and diffusion time
of 115 minutes.

Carburizing causes the embrittlement of the materials, independently on

bulk density. Impact behavior of all the carburized steels is purely elastic,
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plastic deformation is completely suppressed by the thermochemical
treatment.

Overcarburizing can be eliminated by a solution annealing treatment
followed by a tempering at 200<C.

The plane bending fatigue resistance increases up to 470MPa after low
pressure carburizing. The analysis of the fracture surface of the carburized

steels shows subsurface crack nucleation in all the materials.
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7. Plasma Nitriding of Chromium Steels

Plasma nitriding was carried out with two selected industrial treatments on the
steels with density 6.8g/cm® 7.0g/cm® and 7.4g/cm®, sintered at 1120C and
1250C and with three carbon contents (0.05%, 0.2% and 0.4%). Some sample
have been surface densified previously.

The treatments were carried out in an industrial plant (Vacuum Company, Milano,
Italy) with the target represented by: a case depth of 250-350um and the absence
of compound layer around the subsurface pores and a surface microhardness of
700-800HV0.05. The treatment parameters are listed in Table 7.1.

Table 7.1: PN treatments

Time
Temperature h]
Treatment [C] Nitriding Diff usion
(80N,/ 20H,) (90N,/10H,)
PN 1 480 20 8
PN 2 480 48 24

7.1. Microstructures and microhardness profiles
7.1.1. 20 hours nitriding and 8 hours diffusion at 480C

Microstructures and microhardness profiles of 7.Og/cm3 ACrL and AD4 sintered at
1250 are reported in figures 7.1- 7.6.
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PN 1 is poorly effective on the steels and even in the best case, 0.4%C ACrL,
surface microhardness and case depth are too low with reference to the target
(tab. 7.2)

Table 7.2: surface microhardness and case depths of PN 1 steels
ACrL 0.05%C | 0.2%C 0.4%C Target
HV0.05 630 670 700 700-800
[ffr?] 90 90 120 250-350
AD4 0.05%C | 0.2%C 0.4%C Target
HV0.05 550 550 550 700-800
[isr?;’] 10 10 10 250-350

The ferritic (ferritic-perlitic) microstructure and the less content of chromium reduce
the nitrability of AD4 respect to ACrL. Therefore AD4 and the ferritic 0.05% C ACrL,
which do not show satisfactory results after nitriding, will be neglected in the next

study.
7.1.2. 48 hours nitriding and 24 hours diffusion at 480C

Microstructures and microhardness profiles of 6.8g/cm® and 7.4g/cm® ACrL
sintered at 1120C are shown in figures 7.7- 7.10, whilst those of the steels
sintered at 1250C are reported in appendix.
microhardness profiles of nitrided 7.Og/cm3 ACrL sintered at 1120C and 1250C

The microstructures and

are also present in appendix.
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Figure 7.7: microstructure and microhardness profile of 6.8g/cm™ 0.2%C ACrL
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Figure 7.10: microstructure and microhardness profile of 7.4g/cm™ 0.4%C ACrL

sintered at 1120C
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A 10um thick compound layer is present in all the materials. The XRD pattern of
the nitrided 7.Og/<:m3 0.2%C ACrL sintered at 1250C is reported in figure 7.11 and
gives the composition of the compound layer and of the diffusion one: ferrite (a),
FesN (y') and Fe,sN (g).
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Figure 7.11: XRD pattern of nitrided 7.0g/cm3 0.2%C ACrL sintered at 1250°

The surface microhardness and the case depths (dssg) are summarized in table
7.3. The surface microhardness is around 700HVO0.05; it slightly increases on
increasing the sintering temperature whilst it does not depend on density and the

carbon content. Case depth increases with carbon content and sintering
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temperature, mainly because of the base microhardness (around 70HV0.05 higher
in the material sintered at 1250 or containing 0. 4%C) and it does not depend on
density. Anyway, it ranges from 200 to 450um. The results correspond quite well
with the target.

Table 7.3: surface microhardness and case depths of PN 2 steels

6.8g/cm? 7.0g/cm?® 7.4g/cm?
Target
0.2%C | 0.4%C | 0.2%C | 0.4%C | 0.2%C | 0.4%C
HV0.05| 700 | 690 | 700 | 730 | 690 | 690 | 790
800
1120C (— —
550 -
i | 200 | 360 | 250 | 450 | 250 | 250 | 520
HV0.05| 730 | 730 | 720 | 720 | 700 | 730 | 790
800
1250C (— —
50 | 400 | 480 | 440 | 410 | 350 | 355
[um] 350

7.1.3. Effect of surface densification

PN 2 was carried out on 7.Og/cm3 0.2%C ACrL, previously surface densified, in

order to study the effect of the surface densification. The microstructural

characterization is shown in figure 7.12.

g
iﬁf : 50pum
| ee—

Figure 7.12: microstructures of nitrided 0.2%C ACrL, sintered at 1120C: a)
7.0g/cm® surface densified and b) 7.0g/cm®
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The microstructure of surface densified and nitrided materials (fig. 7.12a) is similar
to that of nitrided steels (fig. 7.12b) and the densified surface layer is clearly
evident.

The surface densification does not lead to a further improvement in the
microhardness profile (fig. 7.13). The surface microhardness of the surface
densified steel is around 650HVO0.1, independently on density and sintering
temperature, lower than that of nitrided material (7O0HVO0.1). The case depth
slightly increases in the surface densified specimens (180um) with reference to the

nitrided ones (160um), without any systematic effect of density and sintering

tem peratu re.
B 800 s .
8009 ACrL 7.0g/cm® 0.2% C 1120T surface densified and nitrided ACrL 7.0g/cm" 0.2% C 1120C nitrided
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Figure 7.13: microhardness profiles of nitrided 0.2%C ACrL sintered at 1120<C: a)
7.0 g/cm3 surface densified and b) 7.0 g/cm3

There is not a contribution on the final microhardness profile provided by shot
peening. Nitriding prevails noticeably on shot peening, as shown by the
comparison between the microhardness profiles of the nitrided (fig. 7.14a) and the

surface densified (fig. 7.14b) material.
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Figure 7.14: microhardness profiles of 6.8g/cm® ACrL 0.2%C sintered at 1120C: a)
nitrided and b) surface densified

7.2. Impact toughness

The results of the impact tests are listed in the table 7.4.

Table 7.4: impact tests results of PN2 steels

Impact Energy Py Prmax
[J] [KN] [KN]
e De'or‘girt;/ T sint s’?:t Nitrided S?:t Nitrided s/?:t Nitrided
[glcm”] | [C]

02 | 68 1120 | 2141 4 ; 12 9
02 | 68 1250 | 3442 6 ] 14 12
02 | 70 1120 | 2942 5 11 - 14 10
02 | 70 1250 | 5247 7 10 - 16 13
02 | 74 1120 | 7245 6 13 ) 24 14
02 | 74 1250 | 95+4 11 12 - 18 16
04 | 68 1120 | 132 4 12 ; 17 11
04 | 68 1250 | 2344 5. 13 - 20 12
04 | 70 1120 | 1941 4 12 - 19 11
04 | 7.0 1250 | 334 5 11 - 21 12
04 | 74 1120 | 40 4 14 - 25 12
04 | 74 1250 | 7241 5 15 - 26 13
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Some of the load-deflection curves of PN2 ACrL are reported in figure 7.15
comparing the as sintered condition to the nitrided one.
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Figure 7.15: examples of load-deflection curves

oo

In 0.2%C materials, plasma nitriding causes the reduction of the plastic field, but
resilience (the energy adsorbed in the elastic field) either remains unchanged or
slightly increases (Pmax Of the nitrided material is comparable to P, of the
corresponding as sintered one).

In 0.4%C steels, the plastic field is completely eliminated and the resilience is
strongly reduced (Pmax Of the nitrided material is lower than P, of the corresponding

as sintered one). This trend was confirmed for all the density and sintering
temperature conditions.
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Impact energy decreases significantly because of the quite low intrinsic fracture
toughness of the diffusion layer (around 10-15MPa m°'5) which, in combination with
porosity, results in a brittle behaviour under impact loading. Anyway, the higher
impact toughness is shown by the 0.2%C materials.

The results of impact tests carried out on surface densified and nitrided ACrL were

reported in table 7.5.

