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Highlights
* The study focused on the thermomechanical processing behavior for Nb microalloyed steel.
 P/M was used as the production method.
» Mechanical properties and microstructures were characterized for different conditions.

Article Info Abstract

One of the most important properties of microalloyed steels is the different microstructures which
are obtained by changing the thermomechanical processing parameters and steel composition.
The control of microstructure such as grain size, precipitates, dislocation structure and inclusions
are highly effective to determine the mechanical properties of microalloyed steels. The
strengthening of mechanical properties can be done by thermomechanical processesing due to
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increase of nucleation sides via maximizing the austenite boundary and density of the deformation
band. In this study, the unalloyed steel and microalloyed steel containing 0.15% Nb were
produced by powder metallurgy and hot deformed to reduce the thickness by 40% and 75%. EDX
analyzes, density, hardness and grain size measurements were also performed on specimens.
According to the SEM microstructure results, the grain size gradually decreased with respect to

Mechanical properties the deformation rate in both steels. It was observed that small grains occurred due to a complete

recrystallization process at 75% deformation rate which were supported by grain size analysis.
The density and hardness values increased by the increase in deformation rate. While the density
and hardness of microalloy steel under sintered conditions was 89.46% and 75 Hv, respectively,
75% deformed condition was 98.51 % and 231 Hv.

1. INTRODUCTION

Microalloyed steels with high strength and toughness can easily be welded due to their low carbon content.
Both strength and toughness of microalloyed steels are increased by using the effect of thermomechanical
processing and microalloying elements [1,2]. These steels are used to produce the forged parts with fine
grain sizes using a thermomechanical process. The effect of microalloying on steel depends on the
conditions of the applied plastic deformation. Microalloying elements that are free in the solution increase
the recrystallization temperature of austenite, thereby causing a decrease in the recovery rate of the grains
[3,4]. In addition, the formed precipitates reduce the recrystallization rate and prevent growth of the
austenite during or after the deformation [5,6]. The microalloyed steels have been produced to achieve
optimum mechanical properties which are obtained by controlling the parameters of thermomechanical
process such as temperature and strain rate [7]. Mechanical properties of microalloyed steel can also be
enhanced by taking advantage of the precipitation hardening and grain refining effects of microalloy
elements such as titanium, niobium and vanadium.

An important property of microalloyed steels is the different microstructures which are achieved by
changing the composition and thermomechanical process parameters. During hot deformation of low
carbon unalloyed steels, the change of microstructure is not evident as observed in microalloyed steels
containing niobium, vanadium, titanium, molybdenum, aluminum or boron elements in single or
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combination. The microalloying addition to low carbon steels influence the kinetics of phase transformation
and increase the precipitation hardening in ferrite phase. Niobium has the strongest effect on these
properties among the microalloying elements. In the hot deformation of microalloyed steels, the
inhomogeneity of the initial austenite microstructure has an important effect on the structure of the finished
product. The effect of hot deformation on the microstructure, the precipitation process and the effect of the
resulting defects (subgrains, dislocations and deformation bands) are difficult and expensive to detect under
industrial conditions [8,9]. The addition of niobium to steel causes the niobium carbide and niobium nitride
to precipitate within the structure of the steel. These ingredients refine the grain size, delay recrystallization
and ensure precipitation hardening. The grain refining effect of Nb is mainly related to the retard in
recrystallization. In addition, Nb decreases the austenite ferrite transformation temperature, simultaneously
increasing the ferrite nucleation rate and decreasing the grain growth rate. This effect leads to a fine-grained
transformation structure that also increases strength, toughness and ductility. A range of structural steels
(line pipe, automotive, construction) with a yield strength greater than and above ~ 350 MPa contain
niobium to achieve the right balance of strength, toughness and weldability [10]. Giindiiz et al. showed in
their study that the strength of microalloyed PM steel increased by precipitation hardening and grain
refining with the addition of Nb. They pointed out in their study that NbC (N) precipitates prevent grain
growth during the sintering step and this causes an increase in strength [11]. Ozdemirler et al. [12] also
showed that when the NbC amount increased to 0.2% by weight, the yield strength, tensile strength and
hardness values of P/M steel increased. They attributed the increase in mechanical properties to
precipitation hardening and decrease in precipitate particle size. As a matter of fact, fine grained structure
and precipitate particle improve the mechanical properties by preventing the dislocation movement.

