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ABSTRACT

Low carbon bainitic micro alloyed steels containing Nb, Ti and V are widely used for the pipeline, construction
and automobile industries because of their excellent combination of strength, toughness and weld ability. Adding boron to
this type of steel improves its hardening ability by promoting bainite or marten site formation. This work aims at finding
out the effect of different boron content on metallurgical and mechanical properties of low carbon steel. Three alloys were
cast with different boron content. Dilatation studies were carried out on these alloys to determine critical transformation
temperatures. Tensile, hardness and impact tests were conducted at room temperature. Metallographic investigation using
optical and scanning electron microscopes was carried out. Results showed that boron has a strong effect in refining
microstructure and ferrite-pearlite features such as layer thickness and distribution. Dilatation behavior exhibited the

changes of transformation temperature such as austenite-ferrite, bainite and marten site transformation temperatures.
KEYWORDS: Metallurgical and Mechanical Characteristics of Low Carbon Steel

INTRODUCTION

Low carbon boron-containing steels are widely used in many industrial applications such as gas and oil pipelines,
construction and automobile industries because it replaces the high-carbon and low-alloy steels used in a form of sheets
and strips with low-cost. These types of steels are also used in a wide variety of applications, such as tools, machine
components, and fasteners after cold-forming and heat treatment which enhance hardness and toughness. Boron added to
low alloy steel promotes bainite formation by suppressing the austenite transformation, therefore improves its strength and

increases the harden ability of the steels [1-7].

The effectiveness of boron in steel decreased with increasing carbon level in the steel [7]. Therefore, boron is
most effective in low carbon steels (up to 0.25% C) but is also widely used in medium carbon steels (up to 0.4%C). Adding
boron promotes bainite or marten site transformation which increases steel strength. The effect of boron on strengthening
can be enhanced by adding certain alloying elements such as molybdenum, niobium and copper by lowering the austenite

to ferrite transformation temperature [8-9].

The harden ability of steel can be remarkably increased through addition of boron [7, 10-12]. With an addition of
only 0.001- 0.003% soluble boron to low alloy steel, the harden ability of the steel can be improved to a level comparable
to that obtained by additions of about 0.5% manganese, chromium or molybdenum. Effect of boron content on mechanical

and metallurgical properties in general has been investigated by various researchers [13-15].
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The purpose of this work is to find out the effect of different boron contents on the dilatation behavior and
metallurgical and mechanical properties of low carbon steel. Dilatation behavior exhibits the changes of austenite-ferrite,
bainite and marten site transformation temperatures. Metallurgical properties include grain size, ferrite-pearlite features
such as layer thickness and distribution and bainite and marten site morphology. Mechanical properties are investigated

through hardness, tensile and impact tests.

EXPERIMENTAL WORK
Casting

Low carbon micro alloyed boron bearing steel was manufactured using open air induction furnace. The steel was
in Y-blocks as shown Figure 1. Four steel alloys of boron steel containing 0.0003, 0.005, 0.007 and 0.02wt%boron were
produced. The chemical composition of the manufactured steel alloys is listed in Table 1. Before hot forging, heads of the

Y-blocks were removed. Each Y-block was cut into two plates and cleaned from sand.

Figure 1: As Cast Material, Y-Block

Table 1: Chemical Composition in WEIGHT Percent

0.0003B | 0.230 | 0.362 | 1.13 | 0.0215 | 0.0131 | 0.133 | 0.117 | 0.0003
0.005B | 0.263 | 0.339 | 1.18 | 0.0242 | 0.0146 | 0.137 | 0.118 | 0.005
0.007B | 0.275 | 0.306 | 1.43 | 0.0295 | 0.0142 | 0.052 | 0.014 | 0.007
0.02B 0.228 | 0.356 | 1.10 | 0.0215 | 0.0116 | 0.132 | 0.166 0.02

Dilatation Test

To determine the transformation temperatures (Ac;, Acs, Acme and Acy), samples from each steel alloy were
heated up to 1200°C and tested by dilatometer. On the other hand, empirical formulas [16-18] for calculation of

transformation temperatures were used to examine their validation.

B, (°C) = 830 -270 C - 90 Mn -37 Ni -70 Cr -83 Mo [16] (1)
M, (°C) = 539 - 423 C-30.4 Mn -12.1Cr -17.7 Ni -7.5 Mo [17] 2)
Ac, (°C) =723 -10.7 Mn-16.9 Ni + 29.1Si +16.9 Cr + 290 as + 6.38 W [18] )
Acs (°C) =910 -203 SQRT(C)-15.2 Ni + 44.7Si +104 V +31.5 Mo + 13.1W [18] (4

Mechanical and Metallurgical Tests
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Tensile test specimens were extracted from each alloy to examine their mechanical properties according to ASTM
E8-01. Charpy impact tests were performed at room temperature according to ASTME23-01.Hardness test was conducted
using a Vickers hardness testing machine. Optical micrographs were taken for specimens from each alloy to examine
microstructure characteristics such as grain size, ferrite-pearlite features including layer thickness and distribution and
bainite and marten site morphology. New technique for image analysis using AutoCAD program was developed to
determine phase volume fraction. Scanning electron microscope was used to clarify grain size and the distribution of the

different phases and their morphology.

RESULTS AND DISCUSSIONS

Dilatation

Figure 2 shows a plateau of the general dilatation behavior for different boron steels. It consists of three zones of
phase transformations. The first zone is bainite transformation temperatures which include bainite start transformation
temperature (B,) and bainite finish transformation temperature (By). The second zone is transformation temperatures from
ferrite to austenite (Ac; and Ac;).The third zone is the dissolution of cementite (A., and Ac,).It is found that the critical
transformation temperature Ac; exhibits peak before Ac; transformation temperature due to the existence of B which

produces exothermic reaction peak due to iron boride (Fe-B) dissolution.