Table 7.5: impact tests results of surface densified PN 2 steels

SURFACE DENSIFIED
SPECIMENS Impact P
ACrL Energy [KN]
gc | Density [T sint (9]
[g/cm ] [C]
0.2 6.8 1120 3 10
0.2 6.8 1250 4 11
0.2 7.0 1120 4 11
0.2 7.0 1250 5 13
0.4 6.8 1120 2 10
0.4 6.8 1250 3 11
0.4 7.0 1120 3 12
0.4 7.0 1250 3 13

Some load-deflection curves are reported in figure 7.16 comparing the as sintered

condition to the nitrided one.
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Figure 7.16: impact curves of 7.0g/cm® 0.2%C ACTL sintered at 1120C: as
sintered, nitrided and surface densified and nitrided

Surface densification does not have a positive effect on the impact resistance even
in this case impact energy decreases significantly because of the embrittlement

induced by the nitriding.
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7.3. Fatigue resistance

The study of the fatigue resistance of nitrided (PN 2) steels was carried out on
different steels, with the task of evaluating the influence of the as sintered
microstructure (mainly porosity) on the resistance after nitriding. The 7.0g/cm®
1120 sintered steel was taken as a reference and the following variants were
considered:
- a higher sintering temperature (1250C), which increases density slightly
and improves pore morphology significantly;
- asurface densification, which eliminates the surface pores;
- a 7.4g/cm3 steel, which has higher density and higher fraction of closed
porosity;
- a 7.4g/lcm?® steel sintered at 1250C, which has higher density and an
almost closed porosity, i.e. the bets microstructure.

The list of specimens is reported in table 7.6.

Table 7.6: materials considered in fatigue tests of nitrided steels

Description
ACrL 7.0g/cm®0.2%C Base
1120
ACrL 7.0g/cm® 0.29%C Increase in density
1250C and improve pore
morphology
3
ACrL 7532/8% 0.2%C Densified surface
ACrL 7.4g/cm®0.2%C Increase in density
1120C and closed porosity
ACrL 7.4g/cm®0.2%C Increase in density
1250C and closed porosity

The results of the stair case method are reported in figure 7.17 and the fatigue

resistances at 2x10° cycles are summarized in figure 7.18.
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Figure 7.17: fatigue results of nitrided 0.2%C ACrL: a) 7.0g/cm® sintered at 1120C,
b) 7.0g/cm?® sintered at 1250C, c) surface densified, d) 7.4g/ cm® sintered at
1120 and e) 7.4g/cm ° sintered at 1250C
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Figure 7.18: fatigue resistance of PN 2 steels

It is well evident that the positive effect of density and sintering temperature on the
fatigue resistance is maintained after nitriding. The nitrided 7.4g/cm3 0.2%C ACrL
sintered at 1250C and 1120C have the highest fati gue resistance. Surface
densification leads to an improvement of the fatigue resistance comparable to that
attained by increasing sintering temperature from 1120C up to 1250C, but lower

than that attainable by increasing density from 7.0g/cm® up to 7.4g/cm®.

7.4. Post nitriding shot peening

A post nitriding shot peening was carried out on 7.Og/cm3 and 7.4g/cm3 0.2%C

ACrL sintered at 1120T and 1250C in order to inve stigate the fatigue resistance.
7.4.1. Microstructure

The microstructures of post nitriding shot peened 7.0g/cm® ACrL sintered at
1120 and at 1250C are reported in figure 7.19.
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Jum = : . 50um
T, =)
Figure 7.19: microstructures of post nitriding shot peened 7.Og/cm3 0.2%C ACrL
sintered at: a) 1120C and b) 1250C

The compound layer (around 10um) is still present after shot peening, confirming
the good adhesion to the substrate. The SEM characterization of the post nitriding
shot peened surfaces indicates that shot peening closes the surface porosity but
the plastic deformation is not well controlled, and some residual defects are left on

the surface (fig. 20), in particular in the steel with lower density (fig. 20a).

AccV SpotMagn  Det WD F——— 20
20.0kV 4.8 800x. GSE 11.1 1.0 Torr ACrL 74 'Surf nitri+sp b)

AccV Spot Magn  Det WD F—— 20um
20.0kv 48 800x GSE.11.1 0.8 Torr ACrL 7.0 surf nitri+sp

a)
Figure 7.20: surface of post nitriding shot peened 0.2%C ACrL sintered at 1120<C:
a) 7.0g/cm?®and b) 7.4g/cm?®

7.4.2. Microhardness profile

The microhardness profiles of post nitriding shot peened steels are shown in figure

7.21.
113



Chapter 7: Plasma Nitriding of Chromium Steels

800 4

700 4

600

500

HV 0.1

400 A

300 4

200

100 +

ACtL 7.0glcm® 0.2% C 1120 post nitriding shot peened

ACrL 7.Oglcm3 0.2% C 1250 post nitriding shot peened

0

800

7004

600 4

500

HV 0.1

3004

200+

1004

T
0 100

400 -

T T T
400 500
Depth [um]

T T
200 300

0

ACrL 7.4g/cm® 0.2% C 1120 nitrided and shot peened

T T T T
0 100 400 500
Depth [pm]

T T
200 300

800
\i
700 \i
600 —a "
,,,,,,,,,,,,,,,,,,,,, e
m—
~ 500 .
3 :
>
T 4004
300
o %
Ny 200 \i
100
T T 1 0-r T T —— T T T )
600 700 800 0 100 200 300 400 500 600 700 800
a) Depth [um] b)
ACTL 7.4g/cm® 0.2% C 1250 nitrided and shot peened
800 -]
i
700 i\i/'\
600 -]
s /i\-
g 1
> \l
I 4004 N
300 i\
L]
200 \\.
100
T T ) 0 T T T T T T T 1
600 700 800 0 100 200 300 400 500 600 700 800
C) Depth [um] d)

Figure 7.21: microhardness profiles of post nitriding shot peened 0.2%C ACrL: a)
7.0g/cm’ sintered at 1120, b) 7.0g/cm * sintered at 1250C, ¢) 7.4g/cm ° sintered
at 1120C and d) 7.4g/cm * sintered at 1250C

The post nitriding shot peening effectively increases the surface microhardness

and case depth, respect to that of nitrided steels, up to 790HV0.1 and 350um,

respectively (tab. 7.7). This is due to the compressive residual stresses and work

hardening induced by shot peening near the surface. The compressive residual

stress in post nitriding shot peened specimens are reported in table 7.8. The

values increase on increasing sintering temperature and density because the yield

strength increases.
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Table 7.7: surface microhardness and case depth of PN 2 and post nitriding shot
peened steels

7.0g/cm*® 0.2%C ACrL 7.4g/cm ° 0.2%C ACrL
Nitrided Post nitriding Nitrided Post nitriding
shot peened shot peened
HVO0.1 680 750 650 730
1120T dsso 160 190 160 280
[um]
HVO0.1 710 790 700 780
1250T dsso 170 350 230 290
[um]
Table 7.8: compressive residual stresses of post nitriding shot peened materials
Residual stresses [MPa]
7.0g/cm® 0.2%C ACrL 7.4g/cm * 0.2%C ACrL
On surface 30um depth On surface 30um depth
1120<C -558 + 17 -771+14 =770 £17 -767 £ 14
1250C -769 + 22 -839 +15 -863 £ 22 -911+ 14

7.4.3. Fatigue resistance
The results of the fatigue tests carried out on post nitriding shot peened steels are

shown in figure 7.22 and the fatigue resistances at 2x10° cycles are summarized in
table 7.9.
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Figure 7.22: fatigue results of post nitriding shot peened 0.2%C ACrL: a) 7.0g/cm
sintered at 1120, b) 7.0g/cm ° sintered at 1250, c) 7.4g/cm ° sintered at 1120C
and d) 7.4g/cm® sintered at 1250C

Table 7.9: fatigue resistance at 2x10° cycles of post nitriding shot peened

steels
Fatigue resistance at 2x10 6 cycles
[MPa]
7.0g/cm®0.2%C ACrL 7.4g/cm 2 0.2%C ACrL

Nitrided Post nitriding Nitrided Post nitriding
shot peened shot peened

1120C | 213+15 188+6 290 £ 20 263+6

1250C 240+ 4 215+11 343+9 33720

The fatigue values of post nitriding shot peened steels are similar to those of

nitrided ones.
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7.5. Fracture surface analysis

The fracture surfaces of nitrided specimens show two different morphologies in the
diffusion layer (fig. 7.23a) and in the bulk (fig. 7.23b). The former is brittle

(cleavages) whilst the latter is ductile (localized dimples).

