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Microstructure and Mechanical Properties of Microalloyed Steels Containing Molybdenum
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Microalloyed steels have a maximum of 2% in alloying elements and are used in the automotive
and petrochemical industries. The microstructure and mechanical properties of these steels depend
on chemical composition, processing and addition of molybdenum, niobium, titanium and vanadium.
To evaluate the molybdenum effect in microstructure and mechanical properties, two microalloyed
steels, with similar levels of niobium, titanium and vanadium, were prepared and forged. The steels
have 0.056 and 0.160 percent by weight of molybdenum. The bars were homogenized, quenched and
tempered. The specimens were machined for tensile and impact tests, hardness and microstructural
analyzes by confocal and scanning electron microscopy. The ThermoCalc software was used to evaluate
the carbides characteristics. The results show that steel with 0.160% Mo presents greater amount of
bainite and austenite retained. It’s possible that formation of carbides by the secondary hardening

mechanism increase in mechanical strength and a reduction in toughness.
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1. Introduction

The oil and gas industry requires the development of
steels that meet API 5L (American Petroleum Institute)
requirements. These steels must have an excellent combination
of properties, such as high mechanical strength to withstand
pressure in deep water, corrosion resistance in a marine
environment, toughness and adequate weldability'-.

The conventional thermomechanical process for these
steels is the controlled rolling. However, forging is used in
the manufacture of parts with complex geometry, such as
valves for pipelines and connections for transporting gas
and oil. This process allows the manufacture of parts with a
wide range of dimensions and shapes, microstructure control
and an excellent combination of mechanical properties, after
quenching and tempering treatments®. Nowadays, several
industries produce connections and accessories for use in
pipelines. The forging process is also widely used in the
automotive industry, as the technique produces components
with adequate manufacturing cost. There is a little loss of
material, as the forged product has dimensions close to the
final. product*>.

Associated with the forging process, the addition of
niobium, titanium and vanadium at levels of up to 0.15%
by weight promotes solid solution hardening and grain
refinement. These elements favor the formation of finely
dispersed carbonitrides in the matrix during the austenite-ferrite
transformation and are effective in increasing mechanical
strength and tenacity®’.

*e-mail: jaquepolezimazini@gmail.com

In this case, quenching and tempering heat treatments
are used to control the microstructures and optimize the
mechanical properties of microalloyed steels. Previous studies
show that a microstructure composed of bainite, ferrite and
retained austenite (M/A) is common in microalloyed steels®.

Regarding the molybdenum and niobium, another important
effect is the reduction of the austenite-ferrite transformation
temperature, which favors the formation of displactive
structures, such as acicular ferrite and bainite®’. In these
steels, the microstructures generally consist of a matrix with
polygonal (equiaxial) ferrite grains with second phase islands
that can be degenerate pearlite, bainite, martensite/retained
austenite (M/A) or acicular ferrite (AF)°. It is possible that
molybdenum has a greater effect on the finer microstructures,
while niobium on the grain refining’-'°.

According to the literature, the microstructure with these
constituents is interesting to meet API 5L standards®!'"%.
Previous studies showed that a steel containing 0,3 wt.%
Mo produced a high volume fraction of granular bainite,
with significant benefits to increase elongation after the
tempering treatment''-'>. Regarding the carbides formed in
the austenite-ferrite transformation and secondary hardening,
they are difficult to be observed even in scanning electron
microscopes'®. In this case, computational thermodynamic
simulation is an efficient tool to predict the quantity and
temperature of solubilization of carbides, oxides, sulfides
and nitrides'>'°.

In this context, this present research aims to evaluate
molybdenum effect on the microstructure, hardness, mechanical
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strength and Charpy impact tests of two microalloyed steels,
with characteristics of the API 5L standard and similar levels
of niobium, titanium and vanadium, after quenching and
tempering at different temperatures. A qualitative analysis
and the carbide stoichiometry were determined through
thermodynamic simulations with the ThermoCalc software.

2. Experimental Procedures

Two microalloyed steels were manufactured in an
induction furnace with a capacity of 300 kg at Fundicao
Grupo Metal, SP-Brazil. The liquid metal was poured into
a cast iron ingot mold and the chemical compositions were
determined by optical emission spectrometry.

