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INTRODUCTION

Modern machines are made of structural 
materials characterized by high mechanical and 
operational properties. Various methods of the 
material properties improving are known, such as 
heat and thermo-chemical treatment, traditional 
alloying and micro-alloying, surface treatment 
technologies, the use of multilayer materials, etc. 
For many years, this has also been achieved by 
high-temperature thermo-mechanical processing 
(HTTMP) of steel and other alloys. The HTTMP 

involves the steel hardening immediately after 
hot pressure exposure, when the metal has an 
austenitic structure. In the short time between 
the end of the deformation process and harden-
ing, there is no time for recrystallization to oc-
cur. Therefore, the strengthening that occurred 
during the plastic deformation while rolling or 
forging is not eliminated and remains in the ma-
terial after it has cooled down. After tempering, 
this is supplemented by strengthening due to the 
hard martensitic structure. The martensite formed 
under these conditions inherits, in addition to its 
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own dislocations, the dislocations that arose dur-
ing the work stressing. It is clear that the shorter 
the time interval between the completion of all 
processes, when the steel is of high-temperature, 
the more dislocations are retained, and the greater 
the strengthening effect is shaped. Practically, this 
time interval is a few seconds during which re-
crystallization partially occurs and which reduces 
the strengthening effect. Recrystallization is one 
of the main drawbacks of the steel HTTMP. 

Actually, HTTMP is an integral part of pro-
duction of many types of steel, ranging from car-
bon steel to alloyed grades. Advanced low-carbon 
plate steel are now increasingly manufactured and 
their production process combines controlled hot 
rolling with accelerated cooling to regulate the 
microstructure through the processing. HTTMP 
has led to the development of new grades of steel 
with highly desired combinations of properties 
that would have been impossible to achieve with 
more conventional processing approaches. These 
steel products cover an extremely wide range of 
applications, including gas and fuel transportation 
pipes, high-rise buildings, car park decks, bridges, 
power transmission towers, lightning poles, build-
ing beams and panels, shipbuilding, car bodies, 
rail tracks, and transformer sheets, among others. 

HTTMP technologies demonstrate their effec-
tiveness for a wide range of steel and other alloys, 
such as conventional and advanced ones. How-
ever, there is a lack of information on the possi-
bilities of materials made with powder metallurgy 
(PM) methods after HTTMP. PM materials are 
used in a wide range of applications, such as fric-
tion and antifriction, tooling, filtering, structural 
and other materials. Most of them have residual 
porosity, which significantly reduces strength and 
thermal conductivity and increases their brittle-
ness. An effective way to prevent this phenom-
enon is infiltration with molten additive material, 
which fully eliminates the pores.

Although produced in near-net shapes, most 
components fabricated from PM materials still 
require some form of secondary machining. 
Nevertheless, there are not many studies on the 
machinability of these materials, despite the fact 
that machining accounts for more than 15% of 
the value of all products manufactured in indus-
try [1]. Salak et al. [2] reported that the machin-
ability of PM steel can be improved in a number 
of ways, such as by influencing the work-piece 
material properties in a targeted manner, adding 
various pore-closing additives by impregnation 

