The Evolution of Microstructure
of an High Ni HSLA X100 Forged
Steel Slab by Thermomechanical
Controlled Processing
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Abstract An HSLA X100 steel was studied. After casting and forging to slab
condition, thermomechanical controlled process was employed to produce steel
sheet. Heat treatment was then employed to control the microstructure and optimize
mechanical properties. Austenitization was performed at 950 °C followed by dif-
ferent quenching media. Samples were tempered from 500 to 750 °C. Mechanical
testing and microstructural analyses were performed by Optical Microscopy,
Scanning and Transmission Electron Microscopes. Results showed a complex
microstructure of bainite, ferrite, martensite, retained austenite, and various car-
bides. High temperature tempering removed retained austenite from martensite lath
providing a relatively high amount of toughness. A uniform distribution of carbides
was detected in the tempered situations. Retained austenite was present in the
quenched only samples. Low temperature tempering removed part of this retained
austenite. Increasing the tempering temperature decreased the tensile properties and
increased the toughness. Quenched samples showed inferior mechanical properties
compared to the tempered ones.
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Introduction

High strength low alloy steel (HSLA) are a group of low carbon steels that small
amounts of alloying elements are added to their composition to achieve yield
strength level higher than 257 MPa in the normalized or rolled conditions [1]
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Compared with the rolled plain carbon steel, HSLA steels have superior mechanical
properties and in some situations better corrosion resistance [2]. Though their
corrosion resistance is inferior to that of stainless steels [3]. Additionally, as the
HSLA steels can have high strength with low level of carbon, their weldability is
comparable, and in some circumstances, better than the killed steels [4—6]. HSLA
steels are formed as semi-finished products such as plate, strip, ingot etc. by hot
rolling process. Usually, HSLA steels are hot rolled through controlled rolling to
improve their mechanical properties [5—7] and used in such a condition as well.
A combination of strength, hardness, formability, weldability and resistance to
corrosion are required in designing the process route for these steels. These prop-
erties are obtained through careful addition of alloying elements and thermome-
chanical controlled processing, often containing, fasting cooling after hot rolling
[6-11]. To control the properties of HSLA steels [10—14], a normal heat treatment
of these steels contains a quenching step to obtain martensite followed by inter-
mediate temperature tempering to improve toughness without significantly losing
strength. Therefore, a fully martensitic structure is initially needed to obtain ade-
quate level of strength. In that sense, a minimum quenching rate is required to
prevent the austenite phase from transforming to phases such as ferrite, pearlite and
bainite [10-16].

The effect of austenitization temperature on the properties of Nb-Ti microalloyed
steel was already explored [17]. It was found that austenite coarsening temperature
was close to 1000 °C. As well, the amount of ferrite was reduced by increasing
austenitization temperature. A complex precipitation of Nb-Ti nature was detected
in the HSLA steels [18]. Elevated temperature austenitization increases yield/tensile
strengths and reduces elongation. Austenitization above 1100 °C also dissolves
most of the prior precipitates, except for mostly rectangular Ti (C,N), and gives the
possibility of re-precipitation during the hot rolling process to achieve precipitate
size range below 100 nm. The effect of tempering on the microstructure and
mechanical properties was also studied in these steels [19]. Tempering range
between 450 and 650 °C at different soak times was investigated. They found that
in tempering the quenched specimen at 500 °C, a martensitic morphology is
preservable up to 24 h of soaking. A fast decrease of strength was reported in the
first few hours of soaking, in mentioned HSLA steels with the elongation following
the opposite trend. Dhua et al. [20] also studied the effect of tempering temperature
on the properties of HSLA-100 steels containing copper with the chemistries similar
to HSLA 100. The effect of the type of furnace for casting of these steels were
investigated as well. Tempering temperature range of 400-700 °C for one hour was
studied. Substantial improvement in in strength, YS-1024 and 1025 MPa;
UTS-1079 and 1111 MPa for the two steels, was reported at the expense of impact
toughness at the tempering temperature of 500 °C. This was related to the plentiful
precipitation of Cu in these steels. The toughness value was substantially increased
by increasing the tempering temperature up to 700 °C range which was related to
the partially recovered matrix and the coarsened Cu precipitates.

In spite of a relatively large volume of research on typical HSLA steels,
including some of the work of one of the current authors [21-24], the quenching
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and tempering behavior of the high Ni HSLA 100 steel has not been studied.
Therefore, it was one of the main objectives of the current article was to study
microstructure and mechanical properties of this steel under the mentioned
conditions.

Materials and Experimental Procedure

The steel used in this research was an high Ni HSLA X100 one. Samples with the
thickness of 20 mm were prepared by thermomechanical controlled rolling pro-
cess. The chemical composition of the samples prepared were analyzed by
spectrophotometer model M7 based on four alloys of Fe, Cu, Al and Ni. The
composition contained 0.057 wt%C-0.285Si-0.781Mn-0.626Cr-0.579Mo-3.48Ni-0.
026Al-1.53Cu-0.01 W-0.04 Nb-0.04N-0.011Ti with balanced Fe.