AccY  SpotMagn Det WD ————— 50 um
20.0kV 3.6 400x GSE 8.1 0.6 Torr ACrL nitrided b)

AccY SpotMagn Det WD Exp 1 50um
20.0kV 3.6 400x GSE 83 1 0.6 Torr ACrL nitrided

i a) :
Figure 7.23: fracture surface of nitrided 7.Og/cm3 0.2%C ACrL sintered at 1120<C:
a) diffusion layer and b) bulk

Since in plasma nitrided steels the maximum tensile stress is below the surface
according to the superimposition of residual stress and applied stress, crack
nucleates in depth and stops growing inside the diffusion layer, improving the high
cycle fatigue resistance [34]. The analysis of the fracture surface of the nitrided
steels shows subsurface crack nucleation in all the nitrided materials. In nitrided
7.0g/cm® material (fig. 7.24) and in surface densified one (fig. 7.25), fatigue crack
nucleates beneath the surface in correspondence of a cluster of pores and
propagates along the network of interconnected pores, as usual in sintered steels.
In post nitriding shot peened 7.4g/cm3steel (fig. 7.26) crack starts from a well-

defined fish eye.
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{

AccV  SpotMagn  Det WD Exp -F——— 1mm A‘cc"VISpoi Magﬁ, Det ‘WD Exp ————1 600um.
20.0kV 48 20x SE 9.7 1 ACrL nitrided 29,0‘ kv48 “A1x = . SE- 97 1 ACrL nitrided

AccV._ Spot Magn'  Det ‘WD Exp’ F——"—1 200 um
200KV 48 '81x . SE 97 1 ACtL nitrided

Figure 7.24: fracture surface of nitrided 7.0g/cm~0.2%C ACrL sintered at 1120C
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AccV 'SpotMagn Det WD Exp F——— 1mm AceV SpotMagn o -Det WD, Exp ——— 500um
200KV 48 20x ~ SE 1071 - 7.0ACIL pesnedsnitr 200KV 48 40x o SE16Y 7.0 ACTT peened+nitr

s s : ot ¢ -
AceV:  Spot Magn /Det WD jExp- ===l " 200/um
20.0kv-4.8 “Box. " SE 1141 7.0 ACrL peened+nitr

Figure 7.25: fracture surface of nitrided 7.0g/cm surface densified 0.29%C ACrL
sintered at 1120C
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AccV  Spot:Magn. ~ Det WD Exp t—=———d" 1mm ; , AcoV - Spot Magn. - Dot WD~ Exp’ r————1", 500 i
200kv 44 20x SE 12841 ACH:74nitrispeened 200kv44 40x  SE 128 1  ACrL 7.4 nitri+peened

AceV " SpotMagi /Dot WD, Exp - F——1:200 fim *
20.0,KV- 4.4, 80% 3 SE;' 1801 ACrt 7 4 mtm‘gee»ed #

Figure 7.26: fracture urface of post nitriding shot pened 7.4g/cm® 0.2%C ACrL
sintered at 1120C

The effect of nitriding is that of moving the site for crack nucleation towards the
interior (around 1mm), where the stress intensity is higher than at the surface. The

surface densification and post nitriding shot peening do not modify this depth.

7.6. Evaluation of the plasma nitriding effectont  he fatigue resistance

To evaluate the effect of plasma nitriding on the fatigue resistance of the ACrL
steel, reference with data reported in literature is made considering materials with a

carbon content higher than 0.2% [35, 55- 57]. There is no interest on using a

0.2%C as sintered steel in structural application. Data are compared in table 7.10.
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Table 7.10: fatigue resistances of ACrL steels

Fatigue resistance
at 2x10° cycles
[MPa]
Density |\~ T %C | Assintered | Plasma nitrided
[g/cm 7] | sintering
213+£15
0.2 250+15
(surface densified)
1120 0.6 204416 [35]
0.55 236+9 [57]
7.0-7.2 0.8 261 [55, 56]
0.2 24015
1950C 0.6 257+4 [35]
0.55 250 [57]
0.8 320 [56]
0.2 290+20
1120<C 0.55 21348 [57]
7.3-7.4 0.6 270 [35]
0.2 34319
1250C
0.6 256+20 [35]

The fatigue resistance of plasma nitrided 0.2%C steel is comparable to that of an
as sintered 0.55-0.6%C material when density is 7.0- 7.Zg/cm3. The effect is
significantly higher when density is 7.3- 7.4g/cm3.

7.7. Concluding remarks

The main results of the effect of plasma nitriding on Cr steels can be summarized
as follows.
* 0.05%C ACrL, 0.05% and 0.4%C AD4 are not suitable materials for
nitriding because of ferritic- perlitic microstructure.
e Two steps treatment, made of 48 hours of nitriding and 24 hours of
diffusion, results in a case depth of 250-400um, which increases on
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increasing carbon content and sintering temperature. Surface
microhardness is 700HV0.05 independent on carbon content, density and
sintering temperature.

Surface densification does not improve microhardness profile, since
nitriding effect prevails noticeably on shot peening.

All the materials become brittle after nitriding and the impact behavior of all
the carburized steels is purely elastic. 0.2%C ACrL has an higher impact
toughness than 0.4%C one after nitriding.

Surface densification leads to an improvement in fatigue resistance
comparable to that attained by increasing sintering temperature up to
1250<C.

Post shot peening increases case depth and surface microhardness, but it
does not lead to a further improvement in fatigue resistance.

Fatigue resistance of nitrided 0.2%C steel is comparable to that of as
sintered 0.55- 0.6%C ones, when density is 7.0- 7.2g/cm?, and significantly
higher with 7.3- 7.4g/cm3.

Analysis of fracture surface shows subsurface crack nucleation in

correspondence of mainly a cluster of pores.
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8. Shot Peening of Chromium Steels

In order to evaluate the effect of shot peening treatment on the fatigue properties of
sintered steels, six different shot peening conditions have been carried out on
7.1g/cm® and 7.2g/cm® 0.5%C ACrM sintered at 1250C.

The steel have tensile properties and microstructure shown in figure 8.1.
Microstructure is mainly martensitic with some banitic regions. Hardness and

tensile properties of the as-sintered steel are reported in table 8.1.

Table 8.1:Hardness, microhardness and tensile properties of the investigated

materials
_ o, UTS €
Materials HV30 HVO.1 [Mpa] | [MPa] | [%]
0 3
ACM 0-152 é’gg-lglcm 367+24 | 545+42 | 1070 | 1230 | 1.7
0 3
ACIM 0-152%{5 20/em” | 296414 | 550 +56 | 1170 | 1430 | 2.2
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Shot peening was carried out with an intensity of 12 Almen A (measured by a
conventional A-type strip) by a pressurized air machine, with a nozzle diameter of
10mm and a nozzle-specimen distance of 100mm. Steel shots (1%C and 0.8%Mn)
hardened to 55-62HRc with three different diameters were used, as reported in
table 8.2. The incidence angle was between 75°and 80° Coverage was 100% and
150%.

Table 8.2: Shot peening parameters

Code Shot type Shot[r(a%r?eter CO\f((;;]age
A ASH 170 0.4 100
B ASH 170 0.4 150
C ASH 230 0.6 100
D ASH 230 0.6 150
E ASH 330 0.8 100
F ASH 330 0.8 150

The effect of shot peening on a porous sintered steel is the combination of three
phenomena: surface densification by plastic deformation; strain hardening by the
accumulation of structural defects (dislocations in a martensitic steel) and residual

stresses.

8.1. Surface densification

Densification is due to the extensive plastic deformation and the energy spent for
plastic deformation in shot peening is proportional to the shot mass.

Figure 8.2 shows the formation of a densified surface layer, where porosity has

been almost completely closed. Only a few micrometric pores are still present.
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PSRN ERA Y | 0., [N 100um, I
Figure 8.2: microstructure of 7.1g/cm3 0.5%C ACrM differently shot peened: a) D
condition and b) E condition

The thickness of this layer was measured by Image Analysis of five LOM
micrographs at 100x. The profiles in figure 8.3 show a50um fully dense surface
layer depth and the transition to the bulk porosity takes place at 70-80um. The
thickness of the densified layer is the highest in specimen A, whilst the transition to
the bulk porosity occurs at the same depth in all specimens. Since the thickest
densified layer has been obtained on specimen A there is a saturation of the shot
diameter effect and, as well as, of coverage. This confirms that, once a certain
thickness of densified material is formed, it prevents yielding in the remaining
porous material.

Porosity [%]

0 5‘0 160 1;:0 2(‘)0 250 3(‘)0 3%0 460
Depth [um]
Figure 8.3: porosity profile due to shot peening.
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The plastic deformation dramatically changed the morphology of the external
surface, as shown in figure 8.4, relevant to specimen D before and after shot
peening. The surface porosity was effectively closed even if some narrow cavities
still remain. However shot peening does not modify the dimensional and

geometrical precision of the specimens.