or infiltration, modifying the microstructure by 
alloying as well as using appropriate heat treat-
ment processes and the right choice of tool ma-
terial and cutting conditions. Possible combina-
tions of these approaches offer many options for 
improving the machinability of PM steel. In terms 
of characterizing the material properties in rela-
tion to machinability, it is possible to define two 
groups of PM steel. The first group includes Fe-C 
steel, which can be characterized quite easily on 
the basis of hardness and the proportion of fer-
rite and perlite. The second group includes alloy 
steel, which are more complicated to characterize 
the properties of the work-piece in relation to the 
cutting process. Data on the machinability of PM 
steel can help evaluate the actual technical and 
economic efficiency of the machining methods 
used. Okimoto [3] described resin impregnating 
into the open pores of a sintered iron compacts 
and revealed the improvement of their machin-
ability due to reduction in the plastic deformation 
during the chip formation, the decrease of the 
work hardening and the reduction of the cutting 
force. Tutunea-Fatan et al. [4] considered one of 
the fundamental parameters used to describe the 
cutting forces. Experiments conducted with po-
rous titanium revealed a relative relationship be-
tween the magnitude of the cutting force and the 
porosity of this material. Shin and Dandekar [5] 
informed that metal matrix composites (MMCs) 
as advanced structural materials based on metal 
powders have a high strength-to-weight ratio, 
high stiffness and good damage resistance over a 
wide range of operating conditions. The authors 
considered the details of changes in the cutting 
forces, chip morphology, temperature and subsur-
face damage compared to conventional materials. 
Sadat [6] stated that the applications of traditional 
machining processes usually lead to the surface 
and subsurface changes that differ from the base 
materials. In order to avoid the unwanted changes 
that can negatively affect the work-piece quality, 
it is necessary to know the different types of ma-
chining transformations and their provenance. It 
is also important to know the cutting parameters 
and tool geometry that will lead to high-quality of 
work-piece. Ilio and Paoletti [7] determined that 
MMCs machining is difficult due to the presence 
of two or more separate phases, one of which is 
highly abrasive, and the distinct differences be-
tween the hard ceramic reinforcement and the 
ductile metal matrix. Parts made from MMCs 
must always be machined to conform to the final 
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design requirements. Pramanik and Zhang [8] 
studied the particle cracking and detachment dur-
ing the machining of MMCs and revealed that it 
was due to the occurring stresses and strains and 
interactions with the cutting tool and with other 
particles. Obikawa et al. [9] analyzed Fe-2Cu-
0.8C sintered steel cutting under different lubri-
cation/cooling conditions and with different tool 
materials and revealed that thick coating of the 
carbide tool is effective for considerable improve-
ment of the machinability of this steel. Kulkar-
ni and Dabhade [10] studied machinability of 
Fe-Cu-C sintered alloys and revealed that MnS 
added in the alloys tested provided improving of 
the post-sinter machining performance. Li and 
Laghari [11] analyzed the conventional machin-
ing processes for MMCs and discussed the tool 
wear, MMCs machinability and surface quality 
for different manufacturing processes. Compre-
hensive problems and conclusions concerning 
the machining of particle-reinforced MMCs were 
elaborated. Ebersbach et al. [12] analyzed the ef-
fect of cutting parameters on force, texture and 
chip morphology under turning of self-lubricat-
ing carbon steel with addition of Ni, Si and h-BN 
particles. All the studied materials were manufac-
tured under single pressing and double pressing. 
It was revealed that all components of the result-
ing cutting force were 10–25% higher after dou-
ble pressing compared to single pressing. Sz tex-
ture parameters were lower for double pressing 
compared to single pressing. The segmented chip 
was observed and Kh value was affected by the 
cutting parameters and manufacturing features. 
Xu et al. [13] investigated the effect of machining 
parameters using monocrystalline diamond tools 
on the pore structures of sintered bronze. It was 
found that turning with diamond tools provided 
effective machining of porous bronze and solved 
the problem of pore blockage in the porous mate-
rials. Sap et al. [14] studied the machinability of 
Cu-composites with Ti-Be-SiC particle additives 
and a significant impact of speed and feed on the 
surface roughness, cutting wear and tempera-
ture as well as chip morphology was observed. 
Kulkarni et al. [15] tested machining “green/un” 
sintered powder steel. The authors found that 
the tested material increased brittleness, which 
caused damage to the cutting edge and worsened 
the roughness of the machined surface. This can 
be remedied by increasing the cutting speed and 
feed rate, but the results are worse compared to 
hardened (sintered) materials. As it was shown 

above, there are not many scientific papers in the 
current literature on the machinability of materi-
als made by PM methods after HTTMP. On the 
other hand, HTTMP powder steels are materials 
that can replace conventional structural steels, but 
have poor mechanical properties. This study con-
siders the possibility of using HTTMP for powder 
steel frame additionally infiltrated by bronze with 
MoS2 addition to increase mechanical properties 
of the materials studied.

The aim of this study is to analyze the effect of 
high-temperature thermo-mechanical processing of 
carbon sintered steel on the microstructural proper-
ties and hardness as well as on the cutting forces 
and surface topography after finish turning process.