For heat treatment purposes, the samples were austenitized at 950 °C for one
hour per inch and then quenched in water and oil. The quenched samples were
tempered at 550, 650 and 750 °C. The tempering time was one hour per inch of the
samples. An electric furnace model F35L was used for these heat treatment pro-
cesses. Specimens were cut from the heat treated and non-heat treated samples for
microstructural analysis. Specimens were ground, polished and etched by common
metallography procedure. Nital 2% was used to etch the specimens. Microstructural
studies were performed by optical microscope, Scanning Electron Microscope
(SEM), and Transmission Electron Microscope (TEM). Energy Dispersive Spec-
troscopy (EDS) analysis was also used to detect various precipitates.

Tensile specimens were prepared by CNC machine based on ASTM ES standard
[25]. Also, Charpy impact test samples were machined from the heat treated
samples based on ASTM A370 standard [26]. Tensile tests were performed by a
uniaxial SANTAM" instrument tensile tester ASTM-400 under the strain rate
of 1072 s™'. As well, the Charpy impact tests were performed by a SANTAN"
instrument at 20 °C with the capacity of 400 J.

Results and Discussion

Microstructural Observations

Figure 1 shows the optical micrograph, SEM micrograph and TEM micrograph of
the high Ni HSLA X100 steel used in this study prior to the heat treatment process.
As can be seen in this figure, the microstructure of this steel contains martensite lath
together with the Cu precipitates distributed uniformly with almost similar sizes
[6-10]. Small amount of bainite layers are also seen in the microstructure. Small
amount of ferrite grain is observable in the structure. As well, almost no retained
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Fig. 1 Microstructure of the high Ni HSLA X100 steel under thermomechanical processing
condition and prior to heat treatment process; a optical micrograph, b SEM micrograph, ¢ TEM
micrograph

austenite is observable in the structure which is an indication of high strength and
toughness of the steel.

Figure 2 also shows the microstructures of the austenitized and quenched in
water and oil samples together with a typical EDS analysis of the Cu precipitates.
The microstructures in the quenched conditions contain martensite laths [14—19].
Small amount of retained austenite are observed between the martensite laths
(bright areas in the SEM micrograph). As well, some inclusions are seen in the
microstructure, which are most probably carbide precipitates [11-15]. It is impor-
tant to mention that the microstructure of the samples quenched in water and oil are
similar. The only difference is the smaller width of the martensite laths in the
sample quenched in oil compared to the one quenched in water which is due to
lower cooling rate in the former case. Also, more bainite layers are seen in the
sample quenched in oil compared to the sample quenched in water. And lower
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Fig. 2 Microstructures of the quenched samples; a and b in water, ¢ and d in oil, e EDS analysis
of the Cu precipitates
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Fig. 3 Microstructures of the tempered samples at 550 °C under different quenching media: a and
b in water; ¢ and d in oil

amount of retained austenite and precipitates were observed in the sample quenched
in water compared to the sample quenched in oil. Important to mention that
austenite grain sizes are almost similar in these two cases.

Figure 3 shows the microstructures of the samples austenitized at 950 °C and
quenched in water and oil, and tempered at 550 °C. The microstructures of these
cases are very similar consisting of layers of lath martensite [15-19]. As well,
clusters of Cu precipitates and layers of martensite grains are clearly seen in the
structure. Comparing Figs. 2 and 3, it can be seen that the amount of retained
austenite is lower inside the martensite grains of the tempered specimens compared
with the quenched samples. The importance of tempering in this steel is due to the
uniform distribution of Cu and other precipitates in the matrix in the form of
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Fig. 4 SEM micrographs of the samples quenched in water and then tempered at; a 550 °C,
b 750 °C
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Fig. 5 SEM micrographs of the samples quenched in oil and then tempered at; a 550 °C,
b 750 °C

spheres as opposed to the quenched conditions. This leads to an increase in the
strength of the tempered samples compared with the quenched ones [7-11].
Figures 4 and 5 show microstructures of samples tempered at 550, and 750 °C
after being quenched in water and oil. It can be seen in these figures that grain
growth occurs with increasing the tempering temperature [15-20]. The
microstructures of the samples contain bainite layer, martensite lath and also Cu
precipitates. Other carbide precipitates can also be seen in the structure which are
mainly in the form of bright points. It can also be seen in Figs. 4 and 5 that the
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Fig. 6 Tensile test results for the non-heat treated, austenitized, quenched in water, and tempered
at different temperatures

amount of retained austenite in the sample substantially decreases as the tempering
temperature rises up hence for higher amount of smaller layer bainite. In fact, it can
be seen in these figures that the amount of martensite and retained austenite

decrease with increasing the tempering temperature. On the other hand, the amount
of bainite increased in such a scenario.

