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ABSTRACT

Medium-carbon alloy steels containing different aluminum contents were hot forged by 95% reduction at 1200°C
followed by air cooling. Optical and scanning electron microscopes were used to investigate the morphologies of the
different phases present. An austentizing process followed by water quenching (after hot forging) was carried out to
obtain different hardness values. The intensity of the different planes was investigated using X-ray diffraction. The
mechanical properties were characterized using tensile and hardness tests. Optical and scanning electron
micrographs revealed a great effect of aluminum content on the steel properties. A matrix of bainite and pearlite and
traces of ferrite was revealed for hot forged steel type 1 containing 1% Al. Steel type 2 containing 2% Al showed a
matrix of pearlite and ferrite with the absence of bainite. The hardness increased with increasing the temperature to a
maximum value then decreased for steel containing 1 and 2% aluminum. After austentizing at 925°C, the maximum
hardness of 649Hv was recorded for hot forged steel type 2 of 2% aluminum, while steel type 1 of 1% aluminum
showed a maximum hardness of 531Hv after austentizing at 1000°C. Thus, the maximum hardness of hot forged
steels decreased with increasing aluminum content. In addition, the maximum tensile and yield strength were
decreased by increasing the aluminum content in the steel. The changes in microstructure and mechanical properties
of these steels could be explained by the effect of aluminum as a ferrite forming element.
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INTRODUCTION

Free carbide steel exhibits a combination of high strength and good ductility without stress
concentration due to carbides. Chromium carbides that can dissolve in the form of nano-size
species can contribute to both high strength and good ductility. Addition of Si may cause an
ability to dissolve the carbides and can guarantee the uniform distribution of them [1-4]. It was
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reported that quadplex or four phase’s steel consists of ferrite, pearlite, bainite and chromium
carbides in nano-size [5]. Low-temperature bainite (LTB) is a new type of carbide-free bainite
containing superfine-bainitic ferrite plate and retained austenite [6]. The ultra-fine bainite with
high strength and ductility by isothermal transformation at low temperature first obtained [7, §].
Low-temperature bainite was obtained and established through isothermal transformation at low-
temperature conditions for several days in some high-carbon high-silicon steels [9, 10]. These
studies have attracted amounts of attention due to the brilliant combination of strength,
toughness, and ductility. Low-temperature bainite was obtained by adjusting the alloy
composition and optimizing heat treatment process in steels with carbon varying from 0.7 to 1.0
wt% [11]. However, high carbon concentration reduces the maximum attainable volume fraction
of bainitic ferrite. In contrast, low carbon concentration will increase the minimum
transformation temperature for bainite formation caused by increasing martensite start (Ms)
temperature, which consequently leads to coarser bainite microstructures and thus losing the
superiority of the low temperature bainite [12-15]. It has been reported by many researchers that;
for medium/low carbon steel, bainite microstructure after heat treatment process in low
temperature range had the best microstructure and mechanical properties [16-20]. The goal of
this study is to investigate the behavior and properties of hot forged steels containing different
aluminum content by studying the microstructure and mechanical properties to obtain high
strength and good ductility steel.

MATERIAL AND METHODS

Steel Type 1 (ST1) and Steel Type 2 (ST2) were produced by induction furnace in Y-block
shapes. This Y-block is 4cm thick, 20cm wide and 25 cm long. The main difference among the

two steel alloys lies in the chemical composition changes due to different aluminum contents
being about 1% for ST1 and about 2% in ST2 as shown in Table 1.

Table 1. Chemical Composition of ST1land ST2, wt. %

Alloy C Si Mn P S Cr Al Cu
Alloyl (ST1) 0.468 1.99 1.53 0.0404 | 0.0169 0.863 0.893 | 0.127
Alloy2 (ST2) 0.393 1.78 1.47 0.0386 | 0.0155 0.938 1.920 | 0.128

The dilatation curve was carried out to determine the different transformation temperatures,
such as AC1, AC3, Bs, Bf, Ms and Mf. Pieces having cross-section of 40x40cm and 25cm length
were cut out from the as cast ST1 and ST2 Y-blocks. These pieces were heated at 1200°C for
30min followed by air cooling to be hot forged. Figure 1 showed the hot forging process curried
out for ST1 and ST2. After hot forging Austentizing followed by water quenching was applied.
The purpose of the austentizing process is to introduce different phases (austenite and Ferrite)
and to get different mixtures of phases after cooling. Consequently, affecting the final
microstructure and hardness of the used steels. Microstructure was observed using Optical and
Scanning Electron Microscopes (OM&SEM) for the as-cast and heat treated steel alloys, ST1
and ST2. The X-ray diffraction and intensity of the different planes was investigated using Cu
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target filtered radiation at 40kV and 40mA. Hardness and tensile tests were carried out for the
hot forged ST1 and ST2 after austenitizing at different temperatures.