AccV  SpotMagn  Det WD Exp. ————— 20ym
200kv 40 1000x SE 74 1 ACIM7.1D

Figure 8.4: surface morphology of: a) as sintered specimen and b) after shot
peening D

8.2. Strain hardening

Figure 8.5 shows the microhardness profile of the specimens 7.1 g/cm3 ACrM
peened by A, B, C and E, to study the effect of the shot diameter (A, C and E) and
the coverage (A and B, D). The thickness of the strain hardened layer (the distance
from the surface to the point where the microhardness drops to the core hardness)
is larger than that of the densified one in all the specimens, which confirms that
plastic strain penetrates more than the densification. The microhardness profiles of
specimens A, C and E show that the thickness of the strain hardened layer tends
to decrease on increasing the shot diameter. This could be a confirmation of the
saturation attained, the excess of mechanical energy activates microdeformation
involving accumulated. dislocation The profiles A, B and D indicate that coverage

does not have a significant effect on strain hardening.
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Figure 8.5: microhardness profiles of specimens A, C, E and B.

8.3. Residual stresses

Figure 8.6 shows the compressive residual stresses profile of specimen A. The

surface residual stress is around —730MPa. On moving in depth, residual stresses
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first decrease, then increase up to around —750MPa in correspondence of the
densified layer boundary. In the end they decrease again. The maximum residual
stress accumulated is quite high; it is around 70% of yield strength of the material.

The compressive residual stresses tends to zero at about 100-150um.

0+
ACIM 7.1glcm® 0.5% C 1250 (A)
-100 4

-200]
-300]
400

-500 +

Residual stress [MPa]

-600 o

-700 o

-800 T T T T T
0,00 0,02 0,04 0,06 0,08 0,10

Depth below the suface [mm]

Figure 8.6: the residual stress profile of specimen A.

On increasing the shot diameter (A, C, E and B, D, F in figure 8.7), surface and
maximum compressive residual stresses tend to decrease slightly, whilst the

residual stresses distance tends to increase. The effect of coverage is still

negligible.
04 3 09 3
ACrM 7.1g/cm” 0.5% C 1250C ACrM 7.1g/cm” 0.5% C 1250C
-1004 -100 4 B
o5
-

200 2004

-3004 -3004
-400 -4004

5004 500

Residual stress [MPa]
Residual stress [MPa]

600 600

7004 700

-800 T T T T T T -800 T T T T T T
0,00 0,02 0,04 0,06 0,08 0,10 0,00 0,02 0,04 0,06 0,08 0,10

Depth below the suface [mm] Depth below the suface [mm]

Figure 8.7: residual stress profiles in surface densified 7.1 g/lcm® specimens.
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The results of the surface densified 7.2 g/cm3 steel are very similar to those above
reported. On the base of these results it is possible to conclude that shot peening
energy is at first spent for extensive plastic deformation and densification, then,

residual stresses are accumulated.
8.4. Fatigue resistance

Fatigue tests were carried out in a plane bending condition (R=-1) up to 2x10°
cycles on unnotched specimens and surface densified ones. The results are
reported in tables 8.3 and 8.4. Shot peening improves the fatigue strength in all the
peening conditions. The maximum increment is of 25% for the lower density and
30% for the higher density with respect to the unpeened material. Results are
slightly influenced by the shot peening conditions; however, condition D, in the
case of 7.1g/cm®, and E, in case of 7.2g/cm?®, result in the highest mean value and

the smaller standard deviation.

Table 8.3: plane bending fatigue strength of 7.1g/cm3ACrM under different shot
peening conditions
Fatigue strength 2x10° cycles

MPa]
_As A B c D E F
sintered
265+4 330455 329+16 333+47 340+4 323+10 | 332+20

Table 8.4: plane bending fatigue strength of 7.2g/cm® ACrM under different shot
peening conditions
Fatigue strength 2x10° cycles

[MPa]
_As A B c D E F
sintered
285+49 358+14 359+7 338+30 344+45 373+6 | 370+20

In the fracture surface (fig. 8.8) the crack initiates in the subsurface layers, at a
distance of 250-300um from the surface, in correspondence of either a cluster of
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pores (as in this case) or a large and irregular pore and this is common to all the

surface densified specimens.

A

o - o L0
3 s S N~ ;
\ ¥ .
¢ b, o 5 [ -
) < ) ) N .
. ot Tt
Spot Magn . Det. WD fF———1 1001im ] s" . AccV, Spot Magn \JWD F———" 50um
V4.8 200% SE 9.9 ACM shot peened ) 20.0 KV, 4.8~400x §E 9 5 ‘ACrMshot peened

Figure 8.8: fracture surface of the D shot peened specimen

In porous sintered steels, pores and pore clusters near the surface act as sites for
fatigue crack nucleation because of the high localized stress associated with these
defects. After shot peening fatigue crack nucleates in the interior, in the tensile
residual stresses zone, beneath the strain hardened layer, where microhardness
has not been modified by shot peening. The increase in the plane bending fatigue
strength is comparable to that attainable with an increased bulk densification up to
7.4-7.5g/cm® [58].

8.5.Concluding remarks

The results of the shot peening effect on the fatigue resistance of ACrM can be

summarized as follows.
* Shot peening increases surface density forming a near fully dense layer of
around 50pum. On increasing shot diameter and coverage thickness

decreases.
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Strain hardened layer is deeper than densified one. Its thickness tends to
decrease on increasing shot diameter, whilst coverage does not have a
significant effect.

Residual stress profile is deeper on increasing shot diameter, whilst the
effect of coverage is still negligible.

An increase of 25%, for the lower density, and 30%, for the higher density,
in plane bending fatigue strength was measured irrespective to shot
diameter.

Fatigue crack nucleates in tensile residual stress zone, beneath the strain
hardened layer, in correspondence to either cluster of pores or large

irregular pores.
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9. Chromium Free Steels: as sintered

microstructure and mechanical properties

9.1. Effect of carbon content, density and sinterin g temperature on

microstructure and microhardness

The materials studied in this part are ALH and DLH. Graphite was added to the
base powder in order to obtain 0.05% (+0.04) and 0.2% (+0.03) carbon.

Impact bars were compacted to green density of G.Sg/cm3, 7.Og/cm3 and 7.4g/cm3.
Sintering was carried out at 1120C (L).

The carbon content in the as sintered materials is listed in table 9.1 with reference

to the nominal one. The analysis was carried out only on 6.8g/cm® steels.

Table 9.1: results of carbon analysis

Green/nominal As sintered
%C %C
ALH 6.8g/cm® 1120C 0.05 0.09
ALH 6.8g/cm® 1120C 0.2 0.24
DLH 6.8g/cm® 1120C 0.05 0.10
DLH 6.8g/cm® 1120C 0.2 0.17

The as sintered density is presented in figure 9.1 as a function of carbon content.
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Figure 9.1: as sintered density of ALH and DLH

The DLH density is lower than that of ALH because of the copper addition. On
increasing the carbon content the density does not change. Total porosity,
presented in figure 9.2 as sum of closed and open porosity, decreases on
increasing green density and the effect of carbon content is rather poor. The

residual porosity is almost fully closed in 7.4g/cm3 ALH.

169 TALH Y closed porosity 164 XN closed porosity
[ open porosity 005C  ga2c 22 open porosity

1494 005C  0.2c

= = e
S N kN
I ! 1

total porosity [%)]
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!

6.8L
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7.0L
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4
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4 4
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7.0L
7.4L
7.4L

Figure 9.2: porosity of ALH and DLH

Figure 9.3 shows the typical microstructures of the two materials. As sintered ALH
and DLH present heterogeneous microstructures formed by ferrite and bainite. The
bainite amount increases on increasing the carbon content, whilst the increase in
density does not influence the microstructure. All the other microstructures are
reported in appendix.
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Figure 9.3: microstructure
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0.05% and 0.2%C ALH and DLH sintered
at 1120C

Hardness and microhardness of the steels are listed in tables 9.2-9.3.

Table 9.2: hardness and microhardness of as sintered ALH

Material | %C %‘72;:@’] HV10 HV0.05
6.8 64+3 128+ 36

0.05%C 7.0 70+3 132+ 15

ALK 74 135+ 7 159 + 31
6.8 102 +2 206+ 6

0.2%C 7.0 118 + 2 207 + 13

74 137 £2 213+ 18
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Table 9.3: hardness and microhardness of as sintered DLH

Material | %C Density HV10 HV0.05
[g/cm 7]

6.8 102 +8 129+ 6

0.05%C 7.0 11346 144 + 22

oLn 7.4 134+ 4 156 + 20

6.8 130 £ 3 218+ 31

0.29%6C 7.0 138 + 3 222+ 22

7.4 182+1 233+ 11

Hardness decreases from DLH to ALH because of greater amount of bainite in
DLH.

To confirm the different microstructures described above, a dilatometry
investigation of the austenite transformations on cooling was carried.