Tensile test results

Figures 6 and 7 show tensile test results for this steel under different processing
conditions. From the tensile tests, yield strength of 880 MPa and tensile strength of
910 MPa were obtained which are similar to the literature [20-24]. It is known that
the mechanical properties of the HSLA steels are dependent on their initial austenite
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Fig. 7 Tensile test results for the non-heat treated, austenitized, quenched in oil, and tempered at
different temperatures
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grain size. Therefore, considering the microstructure of the non-heat treated sam-
ples, and the controlled rolling process (thermomechanically processed steel), the
controlled deformation in the single austenite phase following with the fast
quenching led to a significant grain refinement. This is expected to substantially
increase the density of dislocations leading to such high values of yield/tensile
strengths. Figures 6 and 7 also show that the yield strength and ductility of the
samples that were austenitized and quenched, in water and oil, are lower compared
with the non-heat treated cases. However, the tensile strength of the sample
quenched in water was higher than the non-heat treated sample. As well, the yield
and tensile strengths of the sample quenched in water was higher than the sample
quenched in oil. From the microstructure of the quenched only sample that were not
tempered, and given the results obtained from the tensile test, it could be said that
these sample do not have proper mechanical properties.

Moreover, the results of Figs. 6 and 7 show that the yield/tensile strengths of the
sample tempered at 550 °C is higher than the austenitized and non-heat treated
samples. The values in this case is higher than the standard values. Tempering at
550 °C led to the presence of lower retained austenite in the microstructure com-
pared to the austenitized sample. On the other hand, Cu precipitates and also other
spherical precipitates are better distributed in the tempered situation leading to the
presence of more obstacles for the movement of dislocations. This resulted in
higher strength level [14—19]. Results also show that 550 °C is the optimum
temperature for tempering in this steel. As the tempering temperature increases
from 550 to 750 °C, the yield/tensile strengths of the steel substantially reduce. At
the tempering temperatures higher than 550 °C, a significant grain growth occurs in
the system. As well, some of the martensite in the matrix transform to bainite.
A combination of these effects leads to a reduction in the strength.

Charpy impact test

Fracture resistance is one of the most important factors in using HSLA X100
steel in industry. Toughness is directly dependent on the initial austenite grain size,
especially the ones with thick edges that are distributed throughout the matrix.
Therefore, strength and toughness can be controlled with the control of the initial
austenite grain size and the Cu precipitates. Most of the strengthening in the high
Ni HSLA X100 is due to the clusters of BBC Cu where they exert compression
force to the dislocations impeding their movement [15-19]. On the other hand, the
interactions of the compression fields and increasing the number of dislocations
prevents free movement of the dislocations and increases the toughness of the steel.
When high Ni HSLA X100 steel is tempered at temperature higher than the opti-
mum tempering temperature, strength substantially decreases while toughness
improves. One of the main reasons for this behavior is the growth of the Cu
precipitates. The size of the Cu precipitates is around 24 °A in optimum tempering
condition. At higher temperatures, Cu precipitates size deviates from this optimum
value and even reaches 40 °A. In such a condition, coherent BCC Cu precipitates
transform to non-coherent FCC precipitates [18-23]. As well, the growth of the
precipitates increases the distance between them reducing the interaction between
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Fig. 8 Charpy impact test results of the high Ni HSLA X100 steel for samples non-heat treated,
austenitized and quenched in oil/water and then tempered at different temperatures

the Cu precipitates and the dislocations. Indeed, an over-aged conditions is
achieved in such a circumstances. The strength decrement and toughness increment
due to the increase in tempering temperature is mainly due to the changing Cu
precipitates shape from BBC to FCC and also the reduction of dislocation pile up
[12-16].

Figure 8 show Charpy impact test results under different conditions of the hi Ni
HSLA X100 steel. It can be seen in this figure that the fracture energy is the lowest
at the tempering temperature of 550 °C. And as the tempering temperature
increases, the fracture energy increases as such. At the tempering temperature of
750 °C, the fracture energy is the highest among the investigated cases.

Conclusions

A high Ni HSLA X100 steel was thermodynamically processed and its mi-
crostructures and mechanical properties were studied in different treatment condi-
tions. The following results were obtained from conducting this research:

1. The results showed that the microstructure of the steel is a mix of ferrite, bainite,
martensite, retained austenite and various carbides. Tempering at different
temperatures removed retained austenite from the lath martensite and led to a
relatively high amount of toughens. The carbides were also uniformly dis-
tributed in the tempered conditions. Low temperature tempering removed the
retained austenite present in the quenched only conditions.

2. Tensile tests showed that austenitization reduces yield/tensile strengths of the
high Ni HSLA X100 steel. Subsequent tempering improved these mechanical
properties shortcomings. Results also showed that tempering at 550 °C gave the



The Evolution of Microstructure of an High Ni HSLA X100 ... 155

highest yield/tensile strengths. Increasing tempering temperature from 550 to
750 °C reduced the strengths of this steel.

Charpy impact test results indicated that quenching substantially reduced impact
energy of the high Ni HSLA X100 steel. Tempering recovered this property.
Increasing the tempering temperature from 550 to 750 °C considerably
increased fracture energy of the high Ni HSLA X100 steel.
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