MATERIAL AND METHODS

The materials studied were manufactured 
by infiltration of CuSn5 tin bronze pressed into 
powdered steel frame. As frames, Fe-base green 
samples had 1.2% graphite addition and were 
produced according to the technology described 
by Dyachkova and Feldshtein [16]. The samples 
were pressed to form rolls of 50 mm in diam-
eter and obtain relative density of 82−83%. In-
filtrating material was produced by mixing in a 
ball mixer of a “drunken barrel” type for 1,5 h of 
powders of iron, pencil graphite, copper, tin and 
molybdenum disulfide. Additionally, 5% of iron 
and 1.5% of special compounds were added in the 
charge mixture in order to exclude erosion under 
infiltration. The infiltration of initial frames after 
pressing was carried out under an endothermic 
gas atmosphere at 1140 °С. Final material com-
position is presented in Table 1. The real density 
of in-situ steel frame was 80–81% and after infil-
tration, hardening and HTTMP, it was 96–98%.

Since the materials studied have an increased 
corrosion resistance, the heating of samples dur-
ing hardening and HTTMP was performed in air. 
Hardening was performed at the temperature of 
800  °С in water, after which, the samples were 
tempered at 200 °C during 1 h. HTTMP was per-
formed as follows: heating at the temperature 
of 800  °С, deformation by stamping at 750  °С 
with the steps of 30% and 50%, rapid cooling 
(hardening) in water, tempering at 200  °C and 
500 °С during 1 h. The structure was studied us-
ing a MEF-3 metallographic microscope as well 
as a Mira electron microscope with an INCA 350 
apparatus of Oxford Instruments, designed for 
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micro-X-ray spectral analysis. Microstructural 
sections of the materials were made in the direc-
tion parallel and perpendicular to the direction of 
pressure action and then the surfaces were etched 
with 4% solution of picric acid in ethanol.

Turning tests were carried out on a CNC 
CKE6136i DMTG lathe. The turning tool con-
sisted of a SDJCR 20x20 K11 tool holder with 
a DCMT11T304-PSS cemented carbide insert of 
AH8015 grade of Tungaloy. Inserts were PVD 
coated and nano-multilayer TiAlN coating was 
used. The insert and its geometrical dimensions 
are shown in Figure 1. The cutting parameters of 
studied machinability features are shown in Table 
2. A 9129AA piezoelectric multicomponent dyna-
mometer by Kistler (Fig. 1 b) was used to regis-
ter components of the cutting forces (Fc – cutting 
force, Fp – passive force, Ff – feed force) and the 
sampling rate was of 10000 Hz. 

The dynamometer consists of piezoelectric 
measuring sensors, which were mounted under 
a high pre-voltage, between the upper plate and 
the base plate. Each sensor contains three pairs 
of quartz platelets. One pair is responsible for 

measuring force in the Z-axis direction, while the 
others are responsible for measuring forces in the 
X- and Y-axis directions. Processing, visualization, 
and recording of signals were carried out using 
Dyno Ware software. To measure the surface to-
pography of the samples tested, a Sensofar S Neon 
Optical profiler was used. For statistical analysis 
of the test results, the tests were repeated 3 times.

RESULTS AND DISCUSSION

Microstructure changes

The study of samples after infiltration revealed 
that their micrstructure consists of areas of steel 
frame with perlite structure with a small amount 
of cementite and areas of copper phase, located on 
the borders and at the junctures of frame (Fig. 2). 
The microstructure of the steel frame is practical-
ly homogeneous in respect to carbon. Inclusions 
of sulfides are located in iron-based partials, but 
predominantly in the copper phase. Molybdenum 
disulfide decomposes during infiltration to form 
sulfide Mo2S3 and free sulfur, which forms copper 
sulfides, interacting with copper. Hardening of the 
samples led to the formation of a troostite-mar-
tensite microstructure (Fig.  3). During heating, 
the diffusion of copper from the grain borders of 

Table 1. Final material composition, %
Gr MoS2 Cu Sn Fe

1.2 1 17 1 The rest

Figure 1. The insert and its geometrical dimensions (a) and a scheme 
of cutting forces action in the Kistler dynamometer (b)

Table 2. Cutting parameters of the studied machinability features
Machinability features Cutting speed (vc), m/min Feed rate (f), mm/rev Depth of cut (ap), mm

Cutting forces 157 0.05
0.25

Surface texture 50 0.15
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the steel frame to its center occurs, carbon content 
at the borders with the copper phase increases and 
a 2−5 µm thick layer is formed there.