The variation of the relative change in length as a function of temperature achieved
by 7.Og/cm3 ALH is reported in figure 9.4. The dilatometric and the metallographic
analysis show the formation of ferrite, in the case of the lowest carbon content, and
ferrite plus bainite on increasing the carbon percentage. The transformation
temperatures are shown in table 9.4 and the amounts of the different phases are

reported in table 9.5.
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Figure 9.4: dilatometric curve (a) and m|crostructure (b) of 7. O /cm 0 05% C ALH,
dilatometric curve (c) and microstructure (d) of 7.0g/cm™ 0.2% C ALH

Table 9.4: transformation temperatures determined by dilatometry

ALH DLH
T [C] 0.05%C 0.2%C 0.05%C 0.2%C
A1 780 730 750 720
Acs 905 845 890 850
A 791 725 775
A 763 672 725
Bs 578 580 587
B; 502 501 492
Table 9.5: phase fractions
ALH DLH
Microstructure |0.05%C 0.2%C 0.05%C 0.2%C
Ferrite 100% 80% 10% 7%
Perlite
Bainite 20% 90% 93%
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The dilatometric curves carried out on 7.Og/cm3 DLH are reported in figure 9.5 for
0.05%C and 0.2%C.

rel. Change in Length [%)]

DLH 0.05C 7.0g/cm’® 1120C

Ac

Bainite
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14

124
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Ferrite
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Figure 9.5: dilatometric curve (a) and microstructure (b) df 7.0g/

T T T T
400 600 800 1000
Temperature [C]

¥

T e )
cm® 0.05% C DLH,

dilatometric curve (c) and microstructure (d) of 7.0 g/cm” 0.2% C DLH

The expansions on cooling show that the microstructure contains bainite just at

lower carbon content. The transformation temperatures are listed in table 9.4 and

the amount of the bainite and ferrite are reported in table 9.5. The dilatometric

investigation confirms that the presence of molybdenum and copper favors the

formation of bainite, even with low carbon content.
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9.2. Impact toughness

Figure 9.6 shows impact energy of the

density.
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Figure 9.6: effect of density and carbon percentage on impact energy: a) ALH, b)

DLH

Impact energy increases with density and decreases with the carbon content, as

expected.

On increasing density from 6.8g/cm® to 7.4g/cm?, yield load (Py), maximum load

(Pmax) @and deflection increse, as indicated by the impact curves of 0.05%C ALH

reported in figure 9.7a, because of the increase in the load bearing section.
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Figure 9.7: load- deflection curves as a function of: a) density, b) carbon
percentage and c) chemical composition

Depending on the carbon content, materials have different impact behaviors,
characterized by general yielding with extensive (ALH) and slight (DLH) strain
hardening with 0.05%C and localized yielding with poor plastic deformation with
0.2%C. The load-deflection curves of 6.8g/cm® DLH in figure 9.7b, indicate that
deflection decreases and P, and P, increase on increasing the carbon content,
because of the increased amount of bainite. Anyway the overall effect is a
decrease of impact energy. Figure 9.7c shows the curves of the materials, having
the same carbon content (0.2%) and density (6.8g/cm®); Py and Ppax are higher in
DLH with reference to ALH because of the different amount of bainite in the
microstructure. The results of the impact test (impact energy, Py, and Pn,) are

reported in appendix.
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9.3. Surface densification by shot peening

Shot peening is study as a preliminary treatment before carburizing and nitriding.
Shot peening was carried out on 6.8g/cm® materials sintered at 1120, with the
following parameters: intensity 12A, shot ASH230, coverage 150%.

9.3.1. Effect on microstructure and microhardness

The microstructural analysis in figure 9.8 confirms the surface densification, due to

extensive plastic deformation.

%C

0.05

and DLH
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The thickness of the densified layers is reported in table 9.6. On increasing the
carbon content the thickness tends to decrease because of the less ductility of the
materials. The thickness ranges between 110 and 160um. The strain hardening
layer (the distance from the surface to the point where the microhardness drops to
the core hardness) is larger than the surface densified one (fig. 9.9), confirming

that the plastic strain penetrates in depth beneath the densified layer.

Table 9.6: densification depth of surface densified 6.89/cm3 0.05% and 0.2%C ALH

Thickness of

Materials densified layer
[pm]
ALH 0.05%C 161.5
ALH 0.2%C 115

Thickness of

Materials densified layer
[pm]
DLH 0.05%C 129
DLH 0.2%C 112
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Figure 9.9: microhardness profiles and densified depths of 6.8g/cm® surface
densified 0.05%C and 0.2%C ALH and DLH

9.3.2. Surface morphology

The surface morphology is shown in figure 9.10. The surface densification is

clearly evident for both the steels, but several residual defects are left on the

surface, which result quite irregular, significant of a poor surface quality.
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Figure 9.10: 6.8g/cm” surface densified 0.2%C ALH and DLH

9.4. Concluding remarks

The influence of carbon content, density and sintering temperature on
microstructure and impact properties can be summarized as follows.

* Materials have heterogeneous microstructures formed by ferrite and
bainite. The dilatometric investigation confirms that molybdenum and
copper favors the bainite formation, even at low carbon content.

« Impact tests show that on increasing density, yield load, maximum load
and deflection increase because of the increase in load bearing section.
On increasing carbon content, impact toughness decreases because of the

increased amount of bainite.
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« Shot peening forms a densified surface layer, whose thickness is around
110- 160um and decreases on increasing carbon content. The surface

morphology is quite irregular due to some defects leave on the surface.
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10. Low Pressure Carburizing of Chromium Free

Steels

ALH and DLH with density 6.8g/cm?®, 7.0g/cm® and 7.4g/cm®, sintered at 1120C
and with two carbon contents (0.05% and 0.2%C) were considered. Some samples
have been previously shot peened to densify the surface layers. After shot peening
specimens have been polished and grinded with SiC paper up to 1200 to remove
the surface defects.

The low pressure carburizing treatment was carried out in an ALD plant in DANA
Company (Arco di Trento, Italy) in order to obtain a surface microhardness of 800-
900 HVO0.1 and a case depth around 500-600um. The treatment parameters are
reported in table 10.1. The carburizing temperature was 945C and gas was
acetylene. Quenching was carried out with a nitrogen flux at 6 bar. Tempering at
180<C for 2 hours was carried out after LPC.

Table 10.1: LPC treatments

Treatment Boost + diffusion time (minutes)
code I Il 11 Y V
LPC 1 2+15 1+1 1+4
LPC 2 2+ 10 1+15 1+19 1+27 1+4
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10.1. Three steps LPC- LPC 1
10.1.1. Effect of porosity

Microstructures and microhardness profiles of 0.2%C ALH and DLH are reported in
figures 10.1- 10.4.
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Figure 10.4: microstructure and microhardness profile of carburized 7.4g/cm?®
0.2%C DLH

The microstructure of 6.8g/cm3 steels is not homogenous, overcarburizing occurs
and it results in the formation of a large amount of retained austenite in the case.
The presence of interconnected porosity enhances carbon pick up. The amount of
austenite in the DLH specimen was measured by XRD and quantified in 25%. The

XRD spectrum is reported in figure 10.5.
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Figure 10.5: XRD pattern of LPC 1 DLH

Overcarburizing is fully avoided in 7.4g/cm® ALH, whilst in 7.4g/cm® DLH some
retained austenite is still present. This is due to the amount of residual open
porosity, which is higher in DLH than in ALH as shown in table 10.2. To confirm the
different C-pick up between the two 7.4g/cm3 steels the surface carbon content

was analyzed and reported in table 10.3. The carbon content is 1% in DLH.

Table 10.2: density and porosity of 7.4g/cm3 materials

. Densit TOta}l Ope.n
Materials [g/cm 33 porosity porosity
€% €0%
ALH 0.05%C 7.4g/cm® 7.4 6.5 1.6
DLH 0.05%C 7.4g/cm® 7.3 7.8 4.3

Table 10.3: carbon analyses

0.05%C 7.4g/cm”®
ALH 0.69
DLH 1.00

The surface microhardness and case depth of overcarburized steels are low
respect to the target (tab. 10.4), independently on the base carbon content. In
7.4g/cm® steels the surface microhardness and case depth effectively increase up

to 700HV0.1 and 400- 480um, respectively; anyway the target is not matched.

148



Chapter 10: Low Pressure Carburizing of Chromium Free Steels

Table 10.4: surface microhardness and case depths of LPC 1 steels

0, 0,
an | Save | sz, | e
HVO0.1 650 700 800-900
dsso [UM] 130 400 500-600
0.2%C 0.2%C
DLH 6.8/cm? 7.4g/cm 3 Target
HVO0.1 650 700 800-900
dsso [MM] 60 480 500-600

10.1.2. Comparison between closed porosity and surface densification

Microstructures and microhardness profiles of 7.4g/cm® and surface densified
0.05%C steels are reported in figures 10.6- 10.9. The microstructures and

microhardness profiles of the 0.2%C steels are shown in appendix.
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Overcarburizing is fully avoided in the surface densified steels because of the
absence of residual open porosity. The comparison between warm compacted and
surface densified materials shows a deeper microhardness profiles in 7.4g/cm3
specimens than in surface densified ones (tab. 10.5) especially for DLH steel. This
is due to the residual open porosity in7.4g/cm®materials (tab. 10.2), which

increases the carbon- pick up as shown in table 10.6.