Ingots were cut into three pieces with similar weights.
These parts were heat treated to 1050 °C and forged with a
square section of approximately 40 mm on the side and a length
of 1500 mm. The last passes were made at a temperature of
850 °C to refine the grain. Afterwards, the bars were annealed
at 930 °C for two hours to homogenize the microstructure.
Figure 1 illustrates thermomechanical processing.

After cooling, samples cut in longitudinal orientation of
32x32x120 mm were prepared and austenitized at 900 °C in
a muffle furnace for 120 minutes and cooled in water. This
temperature corresponds to a fully austenitic region, above
A, considering the temperatures A | and A ,, calculated
by Kasatkin'”.

Subsequently tempering was carried out at 150, 250,
350,450, 550 and 600 °C for one hour with cooling in water.
On these samples, hardness measurements were obtained,
according to ASTM E18, in a Rockwell B durometer, with
a load of 100 kgf, to determine the tempering curves.

Specimens under tempering conditions at450 and 600 °C
were machined for mechanical tests and microstructural
analyses. These temperatures were selected according to
the highest and lowest hardness values observed in the
tempering curve.

After preparation by conventional metallography, the
microstructures were revealed with the reagents Nital 2%
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Figure 1. Thermomechanical processing of microalloyed steels.
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(nitric acid 2% in ethyl alcohol) and Lepera (4% picric acid
in ethanol and sodium metabisulfite 1% in distilled water) for
30 seconds. Microstructural analyzes were performed using
confocal optical microscopy (MOC) and scanning electron
microscopy (SEM) with an energy dispersive spectroscopy
(EDS) system. Grain sizes were measured according to
ASTM E112 standard.

Tensile tests were carried according to ASTM ES, in
a universal machine with a 50 mm strain gauge, 25 mm
measurable strain and 1 mm/min speed. The absorbed energy
at impact was determined according to ASTM E23-16a
standard using three specimens submitted to Charpy test at
temperature of minus 20°C. The absorbed energy at impact
was determined in accordance with ASTM E23-16a with
Charpy tests at a temperature minus 20 °C. The results of
the traction and impact tests correspond to the averages of
three specimens for each condition.

A qualitative analysis and the carbide stoichiometry
were determined through thermodynamic simulations with
the ThermoCalc software, considering the percentages of
chemical elements, FCC basis for an matrix and temperature
in the range of 200 to 1500 °C.

3. Results and Discussion

The chemical compositions of microalloyed steels are
shown in Table 1. The sum of the niobium, titanium and
vanadium contents are similar and meet the API 5L standard.
To facilitate presentation, steels with 0.160% Mo and 0.056%
Mo are called 160-Mo and 056-Mo, respectively.

Regarding microstructures, the grain sizes were 8 + 1 and
9+ 1 ASTM for 160-Mo and 056-Mo steels, respectively,
in the annealed condition. The smaller grain in 056-Mo
steel is possibly related to the higher niobium content.
Javaheriobserved the influence of niobium in the refinement
of grains of two steels, even for a small difference in the
element content, around 0.01%"'®. Niobium forms carbides
that anchor grain boundaries during austenitization and
inhibit the grain growth'*?. The microstructures of the steels,
after quenching at 900 °C with water cooling, are shown in
Figures 2(a) and 2(b).

The bainite bundles observed in 160-Mo steel, in
Figure 2(a), are elongated and may be responsible for the
increase in hardness and mechanical strength?®. It is likely
that the higher molybdenum content is responsible for the
reduction in the transformation temperature and favors a
greater amount of elongated bainite plates®'. Previous studies
indicate that grain size can influence bainite growth with the
presence of retained austenite (M/A)?2. With the increase in
grain size, there is a reduction in the boundary surface energy
and greater difficulty in diffusive transformations. This favors
adiffusional transformations such as bainite*. Regarding the
presence of M/A, this phase acts as a microcrack initiator and
can reduce the toughness of the material*. In Figure 2(b),

Table 1. Chemical compositions of microalloyed steels (percentage by weight).