The study of the tested material microstructure 
processed using HTTMP showed that under defor-
mation, a macro-texture is formed and the micro-
structure in the direction parallel and perpendicular 
to the pressure direction is different (Fig. 4). After 
HTTMP with the strain rate of 30% in the direc-
tion parallel to the pressure action and tempering 
at 200 °C, a decrease in the grain size in the steel 
frame and the appearance of more thin zones of 
the copper phase (Fig. 4 a) was observed. Smaller 
grains in the steel frame have the microstructure of 
unstructured martensite and troostite-martensite, 
whereas larger grains have troostite microstructure 
with residual finely dispersed austenite inclusions 
(Fig. 4  b). Under tempering at 500  °C, residual 
austenite decomposes, the microstructure of the 
steel frame becomes mainly bainite and the copper 
phase is subjected to aging, as evidenced by the 
ultra-dispersed phases observed.

Increasing the strain rate up to 50 % leads 
to even greater fragmentation of the steel frame 
structure, a decrease in the thickness of the cop-
per phase interlayers (Fig. 5) and also an increase 
in the residual austenite content up to 20−25%. 
The copper amount and carbon homogeneity in 
the steel areas increase due to the increased num-
ber of defects and the acceleration of the diffu-
sion processes. The structure of the steel frame is 
structureless martensite.

Hardness changes

HB hardness of the materials tested depends 
on the processing technologies (Fig. 6). It can be 
seen that the results varies quite a bit. This is due 
to the simultaneous interaction of various me-
chanical loads and high temperatures as a result 
of which microstructural and phase changes oc-
cur and new compounds are formed. Such chang-
es provides to relatively stable deviation (not ex-
ceeding 5%). Porous steel frame has the lowest 
HB, infiltration as well as infiltration followed by 
hardening increases HB by about five times, with 
the residual porosity reducing to 2–4%. HTTMP 
with 30% strain rate and followed by tempering 
increases hardness up to 20%. Further increase of 
the strain rate up to 50% leads to the following 
HB growth of about 5%, however, the strain rate 
increases up to 70% providing 5% HB decrease. 
As mentioned above, the recrystallization that 

Figure 2. Microstructure of the material tested 
after infiltration: 1 − sections of steel frame with 

perlite structure; 2 − cementite inclusions; 3 − areas 
of copper phase; 4 − sulfide inclusions in copper 

phase; 5 − sulfide inclusion in the steel frame

Figure 3. Microstructure of the material 
tested after hardening and low tempering

leads to a reduction in strengthening, occurred 
during HTTMP. Because of this phenomenon, it 
is recommended that the strain rate when using 
HTTMP for functional materials does not exceed 
20−30%. In the authors’ opinion, the presence of 
ductile bronze areas due to infiltration of the in-
situ powder steel increases the allowable strain 
rate of PM of steel from 30 up to 50%.

Cutting forces changes under turning process

As an example, the time course of changes in 
the cutting forces when turning the material after 
infiltration are shown in Figure 7. The noticeable 
cyclic changes are due to the presence of a thin 
component (bronze) in the work-piece material. 
Such changes can cause an intermittent peeling of 
the surface machined.When analyzing the impact 
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Figure 4. Microstructure of the material tested after HTTMP with 30 % strain rate and tempering at 200 °C: 
(a) in the direction parallel to the pressure action; (b) in the direction perpendicular to the pressure application