Table 10.5: surface microhardness and case depths of LPC 1 steels

3 6.8g/cm”®
ALH 7-4glem surface densified Target
0.05%C | 0.2%C | 0.05%C 0.2%C
HVO0.1 630 700 700 700 800-900
dsso 240 400 250 410 500-600
[um]
3
7.4g/cm? 6.8g/cm
DLH surface densified Target
0.05%C | 0.2%C | 0.05%C 0.2%C
HVO0.1 630 700 650 600 800-900
dsso 300 480 190 190 500-600
[um]
Table 10.6: carbon analyses
7.0g/cm”® 3
0,
0.05%C surface densified 7.4g/em
ALH 0.39 0.69
DLH 0.49 1.00

However, the surface microhardness and case depth are low with respect to the

target.

10.2. Five steps LPC- LPC 2

A second low pressure carburizing treatment (LPC 2) was carried out in DANA

Company, in order to increase the surface microhardness and the case depth up to
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800-900HV0.1 and 500- 600um, respectively. LPC 2 was carried out only on
7.4g/cm3 and surface densified steels, since in 6.89/cm3 specimens low pressure

carburizing causes overcarburizing.
10.2.1. Microstructures and microhardness profiles

Microstructures and microhardness profiles of 0.05%C ALH and DLH are shown in
figures 10.10- 10.13, whilst those of 0.2%C steels are reported in appendix.
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Figure 10.10: microstructure and microhardness profile of carburized 7.4g/cm
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Figure 10.13: microstructure and microhardness profile of carburized 7.Og/cm3
surface densified 0.05%C DLH

The presence of retained austenite in warm compacted (7.4 g/cm®) DLH and its
absence in surface densified one, clearly indicates the role of open porosity, which
causes a deeper case depth in the 7.4g/cm® specimens than in the surface
densified ones.

Table 10.7 summarizes the representative data of the microhardness profiles:

surface microhardness and case depth (dssp).
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Table 10.7: surface microhardness and case depth of LPC 2 steels

3 7.0g/cm®
ALH 7-4glem surface densified Target
0.05%C | 0.2%C | 0.05%C 0.2%C
HVO0.1 750 780 750 800 800-900
dsso 750 1100 490 750 500-600
[um]
3
7.4g/cm?® 7.0g/em
DLH surface densified Target
0.05%C | 0.2%C | 0.05%C 0.2%C
HVO0.1 680 740 750 750 800-900
dsso 900 1100 660 660 500-600
[um]

LPC 2 effectively increases the microhardness and the case depth of the materials
with respect to the results of the previous investigation (LPC 1) and it matches the

target.

10.2.2. Impact toughness

The results of impact tests carried out on surface densified G.Bg/cm3 and 7.Og/cm3
specimens and 7.4g/cm3 samples are compared with the as sintered ones and

listed in Table 10.8.
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Table 10.8: impact test results of LPC 2 steels

Impact Energy Py Prmax
SURFACE DENSIFIED
SPECIMENS 1] [KN] [KN]
Surface Surface Surface
ALH As densified As densified As densified
%C Densité/ T sint | sint and sint and sint and
0 [g/cm 7] [C] carburized carburized carburized
0.05 6.8 1120 16 13 7 - 9 17
0.05 7.0 1120 25 15 8 - 11 19
0.2 6.8 1120 13 13 9 - 12 20
0.2 7.0 1120 16 16 11 - 14 21
DLH
0.05 6.8 1120 12 12 8 - 14 17
0.05 7.0 1120 17 19 8 - 14 22
0.2 6.8 1120 11 16 9 - 15 21
0.2 7.0 1120 17 18 9 - 17 23
Impact Energy Py Prmax
7.4g/cm3
SPECIMENS [l [KN] [KN]
ACr_L - As Carburized As Carburized As Carburized
%C Densné/ T sint | sint sint sint
[g/em”] | [€]
0.05 7.4 1120 59 10 11 - 19 21
0.2 7.4 1120 59 12 11 - 19 24
DLH
0.05 7.4 1120 62 11 9 - 20 25
0.2 7.4 1120 47 14 10 - 23 28

Some the load-deflection curves are reported in figure 10.14.
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All the carburized materials have an elastic behavior without any significant plastic
deformation. Surface densification does not improve the impact energy of LPC 2
materials despite the increase of Pp.. The impact energy of 7.4g/cm® steels

strongly decreases independent on the carbon content.
10.3. Microstructural improvement of overcarburized materials
10.3.1. Tempering treatment

In order to improve the overcarburized microstructures, retained austenite has to
be transformed by tempering. Thanks to the presence of molybdenum, the
tempering temperature can be increased up to 500C to evaluate the effect of the

secondary carbides precipitation on microhardness.
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Three different tempering treatments, 300C, 400C and 500C, are carried out on
6.Bg/cm3 0.2%C ALH and DLH. The case microstructure, shown in figure 10.15,

results homogeneous and retained austenite disappears completely.

TN g T " 50um
a) "L =

Figure 10.15: microstructures of: a) ALH and b)DLH

The microhardness profiles are quite good for all the tempering temperatures
investigated (fig. 10.16). The microhardness decreases on tempering at 400C, but
it increases after tempering at 500C, even more in DLH than in ALH, confirming
the expected secondary precipitation of carbides. These carbides are

submicrometric, therefore they are not observed at the optical microscope.
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Figure 10.16: microhardness profiles: a) ALH and b) DLH
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10.4. Fatigue resistance

A four steps low pressure carburizing (LPC 3) was carried out on 7.Og/cm3 0.2%C
DLH and surface densified one to evaluate the effect of residual austenite on the
fatigue resistance of the steels.

10.4.1. Microstructure and microhardness profile

Microstructures and microhardness profiles of the steels are shown in figures
10.17- 10.18.
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Figure 10.18: microstructure and microhardness profile of carburized 7.Og/cm3
surface densified 0.2%C DLH
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Figure 10.17 shows the formation of a large amount of retained austenite in the
case of 7.Og/cm3 steel, as expected. The absence of open porosity prevents
overcarburizing (fig. 10.18).

The microhardness profile is strongly influenced by retained austenite, which is
mainly localized in the outer part of the case, whereas it is regular in surface
densified specimen. The case depth is deeper in 7.0g/cm® DLH respect to the
surface densified one, because of the different amount of surface porosity. The

surface microhardness are similar to the target (tab. 10.9).

Table 10.9: microhardness and case depths of carburized steels

0.2%C 3 | 7.0g/cm % surface
pLH | 7-09/em densified Target
HVO0.1 720 720 800-900
dss0 [UmM] 650 350 500-600

10.4.2. Fatigue resistance

The results of the stair case method are reported in figure 10.19 and the fatigue

resistance at 2x10° cycles are listed in table 10.10.
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Figure 10.19: fatigue results of carburized 0.2%C DLH: a) 7.Og/cm3 and b) surface
densified 7.Oglcm3
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Table 10.10: fatigue resistance at 2x10° cycles of low pressure carburized
steels
Fatigue resistance at 2x10 ° cycles
[MPa]
7.0g/cm ® 0.2%C DLH
surface densified
| 1120C 310+18 286121

7.0g/cm*0.2%C DLH

The fatigue resistance is higher in 7.0g/cm® 0.2%C DLH with respect to the surface
densified steel because of the depth of the diffusion layer.

The fatigue resistance of 7.0g/cm®0.2%C DLH is close to that of surface densified
ACrL and to the solution annealed one (tab 10.11), in which overcarburizing is
avoided. The fatigue strength is also quite similar to that of plasma carburized
7.1g/cm3 ACrL sintered at 1120C. Confirming that Cr free steels are attractive

materials for low pressure carburizing.