The difficulty and cost of the production stages of microalloyed steels lead to the development of new
systems for the production of these steels with powder metallurgy. Despite its low alloy content,
microalloying leads to great increase in strength and toughness which is resulted of the formation of
carbonitrides. The contribution of these effects depends on different thermal and mechanical treatment in
powder metallurgy (P/M) compared to conventional steel production using forging and casting methods.
The traditional powder metallurgy method includes powder production, cold pressing and sintering [13].
The structure of the materials produced by this method is porous and the density is low compared to the
materials produced by the conventional casting method. This may cause a decrease in mechanical
properties. Porous structure restricts the use of materials in high strength applications by causing the stresses
increment [14]. It is indicated in the literature that the application of hot deformation to the materials
produced by the powder metallurgy causes to exhibit better mechanical properties than the materials
produced by the casting and forging method [15].

Powder metallurgy (PM) is a metal forming technology that uses powders (metallic and or ceramic) as raw
materials that are formed into a specific shape and size and then sintered at high temperature [16]. Although
powder metallurgy (P/M) is not a new known process, it only started to be used as an industrial process in
the early 20th century. It is widely used in developed countries of the world, and its products find wide
application areas in the industry. By using the P/M method, some parts that are difficult to produce and
process with other methods can be easily produced in the intended composition [17,18]. In Figure 1, the
route followed by the conventional P/M method is given.
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Figure 1. PM chart. Conventional powder metélldfg& route t19]
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In this study, thermomechanical processing behavior of unalloyed and Nb microalloyed steel was
investigated. The properties of these steels were also compared with each other. Mechanical properties and
microstructures were analysed for different conditions to determine the grain refinement and precipitation
strengthening.

2. MATERIAL METHOD

In the present study, two types of steels with compositions of Fe-0.35C (wt%, unalloyed steel) and Fe-
0.35C-0.15Nb (wt%, microalloyed steel) were produced by powder metallurgy method. Table 1 shows the
average particle sizes and properties of the powders used in experimental studies. SEM images of Fe,
Graphite and Nb powders are given in Figure 2. As can be seen in Figure 2, the iron powder used as a
matrix is mostly irregular. Graphite and Nb powders used as reinforcement elements generally have sharp
corners and irregular geometry, similar to each other (Figure 2b and 2c).

Table 1. Average particle size of powders used in experimental studies and their properties

Elemental Powders Powder Size (um) Purity Value (%) Supplied Company
Iron (Fe) 43 99.9 Sintek
Graphite (C) <20 96.5 Aldrich
Niobium (Nb) <45 99.8 Aldrich

(c) Nb < 45 uim

The weighing of the powders at the given chemical composition was carried out on a digital precision
balance with a sensitivity of 0.0001g. Weighed powders were mixed with a three-axis mixer for 1 h without
ball. Mixed powders were pressed at 700 MPa. Cylindrical samples with dimensions of @32x29mm were
produced using a single axis die at room temperature. Pressed samples were sintered at 1150 °C for 1 h
under argon atmosphere and then cooled down to room temperature in the furnace. One of the samples was
homogenized at 1150 °C for 1 h and then cooled in air. Other samples were deformed at deformation rates
of 40% and 75% in an open die under normal atmospheric conditions after homogenization and then
allowed to cool in air. The deformation process was carried out at an austenitization temperature between
1150-930 °C. The microstructures of the deformed and non deformed samples were also examined by an
optic microscope (Nikon Epiphot 200), Scanning Electron Microscope (Carl Zeiss Ultra Plus Gemini
Fesem) and Energy Dispersive Spectrometry (Carl Zeiss Ultra Plus Gemini Fesem). The mean linear
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intercept method was also used to determine average grain size of samples. Vickers hardness measurements
were done by using Hvos (500 g) load (Shimadzu). Figure 3 and 4 show flow chart of experimental
procedure and the shape of the produced samples treated under different conditions respectively.

