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Study on improvement of mechanical properties of Mo system sintered steel
by cold forging and heat treatment
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The purpose of this study is to obtain proper process conditions to improve mechanical properties
of sintered and cold-forged materials using Mo-partial-diffusion alloyed steel powder, in particular,
their fatigue properties. The sintered, cold-forged and heat-treated material that has superior
mechanical properties was obtained successfully by optimizing green compacting, primary sintering
(PS), cold forging (CF) and heat treatment together. Also, since the changes in the shape and the
density of the sintered material by cold-forging with large plastic deformation is important in the
product design, the new finite element method (FEM) that can estimate them were suggested.

In chapter 1, the history of powder metallurgy, positioning and production trends of sintered
materials in mechanical and automobile parts, Fe-based sintered materials and their strengthening
methods, the problems in research to develop high-strength sintered parts, were described. Moreover,
the purpose of this study and the consist of the thesis were also described.

In chapter 2, the effects of processes from green compacting to cold forging on the microstructure,
the density and deformation properties of the specimen were investigated. Effective process
conditions were investigated to obtain the sintered and cold-forged material that has good
densification properties and the deformability by cold-forging.

With increasing the PS temperature, the ferrite and the pearlite microstructures were decreased
and increased, respectively. This is caused by promotion of the diffusion of carbon in the grain of Fe
with increasing the PS temperature. When both of the density of the primary-sintered specimen and
the PS time were constant, the height of flash after CF exponentially increased with the densification
by increasing the CF load regardless of the PS temperature. Also, the limit density by CF became
high with increasing the density of the primary-sintered specimen. In the square shape specimen used
in this study, the set CF load that is sufficient to reach the limit density was 1200 kN. In that case, the
limit density became more than 7.8 Mg/m®. Moreover, it was confirmed that the specimen sintered
for 60 min has the superior deformability compared with that sintered for 20 min due to the promotion
of spheroidizing pores even if the PS temperature and the density of cold-forged specimen are
constant.

From these results, it was found that the specimen, which is sintered at 1075°C for 60 min and
has the density of 7.4 Mg/m>, has superior densification properties and deformability although the
perlite microstructures with low deformability are increased.

In chapter 3, the effect of process conditions in PS, CF and carburizing heat treatment on
mechanical properties of the specimen was investigated. Considering the results obtained in chapter
2, proper process conditions were examined to improve the mechanical properties.

Regardless of PS conditions and the density of the primary-sintered specimen, when the average



density becomes approximately 7.7 Mg/m*® by CF, microcracks form in the surface layer of the
specimen and thus both charpy impact strength after CF and the bending strength after carburizing
heat treatment are reduced. On the contrary, in the specimen which average density more than 7.8
Mg/m?® is densified by CF, microcracks are press-contacted and disappearance of the microcracks is
promoted by the volume diffusion in the whole specimen and the diffusion bonding in gas-carburizing
heat treatment. As a result, the bending strength of the specimen with 7.8 Mg/m® average density
recovers compared to that with 7.7 Mg/m? average density. Moreover, effective process conditions to
such strength recovery effect for the heat-treated specimen were revealed. As the conditions, it was
shown that it is desirable that the density of primary-sintered specimen is 7.4 Mg/m® and the PS
conditions are at 1050°C for 20 min and at 1075°C for 60 min in case of near-net shaping and large
deforming, respectively. Moreover, it was shown that it was desirable the average density after CF
becomes more than 7.8 Mg/m? using the set CF load of 1200 kN.

In chapter 4, new carburizing heat treatment method was developed to achieve the high fatigue
strength of the specimen using effective PS-CF conditions obtained in chapter 3. Using vacuum
carburizing heat treatment that can conduct high temperature processing compared to gas-carburizing
heat treatment, reforming of microstructure was performed and the effect of heat treatment conditions
on the microstructure and fatigue strength of the specimen was investigated. When the contact area
of Fe particles increases with densification by CF, y-Fe transforms to a-Fe in the Mo-rich area with
extra low carbon during heat treatment. Then, the high speed volume diffusion peculiar to a-Fe
becomes dominant and thus the self-diffusion of Fe is promoted remarkably. When secondary
sintering is conducted to the sintered and cold-forged specimen with high density at 1000°C for 60
min, the diffusion of C, Mo and Fe progresses even in the center area of the specimen. Then, the
microcracks formed at the grain boundaries in the surface layer by CF are disappeared by diffusion
bonding and residual pores are spheroidized. In such specimen, the superior charpy impact value (437
J/em?) was obtained. Moreover, in this study, vacuum carbonitriding heat treatment under highly-
concentrated carbon was suggested. Using this method, the hard surface with a deep hardening layer,
which includes both the nitrogen martensite and the spherodized cementite with superior wear
resistance, can be formed. In addition, the excessive retained austenite can be formed in the surface
layer. In the specimen with such microstructures, progress of cracks is suppressed. As a result, the
sintered material with high fatigue strength was realized.

In chapter 5, 3D-FEM analysis that simulates the CF process of the backward extrude forging of
the square shape specimen was performed to predict the shape and the density of the sintered and
cold-forged material. At first, the true stress-true strain (S-S) diagram of the sintered material was
obtained experimentally. The method to obtain the corrected S-S diagram for FEM analysis of the
porous material was established using the polynominal approximation of stress ratios of experimental
values and calculated values. It was shown that the shape and the density can be analyzed using the
corrected S-S diagram, the remeshing method and the element elimination method. Moreover, it was
also shown that the load to act on the punch in CF can be analyzed using the developed method.

In chapter 6, this study was summarized.