Temperature, °C
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Fig. 1. The hot forging process curried out for ST1 and ST2

RESULTS AND DISCUSSION

Critical transformation temperatures

The actual critical transformation temperatures were determined using quench type
dilatometer; the results shown in Table 2.

Table 2. Actual critical transformation temperature, °C

Alloy ACI AC3 Bs Bf Ms Mf
Alloy1 (ST1) 800 850 745 580 333 192
Alloy?2 (ST2) 816 875 738 575 390 240

The results in this Table shows that increasing the aluminum content increases the ferrite-
austenite transformation temperatures AC1 and AC3 as well as the martensite transformation
temperatures Ms and Mf. On the other hand, bainite transformation temperature (Bs, Bf) slightly
decreases.

Microstructure of the as-cast steel

Coarse and heterogeneous phases are present due the cast and cooling conditions of ST1 and
ST2 as shown in Fig. 2. The ST1 consists of ferrite-pearlite and very few amount of ferrite on the
grain boundaries. While ST2 consists of ferrite-pearlite and more ferrite on the grain boundaries
as shown in Fig. 2-(b). This significance in ferrite increase for ST2 could be attributed to the
well-known influence of Aluminum as ferrite forming element, see Fig. 3 [20].
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Fig. 2. The microstructure of the as cast steels, (a) ST1land (b) ST2
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Microstructure of hot forged steel

Figure 4 shows the microstructure of hot forged ST1 and ST2 observed by SEM. A matrix
of Bainite (B) and Pearlite (P) were revealed for ST1 with traces of Ferrite (F) along the grain
boundaries (see Fig.4 (a). On the other hand, ST2 showed pearlite-ferrite matrix with absence of
bainite as shown in Fig.4 (b). It can be concluded that increasing aluminum content highly
affects the microstructure of hot forged ST1 and ST2. By using the image analyzer, it was noted
that increasing aluminum content highly increases the ferrite volume fraction as shown in
Table.3. This result is in a good agreement with the microstructure of the as cast alloys.
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Fig. 4. SEM microstructure of hot forged air cooled steel alloys, (a) ST1 and (b) ST2; F is ferrite, P is pearlite and B is
bainite phase

Table 3. Effect of Al content on the phase volume fraction of hot forged steels, %

Ferrite (F) Pearlite (P) Binaite (B)
ST1 (1%Al) 5 15 80
ST2 (2%Al) 40 60 --

The X-ray diffraction and intensity of planes

The X-ray diffraction in Fig. 5(a) shows relatively high peaks and smooth background due
to coarse grains of the as-cast structure. On the other hand, Fig. 5(b) shows relatively low peaks
and very rough background for the hot forged structure due to high amount of deformation (high
grain refinement). The intensity of the different planes for the as-cast and the hot forged air
cooled steel alloys is shown in Fig.6. Increasing the Al percentage (in the as cast condition) does
not exhibit a significant change of the x-ray peaks. However, the hot forging process highly
changes the intensity of the (110) dominant plane. The intensity of (110) plane of the hot forged
steel alloys decreased to almost half compared with the as-cast alloys as demonstrated in Fig.6.
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Fig. 5. X-ray diffraction of (a) the as-cast steel alloys and (b) hot forged steel alloys
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Also, the other planes relatively increased at the expense of the (110) plane as well as

chromium carbides that had appeared for hot forged alloys compared with as cast alloys (see Fig.
5 and Fig. 6).

0,90 ..-F"""fr’: | | | Hot Forged 1
. B —~ A S A-n ot Forg
- | g - p
. 0.50 » g &0 &P mHotrorged?
= L1 i o
3 0.70 1 o o shr o OAscastl
£ 060 1 " - oo % 4 &
E ___.-“'f- _odh » T | B As-cast2
£ 050 - B B
=] P’f-' o !
E 0,40 "-f__,-’ {
E 030 -] |1
&
E o ; -1
0.10 L As-cast2
0.00 As-castl
Hot Forged 2
110 [M:'-l Hot Forged 1

[121] @
[oz22] [031]

Different Planes
Fig. 6. Intensity of different planes for the as-cast and hot forged air cooled alloys 1 and 2