'

Powders

Sintering

Cold Pressing ‘Homogenization

HotDel‘m’maﬁon Characterization

Figure 3. Flow chart of the experimental procedure

(d)

Figure 4. Produced samples a) sintered, b) homogenized, ¢) 40% deformed, d) 75% deformed
3. RESULTS AND DISCUSSION

The microstructures of the nonalloyed and Nb microalloyed steel are seen in Figures 5 and 6 under different
conditions; (a) sintered at 1150 °C for 1 hour, (b) homogenized at 1150 °C for 1 hour after sintering, (C)
40% deformed and (d) 75% deformed. Figures indicated that ferrite and pearlite structures with different
equiaxed grain sizes were observed in unalloyed and Nb microalloyed steels. After the homogenization
heat treatment, ferrite and pearlite phases are more homogeneously distributed in the structure.
Widmastatten ferrite was also observed in the deformed samples, because deformation effect the nucleation
rate of ferrite. It was shown in a study that the nucleation of the ferrite at the grain boundaries of the 30%
deformed samples was 8 times larger than the non deformed samples. This is attributed to the increase in
the densities of the strained regions at the austenite grain boundaries which facilitate nucleation rates [2].
In addition deformed samples were cooled in air which is faster than sintered samples cooled in furnace. It
is known that Widmanstatten ferrite occured at higher cooling rates than polygonal ferrite formed in the
samples cooled in air [20]. Table 2 also shows grain sizes and hardness values of unalloyed and Nb
microalloyed steels for different conditions. As seen in Table 2, the average grain sizes of unalloyed steel
were measured as 29.06 um, 23.32 um, 14.9 um and 10.71 um for sintered, homogenized, 40% deformed
and 75% deformed conditions, respectively. The average grain sizes of Nb microalloyed steel were also
measured as 24.17 um, 18.4 um, 8.8 um and 5.8 um for sintered, homogenized, 40% deformed and 75%
deformed conditions, respectively. It was observed that fine-grained microstructure formed in both steels
with increasing deformation rate.
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Figure 5. The microstructure of the nonalloyed steel at the centre of the sample, a) sintered for 1 h. at
1150 °C, b) homogenized for 1 h. at 1150 °C after sintering, c) 40% deformed, d)75% deformed

.

The microstructure of deformed nonalloyed and Nb microalloyed samples showed that the grains are not
equal and some grains are coarser. The coarser grains are non-recrystallized grains which are surrounded
by many small grains. These small grains occurred due to dynamic recrystallization during deformation.
This feature strongly proves that the microstructure consisted of noncrystallized and recrystallized grains.
However, Nb microalloyed steel showed smaller grain sizes than the nonalloyed steel for all conditions. A
great advantage of microalloying is the limitation of grain growth at the austenite temperatures. The
occurrance of small precipitates in austenite during sintering, homogenization or deformation prevents the
austenite growth and causes the formation of fine ferrite during cooling [21,22-24]. As is known, the
formation of NbC depends on the amount of deformation rate in the austenite region. Small precipitates
prevent recrystallization and create fine ferrite grains [25-27]. SEM images and EDS point analysis of the
Nb microalloyed steel which deformed in austenite region with the deformation rate of 40% and 75% are
given in Figure 7. The SEM and EDS analysis results confirm that the NbC precipitates occurred in Nb
microalloyed steel after deformation. Precipitates are more effective for the inhibition of the grain growth
compared to the dissolved atoms [28].

Microstructure analysis showed that NbC formed mostly at grain boundaries. These NbC at the grain
boundaries prevented the grain growth leading to a fine grain size in the Nb microalloyed steel than
unalloyed steel. The results of hardness tests were also given in Table 2, showing an increase in hardness
values of both steels with increasing the deformation rates. For unalloyed steel, the hardness values obtained
from sintered, homogenized, 40% deformed and 75% deformed samples were 66 Hv, 87.64 Hv, 143 Hy,
181 Hv, respectively, while the hardness values for Nb microalloyed steel were 75 Hv, 144 Hv, 175 Hy,
231 Hv, respectively. This increase in hardness can be attributed to the grain refinement occurring in both
steels with increasing deformation rate and also to the increase in the amount of NbC formed in Nb
microalloyed steel. The precipitates formed in Nb microalloyed steel prevented grain growth and the
movement of dislocations, causing the grain size to decrease and the hardness to increase more than
unalloyed steel. The effect of microalloy elements on grain boundary movement and recrystallization is a
result of carbo-nitride precipitates which may have remained undissolved in austenite or formed during
cooling. In addition, the precipitation rate increases with the increase of plastic deformation (strain induced
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precipitation). Inhibition of grain boundary movement by precipitated particles resulted in smaller grain
sizes and higher strength [29, 30]. Earlier microhardness studies on ferrite grains [31, 32] showed that the
increase in the hardness of microalloyed steels is mainly because of precipitation hardening.