Table 10.11: fatigue resistance of low pressure carburized and plasma carburized
ACrL steels

Fatigue resistance at 2x10 °
cycles [MPa]
Low pressure P'as'.“”a
ACrL . carburized
carburized
[35]
7.Og/cm3 0.2%C surface densified 303+6
7.0g/cm® 0.2%C solution annealed 286+21
7.1g/cm®0.2%C 30548
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10.4.3. Fracture surface analysis

The fracture surfaces of carburized are reported in figures 10.20- 10.21.

tMagn Det WD Exp ——— 1mm . AccV SpotMagn Det WD Exp F——— 500um
DX GSE 1161 0.4 Torr DLH 7.0 Carb " i 20.0kv 43 40x GSE 121 1 0.4 Torr DLH 7.0 Carb

Acc. V. -Spot Magn, . Dét: WD Exp--—————1  200.um
20.0kV'43 80x | GSE 1211 0.4 Torr DLH 7.0 Carb

AccV Spot Magn. Dét ‘WD Exp F——————1 200pm
20.0KY 4.33160x-~ GSE12.1 1 0.4 Torr DLH-7.0 Carb

Figure 10.20: fracture surface of carburized 7.0g/cm3 0.2%C DLH
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Figure 10.21: fracture surface of carburized 7.0g/m surface densified .Z%C DLH

The analysis of the fracture surface of carburized steels shows the movement of
the fatigue crack initiation below the case depth in correspondence of the
maximum total tensile stress, resulting from residual stress distribution and outer
load. The nucleation point is in correspondence of either a cluster of pores or a

large pore, as usual in sintered steels.
10.5. Concluding remarks

The results of the work on low pressure carburized Cr free steels can be
summarized as follows.
< In presence of open porosity materials are overcarburized, which causes

the formation of retained austenite.
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Surface densification prevents overcaburazing.

Case depth is deeper in warm compacted materials than in surface
densified ones because of different surface porosity.

Microhardness profiles correspond quite well to the target after five steps
carburizing (6minutes of boosting and 115minutes of diffusion).

Carburizing causes the embrittlement of the materials, independently on
bulk density. Impact behavior is purely elastic, without any significant
plastic deformation.

Retained austenite can be destabilized by tempering treatment.

The plane bending fatigue resistance increases on increasing the case
depth. The analysis of the fracture surface of the carburized steels shows

subsurface crack nucleation.
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11. Conclusions

The results of the study on the effect of surface treatments on the impact and

fatigue resistance of some sintered steels can be summarized as follows.
11.1. Low pressure carburizing

1. In presence of an open porosity, overcarburizing causes the precipitation
of grain boundary carbides in the Cr steels and the formation of retained
austenite in the Cr free ones.

2. No overcarburizing occurs in the surface densified and in 7.4g/cm?® steels.
Some retained austenite is still present in 7.4g/cm® DLH, due to residual
open porosity.

3. The surface microhardness and the case depth of carburized materials are
around 800HV0.1 and 600um, respectively. Case depth is deeper in ACrL
because of the greater hardenability.

4. The case depth is higher 7.4g/cm® materials than in surface densified ones
because of different surface porosity.

5. Shot peening effectively closes the surface porosity (surface densification),
but leaves some residual defects and an irregular morphology on the
treated surface.

6. Impact tests show the expected embrittlement caused by LPC, which is
lower in the case of the Cr free materials.

7. By means of a solution annealing treatment grain boundaries carbides can
be effectively dissolved in austenite and by means of a fast cooling the

precipitation is avoided.
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Tempering at 200 improves the microstructure of the case and surface
layers are satisfactorily hardened even if the microhardness profile is
slightly lower than that of the as carburized steel.

8. The retained austenite in the Ni-Mo-Cu overcarburized steels can be
transformed by tempering treatment. The significant tempering resistance
is provided by Mo.

9. Low pressure carburized 7.4g/cm® 0.2%C ACrL sintered at 1250C has a
bending fatigue resistance of 470MPa. The fatigue resistance of solution
annealed material (around 303- 333MPa) is similar to that of surface
densified one (around 286- 303MPa), confirming that solution annealing is
a real alternative to surface densification.

10. Fractography shows crack initiation below the surface, in the tensile
residual stress field where the hardening promoted by carburizing is
negligible. Here the stress amplitude is lower than on the surface. The
fatigue cracks nucleates in correspondence of pores cluster and

propagates in the pores network, as usual in porous sintered steels.
11.2. Plasma nitriding

1. The study was carried out on the two Cr materials only, since in absence of
this element plasma nitriding is poorly effective and the hardness of the
diffusion layer is too low.

2. The surface microhardness and the case depth of the nitrided materials
are around 700HVO0.1 and 200- 350um, respectively. The preliminary
surface densification by shot peening does not improve microhardness
profile, since nitriding effect prevails on that of shot peening.

3. Impact toughness is strongly reduced since the materials loose the plastic
properties completely.
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The fatigue resistance of the nitrided 7.4g/cm3 0.2%C ACrL sintered at
1250<C is 343MPa.

Post nitriding shot peening increases case depth and surface
microhardness, but it does not lead to further improvement in fatigue
resistance.

The fatigue crack in nitrided steels nucleates in the subsurface layer,
where the tensile stress is the highest and the hardness is comparable to

the matrix. Here the stress amplitude is lower that on the surface.

The comparison between the impact properties of the two treatments shows that

plasma nitriding causes a greater embrittlement in the base material than

carburizing: both processes cause a reduction of ductility but this is accomplished

by an increase in strength in carburizing only. Considering the fatigue strength, it is

higher in low pressure carburized steels than in plasma nitrided ones. This is likely

due to the different microhardness profile; despite the surface microhardness is

very similar, the case depth of LPC steels is deeper than that of plasma nitrided

materials. The fatigue cracks nucleates below the compression-tension stress

transition where the hardness is not affected by the treatment, in correspondence

of subsurface pores, and it tends to propagate through the interpore ligaments.

Therefore the higher the case depth the higher the fatigue strength of the steel.

11.3. Shot peening

1. Shot peening forms a surface fully dense layer (50um). The thickness

decreases on increasing shot diameter and coverage.
Strain hardened layer is deeper than the densified one and the thickness
tends to decrease on increasing shot diameter, whilst the effect of

coverage is negligible.
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3. Residual stress profile is deeper on increasing shot diameter without any
significant effect of the coverage.

4. An increase of 25- 30%, in plane bending fatigue strength was measured
irrespective to shot diameter.

5. Fatigue crack nucleates in tensile residual stress zone, beneath the strain

hardened layer.

Since the improvement in fatigue resistance is due to the shift of crack nucleation
towards the interior, where the stress amplitude is lower than on the surface, all the
surface treatments which are able to avoid surface crack nucleation increase the
fatigue strength.

Considering the Cr steels, low pressure carburizing as well as plasma nitriding and
shot peening can be used. However, LPC requires high density, surface
densification or solution annealing treatment, which are not necessary in the cases
of plasma nitriding or shot peening.

Considering the Cr free materials, low pressure carburizing is also effective, in
particular in presence of surface densification.

Therefore, the best surface treatment is that which moves cracks in depth reducing

processing costs and technical complexity.
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12. Appendix

12.1. Impact properties of as sintered steels

A.CI'L lEn:]g?g; F)y l:)max Eel Enucl Eprop

e |Density [ T 1] [KN] [[KN] [[31 | [3] | [J]
[g/cm ] | sintering

0.05 6.8 1120C |28+2 8 10 |2 |21 5
0.05 6.8 1250C |42+1 8 11 |2 |30 |10
0.05 7.0 1120C |39+1 9 12 |2 |30 7
0.05 7.0 1250C |69+3 |10 |13 |2 |46 |21
0.05 7.4 1120C |(103+5| 11 | 16 | 3 | 74 | 25
0.05 7.4 1250C |15+4 |11 |16 |4 |119 | 33
0.2 6.8 1120C (211 9 12 |2 | 15 4
0.2 6.8 1250C |34+2 9 14 |2 |25 6
0.2 7.0 1120C |29+2 |11 |14 |3 |21 5
0.2 7.0 1250C |52+7 |10 |16 |2 |41 8
0.2 7.4 1120C |72+5 |13 |24 |3 |61 8
0.2 7.4 1250C |95+4 |12 |18 |3 |68 | 24
0.4 6.8 1120C |13+2 |12 |17 |4 | 7 2
0.4 6.8 1250C |23+4 |13 |20 |4 |16 3
0.4 7.0 1120C |19+1 |12 |19 |3 |13 3
0.4 7.0 1250C |33+4 |11 |21 |2 |28 3
0.4 7.4 1120C |40+1 |14 |25 |3 |32 5
0.4 7.4 1250C |72+1 |15 |26 |4 |42 | 26
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A_D4 ET]@?QC; F)y F)max Eel Enucl Eprop
o |Density | T 1] [KN] | [KN] [[3] | [9] | [J]
[g/cm 7] | sintering

0.05 6.8 1120C | 181 9 10 |3 |10 5
0.05 6.8 1250C | 332 8 11 (2 |24 8
0.05 7.0 1120C | 281 9 11 (2 |19 7
0.05 7.0 1250C | 471 9 12 |2 | 38 8
0.05 7.4 1120C | 957 11 14 |2 |76 | 17
0.05 7.4 1250C [124+10 | 11 14 | 3| 98 | 23
0.2 6.8 1120C | 161 8 13 |2 9 4
0.2 6.8 1250C | 281 8 11 |2 | 18 7
0.2 7.0 1120C | 221 9 14 |2 | 16 4
0.2 7.0 1250C | 403 11 14 |3 | 32