Effect of austenitizing temperatures on the hot forged steel

Figure 7 demonstrates the effect of different austenitizing temperatures on the final
microstructure after water quenching. It is clear that ST1 exhibits dual phase steel containing
bainite matrix and ferrite upon heating to 850°C for 15minutes followed by water quenching. On
the other hand, ST2 exhibits dual phase structure containing bainite and a lot of ferrite until
heating to 900°C for 15 minutes followed by water quenching. This increase in the temperature
range of dual phase structure for ST2 is due to increasing the Al content which encourages the
ferrite formation. Upon increasing the austenitizing temperature up to 925°C, it was found that
ST1 produces a fully martensitic matrix giving the highest hardness value of 649HV as
emphasized in Fig.8. With further increase in austenitizing temperature the hardness of ST1
gradually decreased due to the formation of tempered martensite. On the other hand, the highest
hardness value recorded for ST2 is 531Hv at temperature of 1000°C. This slight decrease is due
to the formation of martensite matrix containing a very small amount of fine ferrite. Upon
heating to 1100°C STland ST2 produce tempered martensite matrix revealing a decrease of
hardness values. This decrease in hardness of ST2 could be attributed to the high amount of
ferrite phase as a result of the increased aluminum content of the alloy. Finally, the heat
treatment of hot forged ST1and ST2 revealed remarkable change in microstructure and in the
hardness as well. It can be concluded that the hardness increases with increasing the temperature
to maximum then decreased with farther temperature increase for both ST1 and ST2. Steel type 2
containing 2% aluminum revealed the maximum hardness of 649Hv compared with 531Hv
maximum hardness of ST1 containing 1% aluminum. As it is well known, aluminum enhances
the ferrite phase formation. As ferrite is soft and ductile phase, it is responsible for decreasing the



40 ADVANCES IN MATERIALS SCIENCE, Vol. 17, No. 1 (51), March 2017

hardness and strength of ST2. The results of microstructure and hardness values are in a good
agreement to explain the aluminum effect on steel properties.
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Fig. 7. Effect of austenitizing temperatures on the microstructure for hot forged STland ST2
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Fig. 8. Effect of austenitizing temperature on the hardness for STland ST2
Effect of aluminum content on mechanical properties

The engineering stress-strain curves after hot forging and air cooled ST1 and ST2 are
presented in Fig.9. Generally, the tensile strength decreases by increasing aluminum content for
the hot forged steel alloys. The maximum tensile strength was 1060MPa for ST1 and 940MPa
for ST2. The yield strength was 700MPa for ST1 and 645MPa for ST2, see Table 3. It was found
that the ductility had slightly increased with the increase in the aluminum content, which
encouraged the ferrite phase formation. Table 4 summarized the mechanical properties of hot
forged air cooled STland ST2. In contrast, the tensile test results support the results obtained
from hardness test and microscopic investigation of ST1 and ST2. In other words, the behavior
of hot forged steel is remarkably changed by the effect of aluminum content.
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Fig. 9. Engineering stress-strain curves for ST1 and ST2 after hot forging and air cooling
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Table 4. Mechanical properties of hot forged air cooled steel ST1& ST2

Properties Alloyl (ST1) Alloy2 (ST2)

Yield Strength (YS), MPa 700 645

Ultimate Tensile Strength (UTS), MPa 1060 940

Total Elongation, % 18.46 19.88

Uniform Elongation, % 12 12.38
CONCLUSION

Two medium carbon steel alloys containing different aluminum contents (ST1 and ST2)
were used in this study after hot forging and compared with as cast steels. SEM microstructure
revealed a matrix of bainite and pearlite and traces of ferrite for hot forged steel ST1of 1% Al.
Hot forged ST2 of 2% Al showed a matrix of pearlite and ferrite with the absence of bainite. It
can be concluded that increasing aluminum content highly affects the microstructure of hot
forged steel alloys. Increasing aluminum content highly increases the ferrite volume fraction. In
the as cast condition, increasing the Al percentage does not exhibit a change of the x-ray peaks.
However, the dominant plane (110) intensity of hot forged alloys decreased to half values
compared with the as-cast alloys. The hardness increases with increasing the temperature to
maximum then decreased for both ST1 and ST2. The maximum hardness for ST2 containing
2%aluminum was recorded as 649Hv (at 925°C), while the maximum hardness value for STI
containing 1% aluminum was 531Hv (at 1000°C). The maximum tensile strength was 1060MPa
and 940MPa for hot forged ST1 and ST2, respectively. Finally, the microstructure and
mechanical properties remarkably affected by the effects of aluminum increase in the hot forged
steel alloys.
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