C Mn P S Nb Ti \4 Cr Ni Mo N
160-Mo 0.09 0.42 0.030 0.013 0.010 0.020 0.010 0.29 0.40 0.160 0.0052
056-Mo 0.10 0.36 0.023 0.009 0.019 0.022 0.001 0.38 0.39 0.056 0.0038
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the microstructure is composed of polygonal ferrite (FP)
with less acicular ferrite (FAc) and bainite (B). In this case,
the higher surface energy of the grain boundaries favors
the formation of polygonal ferrite and limits the growth of
bainite plates?!?32326,

Figure 3 shows the microstructural characteristics after
quenching and tempering at 450 and 600 °C, where FP, B

and FAc represent polygonal ferrite, bainite and acicular
ferrite, respectively.

In Figure 3(a), elongated bainite slabs (B) predominate
in 160-Mo steel. In 056-Mo steel, Figure 3(b) shows acicular
ferrite (FAc) and bainite in a polygonal ferrite (FP) matrix
after tempering at 450 °C. Figures 3(c) and 3(d) show that,
after tempering at 600 °C, both steels remain with ferritic-

Figure 2. Quenching at 900 °C. (a) Acicular ferrite, elongated bainite plates and M/A in 160-Mo steel (Lepera - MOC); (b) polygonal

ferrite, acicular ferrite and bainite in 056-Mo steel (Nital 2% - MOC).

—
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Figure 3. (a) and (c) 160-Mo after tempering at 450 and 600 °C. (b) and (d) 056-Mo after tempering at 450 and 600 °C (MOC and SEM

— Nital 2%).
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bainitic microstructures, but with an increase in the amount
of polygonal ferrite. According to literature, niobium and
molybdenum favor this microstructure after tempering!'®2.

On the tempering curves in Figure 4, initially there is a
relief of the stresses generated in the quenching. The greater
hardness of 160-Mo steel is related to the higher molybdenum
content and the presence of displacive constituents and
elongated bainite bundles®. Previous studies with Nb-Mo
containing HSLA steels indicate, that the addition of Mo
promotes the formation of bainite with excellent mechanical
properties *!'. Probably the effect of secondary hardening is
responsible for the increase in hardness in the range from
400 to 500 °C?". In this case, molybdenum should contribute
to the precipitation mechanism of finely distributed carbides
in the matrix'#?. According to Isasti, these carbides in the
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Figure 4. Hardness values as a function of tempering temperature.
Average of five measurements for each condition.
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order of 15 nm increase the hardness and yield strength in
microalloyed steels'*. Wang et al. observed a hardening of
the ferritic phase in a steel microalloyed with titanium and
molybdenum and attributed the reinforcement to the nanometric
precipitation of carbides. After tempering at temperatures
above 500 °C the hardness gradually decreases®.

This is due to the coalescence of carbides shown in
Figure 5(a) in 160-Mo steel after quenching at 900 °C and
tempering at 600 °C. The EDS spectrum in Figure 5(b)
indicates the particles of molybdenum carbides.

Fine particles from secondary precipitation are difficult
to see by scanning electron microscopy. However, the
results shown in Figure 5(a) and Table 2 indicate secondary
hardening and coalescence of carbides in this temperature
range. Regarding the mechanical properties of 160-Mo
steel, it is possible that the effect of molybdenum is greater
on the microstructure, as shown in Figure 2(a), than on
secondary hardening.

According to values of mechanical properties, in Table 2,
the presence of bainite plates is more important in 160-Mo steel
and favors higher values of yield strength and ultimate tensile
strength, and secondary hardening is negligible. However, in
056-Mo steel, there is a greater influence of the secondary
hardening mechanism?®®*!, In this case, molybdenum reduces
the interfacial energy of the precipitates and decreases the
coalescence rate of niobium carbides®.

After tempering at 600 °C of 160-Mo steel, the lowest
yield strength and the highest elongation values indicate a
possible decomposition of M/A, the thickening of bainite
plates and carbides coalescence. Talebi observed the beginning

Wt b]
C 222

Figure 5. (a) and (b) Steel 160-Mo after quenching 900 °C and tempering 600 °C: particles of molybdenum carbides indicated by the
arrows and the spectrum of concentrations obtained with the analysis by EDS (Nital 2% - SEM).