0.2 7.4 1120C | 745 12 17 |3 |60 |11
0.2 7.4 1250C [100+2 | 12 17 |3 |75 | 22
0.4 6.8 1120C | 151 10 {13 |3 |10 2
0.4 6.8 1250C | 222 11 14 |3 | 16 3
0.4 7.0 1120C | 202 10 (15 |2 |14 4
0.4 7.0 1250C | 292 12 16 |3 |21 5
0.4 7.4 1120C | 54+8 13 (21 |3 |46 5
0.4 7.4 1250C | 645 13 |20 |3 |52 9

A.\LH IEn:]gra;; F)y l:)max Eel Enucl Eprop
%o |Density [ T 1] [KN] | [KN] [[3] | [91 | [J]
[g/cm 7] | sintering
0.05 6.8 1120C |16*1 7 9 2 9 6
0.05 7.0 1120C | 25%2 8 11 (2 | 17 6
0.05 7.4 1120C |59+2 | 11 19 |2 |50 7
0.2 6.8 1120C |13zx1 9 12 |2 8 3
0.2 7.0 1120C |16+1 | 11 14 |3 |10 3
0.2 7.4 1120C |59+6 | 11 19 |2 |51 6
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DLH Impact
Engrgy Py Pmax EeI EnucI Eprop

Densit T [KN] [[KN] ([91 | [91 | [J]
%C Y| o [J]

[g/cm ] | sintering
0.05 6.8 1120C |12+1 8 14 |2 8 2
0.05 7.0 1120C | 171 8 14 |2 |12 3
0.05 7.4 1120C |62+2 9 20 |2 | 56 4
0.2 6.8 1120C |11+1 9 15 |2 8 1
0.2 7.0 1120C | 171 9 17 |2 |13 2
0.2 7.4 1120C |47+3 |10 |23 |2 |41 4
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12.2 Microstructures of as sintered steels

%G 7.0g/cm® ACrL 7.0g/cm® ACrL
_sintered at 1120C _ sintered at 1250C
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12.3. A simplified model for impact strength of sin

12.3.1. Ferritic- Perlitic steels

tered steels

0.29%C ACIL 6.8g/cm*® 7.0g/cm® 7.4g/cm?®
1120C | 1250C | 1120C | 1250C | 1120C | 1250
Feircle 0.71 0.81 0.70 0.81 0.74 0.81
€ 0.114 0.108 0.094 0.088 0.053 0.049
Kp 1.53 0.96 1.59 0.96 1.36 0.96
o 0.68 0.80 0.72 0.84 0.86 0.91
0.3%C ACIL 6.8g/cm® | 7.0g/cm?®
1120C 1120C
l:circle 0.71 0.7
€ 0.14 0.1
Kp 153 1.59
(0] 0.62 0.71
E [J] 14 25
Deflection [mm] 15 2.2
P, [KN] 9 11
Prax [KN] 13 16
HV0.05 259.1+42.0 | 209.8+28.6
P,=a+b®
M EERT e
0,0 01 0,2 03 04 0(,05 0,6 07 08 09 10 0,0 01 0,2 03 04 Oj 0,6 0,7 08 0,9 1,0
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30
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12.3.2. Bainitic (- Perlitic) steels

3 3 3
0.4%C ACIL 6.8g/cm 7.0g/cm 7.4g/cm
1120C | 1250C | 1120C | 1250C | 1120C | 1250C
Feircle 0.71 0.81 0.70 0.81 0.74 0.81
€ 0.102 0.101 0.079 0.078 0.049 0.044
Kp 1.53 0.96 1.59 0.96 1.36 0.96
P 0.71 0.82 0.77 0.86 0.87 0.92
3 3
0.5%C ACIL 6.8g/cm 7.0g/cm
1120C 1250C 1120C 1250C
Feircle 0.70 0.80 0.75 0.80
€ 0.14 0.14 0.10 0.10
Kp 1.59 1.02 1.31 1.02
(0] 0.60 0.74 0.76 0.81
E [J] 11 15 17 20
Deflection [mm] 1.0 13 14 1.8
P, [KN] 13 14 15 17
Pinax [KN] 17 20 22 27
HVO0.05 323.4+28.4 | 355.5+43.1 | 320.2+31.9 | 337.4+35.2
P,=a+b®
20 207 = bainite (- perlite) 0.4% C
184 18 Linear Fit of Py
16 o . 164 .
144 . . . - 14 4./'1
_ 124 . [ ] _ 124 ./l/
:: ® (perlite) bainite 0.4% C : N S Y T
® (perlite) bainite 0.5% C Mo | it o
A . B B 2 (;) ;| A R . S ;| 1 , , .4 : , .7 X 3 1,
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Pon =2 +D'®
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20 u 20 -] (]
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E £
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‘Weight No Weightin
8] 8 Residual Sum 7.0417
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Adj. R-Square | 0.85649
4] 4 Valie | Standard Er
24 2] Intercept | -14,9419  6,55452
Sope 44,1038 7,04177
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12.3.3. Perlitic steels
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E=E ,®"

E=yo:AeT "

Impact Energy [J]
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12.4. Microstructures and microhardness profiles of LPC steels

12.4.1. Three steps LPC- LPC 1

Boost + Diffusion time [min]
I Il I v \Y
LPC1 2+ 15 1+1 1+4

Treatment

8009 ACrL 0.2% C 6.8g/cm’ 1120<C surface densified

SR
,,,,,,,,,,,,, \E

— 500+ !
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T 400+ ; \
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e { 100 + — T T T T T 1
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~ T ahlet Depth [um]

Figure 12.1: mirostucture microhardness profile of carburized 6.89/cm3
surface densified 0.2%C ACrL sintered at 1120C
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'Figure 12.2: microstructure ad microhardness profile of carburized 6.8g/cm®
0.2%C surface densified AD4 sintered at 1120C
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Figure 12.3: microstructure and microhardness profile of carburized 6.89/cm3
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13.4.2. Five steps LPC- LPC 2

Treatment Boost + Diffusion time [min]
I Il 11 Y \Y
LPC2 2+ 10 1+15 1+19 1+27 1+4

9004 ACrL 0.2% C 7.4g/cm3 1120C

800 fifj/ii’!ij\j

700 \
\.

600

o
N .

3 iy

HVO0.1

200

0 2(’]0 4(’)0 8(’)0 ;60 10’00 12’00 14’00 16’00 18’00
s el - & L7, = > Depth [um]

Figure 12.5: microstructure and microhardness profile of carburized 7.4g/cm3
0.2%C ACrL sintered at 1120C
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Figure 12.6: microstructure and microhardness profile of carburized 7.4g/cm3
0.2%C ACrL sintered at 1250C
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9009 ACrL 0.2% C 7.0g/cm® 1120 surface densified
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Figue 12.7: microstructure and microhardness profile of carburized 7.0g/cm?®
surface densified 0.2%C ACrL sintered at 1120C
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Figure 12.8: microstructure ad microhardness profile of carburized 7.Og/cm3
surface densified 0.2%C ACrL sintered at 1250C
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Figure 12.9: microstructure and microhardness profile of carburized 7.4g/cm3
0.2%C AD4 sintered at 1120C
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Figure 12.11: microstructure and microhardness profile of carburized 7.0g/cm3
surface densified 0.2%C AD4 sintered at 1120C
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Figure 12.1 microstructL]r and microhardness profile of carburized 7.Og/cm3
surface densified 0.2%C AD4 sintered at 1250C
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Figure 12.16: microstructure and microhardness profile of carburized 7.0g/cm3
surface densified 0.2%C DLH

12.5.Microstrctures and microhardness profiles of nitrided steels

Temperature Time [h]
Treatment [C] Nitriding Diffusion
(80N,/ 20H,) (90N,/10Hy)
PN 2 480 48 24
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ostructure and microhardness profile of 6.8g/cm™ 0.2%C ACrL
sintered at 1250C
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Figure 12.18: microstructure and microhardness profile of 6.89/cm3 0.4%C ACrL
sintered at 1250C
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Figure 12.20: microstructure and microhardness profile of 7.Og/cm3 0.4%C ACrL
sintered at 1120C
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Figﬂur' 1221: microstructure nd microhardness profile of 7.Og/cm3 0.2%C ACrL
sintered at 1250C
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sintered at 1250C
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Figure 12.24: microstructure and microhardness profile of 7.4g/cm3 0.4%C ACrL
sintered at 1250C
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