Figure 6. The microstructure of the Nb microalloyed steel at the centre of the sample, a) sintered for 1 h.
at 1150 °C, b) homogenized for 1 h. at 1150 ° C after sintering, c) 40% deformed, d)75% deformed



612 Demet TASTEMUR, Suleyman GUNDUZ, Mehmet Akif ERDEN/ GU J Sci, 35(2): 606-616 (2022)

1741
SE_MAG: 25000 x HV: 10.0 KV WD: 5.9 mm

1
i R l 5 R O
1 2 3 4 H 6 7 8 9 1 1 2 3 4 s 3 7 s 9 1o
keV kev
Mass Percent (%) Mass Percent (%)

Spectrum C Fe Nb . Spectrum < Fe Nb
1 9.69 81.60 8.71 1 6.56 SD.80 2.63
2 5.43 92.36 2.20 2 8.54 87.17 4.28
3 6.76 84.73 8.51 3 7.01 85.51 3.48
4 6.64 90.71 2.65 a4 6.43 90.55 3.02
S 3.88  95.36 0.76 5 2.51 97.49 0.00
6 378 9552 070 Mean Value 621 9111  2.68
Mean Value 6.03 90.05 3.92 . Sigma 2.23 3.85 1.62
Sigma 221 572 5.71 Sigma Mean 1.00 172 0.72
Sigma Mean 090 234 1.52

Figure 7. SEM micrograph of Nb microalloyed steel and corresponding EDS of the indicated particles,
a) 40% deformed, b)75% deformed

Table 2. Grain sizes and hardness values of unalloyed steel and Nb microalloyed steel

Nonalloyed Steel Grain Hardness Nb Grain Hardness
Size (Hvos) Microalloyed Size (Hvos)
(um) Steel (um)

Sintered 29.06 66 Sintered 24.17 75

Homogenized 23.32 87.64 Homogenized 18.4 144

40% deformed 14.9 143 40% deformed | 8.8 175

75% deformed 10.71 181 75% deformed | 5.8 231

In addition to grain size refinement and precipitates, changes in density and porosity were also observed.
There are some parameters that affect the porosity in powder metallurgy steels. These include alloying,
sintering temperature and time, pressing technigue such as cold, warm and hot pressing, and deformation
rate. Alloying generally increases porosity [18,33], however sintering time and temperature reduce porosity
[33,34]. Table 3 shows the relative density (%) of the unalloyed and Nb microalloyed steels. It is observed
that the relative density of both steels increases with the increasing rate of deformation and the percentage
porosity decreases, accordingly. The hardness values of specimens produced by powder metallurgy are
believed to be also related to amount of the porosity. Since pores may act as a stress raiser and initiate
cracks where stress is concentrated, they also contribute to crack propagation if the shape of pore is not
aligned [35]. It was observed that the amount of porosity is minimized with increasing deformation rate.
As a result of this, hardness of unalloyed and Nb microalloyed steels resulted in an increase.
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Table 3. Relative density (%) of unalloyed steel and Nb microalloyed steel

Nonalloyed Steel Relative Nb Microalloyed Relative
density (%) Steel density (%)
Sintered 90.25 Sintered 89.46
Homogenized 87.81 Homogenized 90.07
40% deformed 98.38 40% deformed 96.75
75% deformed 99.66 75% deformed 98.51

4. CONCLUSIONS

In this study, the thermomechanical processing behaviour of nonalloyed steel and microalloyed steel
produced by powder metallurgy method was investigated. The following conclusions obtained from present
study are as follows:

1. A fine-grained microstructure developed in both steels with increasing deformation rate. Nb

microalloyed steel has a finer grains than unalloyed steel due to the fact that NbC prevents grain
growth during deformation. While the grain size of unalloyed steel and Nb microalloyed steel was
29.06 um and 24.17 um, respectively, under sintered conditions, the grain size decreased to 10.71
pum and 5.8 pum, respectively, after 75% deformation rate.

The amount of porosity, which is one of the disadvantages of powder metallurgy, decreased with
increasing the deformation rates and the steels became more homogeneous with the increase in
density. According to the results, the relative densities of unalloyed steel and Nb microalloyed steel
with a 75% deformation rate were found to be 99.6% and 98.5%, respectively.

It was observed that Nb microalloyed steel showed finer microstructure and better mechanical
properties then unalloyed steel for all deformation conditions. While the hardness value was 181
Hv in unalloyed steel, the hardness was obtained as 231 Hv in Nb microalloy steel under condition
of 75% plastic deformation The reason is that the addition of niobium retarded dynamic
recrystallization and the rates of grain growth due to precipitation of NbC precipitates.
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