Table 2. Average values of yield strength (c,), ultimate tensile strength (o), percentage elongation (% E) and the absorbed energies in

the Charpy impact test at -20 °C (Q — Quenching and T — tempering).

Treatment 6, (MPa) 6, (MPa) % E Energy (J)
160-Mo T 900 672+ 12 934 + 05 9+1 10£2
160-Mo T 900 + R 450 563 £ 10 628 + 14 8+ 1 13+1
160-Mo T 900 + R 600 544 £ 05 609 + 06 15+1 8+1
056-Mo T 900 302+ 10 507 + 05 24+2 365+ 15
056-Mo T 900 + R 450 337+ 05 433 +07 2942 382+ 11
056-Mo T 900 + R 600 410 +08 502+ 13 24+3 171 +13
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M/A decomposition in tempering at 350 °C and complete
decomposition at 600 °C in bainitic steels®.

Regarding impact resistance, the elongated bainite plates
and the presence of the embrittlement microconstituent M/A,
shown in Figure 2(a), justify the reduction in absorbed energy
in the 160-Mo steel***. However, in 056-Mo steel, the behavior
is different, as, according to Figure 2(b). In this case, the
amount of bainite and M/A is not significant compared to
160-Mo steel and the values of yield strength and ultimate
tensile strength are lower. Thus, an increase in ductility
and impact energy is possible. Another important factor,
observed in the same figure, is the presence of polygonal
ferrite associated with acicular ferrite and granular bainite,
which contribute to toughness increasing. Experimental
results show that this microstructure improves yield strength
and toughness of ferrite-base steels®.

In 056-Mo steel, although it is not possible to confirm,
the increase in yield strength and ultimate tensile strength
may be related to the secondary hardening mechanism that
can occur in the range of 450 to 600 °C, as seen in Figure 4.

From this perspective, the thermodynamic simulations with
the ThermoCalc software in Figures 6 and 7 corroborate the
results, because indicate a larger amount of complex carbides
in the steels, in the range of 400 to 600 °C. Literature shows
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Figure 6. Thermodynamic simulation performed on steel 160-Mo:
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Figure 7. Thermodynamic simulation performed on steel 056-Mo:
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M.C, and M,,C, carbides.

that M.C, and M,,C, carbides are mainly chromium and
molybdenum. These carbides, with complex stoichiometry,
form a coarse dispersion'>”. Dong et al. also observed
different precipitates during tempering: M,C, between
200 and 400 °C, M,C and M,,C, at 500 °C in ultra-high
strength steels®. Thus, the greater amount of precipitates of
M,,C, in the range 0f 400 to 600 °C may indicate an increase
in mechanical strength and a reduction in absorbed energy
on impact in 160-Mo steel.

Finally, the API 5L standard specifications can validate
the results of mechanical properties. Regarding the chemical
composition and mechanical properties, according to quenching
at 900 °C and tempering at 600 °C for the two steels, and
using Equation 1 to calculate the elongation, the 056-Mo

steel fits at PSL 2 level, while 160-Mo steel at PSL 1 level'3.

A)?Ez 1
Ap=C 09 (1)
According to yield strength (c,) and the ultimate tensile
strength (o) in Table 2, the 056-Mo steel can be considered
as API X65 grade, while 160-Mo steel as X70. With relation
the absorbed energy, it is observed that the 056-Mo steel
meets the standard value and the fracture is fully ductile.
However, 160-Mo steel does not have the minimum value

of 27 Joules and has a high percentage of brittle fracture.

4. Conclusions

The results show that:

*  Molybdenum favors the formation of elongated
plates of bainite, which increases mechanical
strength and reduces toughness;

e The smallest grain size and the largest amount of
polygonal ferrite increase the absorbed energy in
the 056-Mo steel;

e Simulations with ThermoCalc software indicate a
higher precipitation of carbides in 160-Mo steel and
corroborate the results of mechanical properties;

e Qualitative analyzes of chemical composition by
EDS, associated with the tempering curves, indicate
the presence of the secondary hardening mechanism
and carbides coalescence;

e According to API 5L standard, 056-Mo steel is similar
to PSL 2, X65 grade, while 160-Mo is similar to
PSL 1, X70 grade. However, the absorbed energy
in the impact test for the second do not meet the
minimum value required by the standard.
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