Figure 5. Microstructure of the material 
tested after HTTMP with 50 % strain 

rate and tempering at 550 °C

Figure 6. Hardness changes depending on the materials studied (I – after infiltration, 
H+T – after hardening and low tempering, HTTMP – as above)

of the tested materials manufacturing technology 
on the average cutting forces changes (Fig. 8), it 
was observed that the force changes are similar to 
changes in the hardness of these materials, which 
is a typical correlation in case of structural materi-
als turning [17]. Relatively large variations in the 
average force values can be justified by the pres-
ence of a thin component in materials. Depending 
on the material tested, the changes in Fc force are 
of 7–23%, Fp of 5–59% and Ff of 13–69%. Such 
significant changes are caused by the simultane-
ous effect of the mechanical and structural prop-
erties of the materials tested as well as the cross-
section of the uncut layer on the cutting force.
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Figure 7. Changes in the cutting forces depending on the time of 
cutting when turning the material after infiltration

Figure 8. Average cutting forces changes depending on the materials studied (I – after 
infiltration, H+T – after hardening and low tempering, HTTMP – above)

Figure 9. Sa and Sq parameters depending on the materials studied (I – after 
infiltration, H+T – after hardening and low tempering, HTTMP – above)
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Surface texture changes after turning process

The changes in the Sa and Sq parameters 
of the surface texture of the tested materials are 
shown in Figure 9. These changes depend on 
conditions of the material strengthening, and the 
smallest of them are registered under HTTMP of 
50%. Depending on the material tested, the chang-
es in Sa and Sq parameters are of 91–115% and of 
82–105%, respectively. Similar changes were ob-
served in three-dimensional images of the surface 
after turning (Fig. 10). The most uniform topog-
raphy with the small areas with single high peaks 
is characteristic of materials under 50% strength-
ening. In comparison, significantly more surface 

defects are observed on the surfaces after finish 
turning of iron-based MMCs reinforced with 
graphite and hard nano-oxides [18]. Similar par-
ticularities were observed by Feldshtein et al. [19].

CONCLUSIONS

In this paper, the microstructure and hardness 
of the structural powder steel after high-temperature 
thermo-mechanical processing were specified as 
well as the cutting forces and surface topography af-
ter finish turning. The following relationships were 
found. Microstructure of the materials tested consists 

Figure 10. Three-dimensional images of the surface after strengthening and followed by turning
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of areas of the steel frame with perlite structure with 
a small amount of cementite and areas of the cop-
per phase located on the borders and at the juncture 
of the steel frame. The structure of the steel frame 
is practically homogeneous. Hardening leads to the 
formation of a troostite-martensite structure. Dur-
ing heating, the carbon content at borders with the 
copper phase increases and a 2−5 µm thick layer is 
formed there. After HTTMP with the strain rate of 
30% in the direction parallel to the pressure action 
and tempering at 200 °C, a decrease in the grain size 
in the steel frame was observed. Smaller grains in 
the steel frame have the structure of unstructured 
martensite and troostite-martensite, whereas, larger 
grains have troostite structure with residual finely 
dispersed austenite inclusions. Increasing the strain 
rate up to 50 % leads to even greater fragmenta-
tion of the steel frame structure, a decrease in the 
thickness of copper phase interlayers. HB hardness 
of the materials tested depends on the processing 
technologies. Porous steel frame has the lowest HB, 
an infiltration as well as an infiltration followed by 
hardening increases HB by about five times. The 
HTTMP with 30% strain rate and tempering after-
wards increases hardness up to 20%. Further strain 
rate increased up to 50%, leads to the following HB 
growth of about 5%, however strain rate increased 
up to 70%, provided 5% HB decreasing. As men-
tioned above, the recrystallization that leads to a re-
duction in strengthening, occurred during HTTMP. 
It is recommended that the strain rate for HTTMP 
PM of steel should be 30−50%. Some noticeable cy-
clic changes are observed due to the presence of a 
thin bronze in the materials tested. Dependency of 
changes in the hardness and cutting forces (Fc, Fp, 
Ff) of the materials tested was observed. Depending 
on the material tested, the changes in Fc force are up 
to 23%, Fp up to 59% and Ff up to 69%. Changes 
in the Sa and Sq surface texture parameters depend 
on conditions of the material strengthening, and the 
smallest of them are registered under HTTMP of 
50%. Depending on the material tested, the changes 
in Sa and Sq parameters are up to 115% and 105%, 
respectively. The most uniform topography with the 
small areas with single high peaks is characteristic of 
the materials under 50% strengthening.
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