From Figure 2 the actual transformation temperatures were determined. In the same time empirical formulas
[16-18] were used to calculate those temperatures. Actual and calculated temperatures are summarized in Table 2. It is
clear that there is a significant difference between the measured and calculated Ac; and Ac;. Differences between
measured and calculated B were negligible. Therefore, the expected transformation temperatures formulas for Ac; and Ac;

are not valid for this type of steel. Selected example for curves of calculated and measured values is shown in Figure 3.

Microstructure
0.0003B Steel

Figure 4 shows the as cast microstructure of 0.0003B steel alloy. It consists of mainly polygonal ferrite (white

phase) and pearlite (dark phase) as well as a dendrite structure of acicular shapes.
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Figure 2: General Dilatation Behavior of Boron Steel for different Boron Content,
(a) 0.0003B Steel, (b) 0.005B Steel, (c) 0.007B Steel and (d) 0.02B Steel
Table 2: Expected & Actual Transformation Temperatures
0.0003B 723.69 740 828.83 840 656.89 655
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Figure 3: Measured and Calculated Temperatures (Ac;&Ac;) for BORON Steel

(a) Optical micrograph

#2500

(b) SEM micrograph

Figure 4: Microstructure of the as Cast 0.0003B Steel
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Pearlite layers and grain size were determined by image analysis using AutoCAD technique. The pearlite layers
thickness are measured by image analysis as shown in Figure 4 (b). It is clear that the average thickness of pearlite
carbides is approximately 0.25um as listed in Table 3. The histogram of Figure 5 shows that approximately 60% of
pearlite thickness is in the range of 0.23pm while 40% is in the range of 0.4pum.

Table 3: Statistical Analysis of Pearlite Thickness of 0.0003B Steel

Carbide of Pearlite Thickness, pm
Mean 0.25
Standard Error 0.03
Median 0.21
Mode -
Standard Deviation 0.09
Count 10.00
Confidence Level (95.0%) 0.06

120%

&
E3Frequenc:
5 . T T
= Cwmulstive o
& _/"' e
E 1Y
) e
i (] /-n'. w0
= r
3 / 0%
1 %
| |
L] L)
®1% naa [ ] oA

Carlide of pearite hickcn in jis

Figure 5: Histogram of Pearlite Thickness
Distribution of as-cast 0.0003B Steel
To determine the ferrite and/or pearlite phase ratio (volume fraction %) of 0.0003B steel alloy, image analysis is
carried out at X200 as shown in the microstructure of Figure 6. It is found that; ferrite to pearlite volume fraction is
approximately 58 to 42% as shown in Figure 7. Cast boron steel has coarse ferrite and pearlite grains as shown in
Figure 8. From image analysis and statistical analysis the average ferrite grain size is 34.8um of 75%.0n the other hand,
statistical analysis showed that pearlite grain size is approximately 75.1um, the average inter-lamellar displacement of

pearlite is 0.48pm.

Figure 6: Image Analysis of 0.0003B Steel
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Figure 7: Ferrite-Pearlite Phase Volume Fraction of 0.0003B Steel

Figure 8: Image Analysis of Ferrite and Pearlite
Grain Size of as-Cast 0.0003B Steel

0.005B Steel

Figure 9 shows the as cast optical microstructure of 0.005B steel. It consists of mainly ferrite and pearlite phase.
It is clear that microstructure has dendrite structure of acicular shapes due to casting process. To determine the ferrite
and/or pearlite phase ratio (volume fraction %) of 0.005B steel alloy as-cast, image analysis was carried out at x200 as
shown in Figure 10. From image analysis it is found that ferrite/pearlite volume fraction is approximately 51.45 to
48.55%. Figure 11 shows the Image analysis of ferrite-pearlite grain size and pearlite thickness. It is apparent that, average

ferrite grain size of 0.005B steel is approximately 41 um. It seems clear — after statistical analysis — that about 50% of grain

size is less than 45um.

Figure 9: As-Cast Microstructure of 0.005B Steel

Impact Factor (JCC): 3.6234 NAAS Rating: 2.02
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Figure 10: Image Analysis of As-Cast
Microstructure of 0.005B Steel

(@) (b)

Figure 11: Image Analysis of (a) Ferrite-Pearlite Grain Size and
(b) Pearlite Thickness of as Cast 0.005B Steel
The statistical analysis data of the pearlite grain size showed that the average pearlite grain size is 55um while the
median value is about 47.1um. It showed also that 60% of pearlite has 60um grain size. The average pearlite thickness is
0.2um coinciding with the median. Pearlite thickness distribution showed that about 70% of pearlite exhibits 0.17um
thickness. The average inter-lamellar displacement is 0.2um coinciding with the median. Furthermore, there is about 70%

of inter-lamellar displacement shows 0.2um thickness.
Microstructure of 0.007B Steel

Figures 12 (a) and (b) shows the optical microstructure of as cast 0.007B steel alloy. It consists of mainly ferrite
and pearlite. Figure 12 (b) is the optical microstructure of the as-cast at higher magnification. It seems that the grain
boundaries are free of any precipitation especially of iron-boride (Fe-B). From image analysis it is found that
ferrite/pearlite volume fraction is approximately 29.86 to 70.16%. It is apparent, that boron encourages pearlite phase
formation. Figure 13 shows more details of pearlite layers of 0.007B steel. It is clear that the pearlite layers are thicker
than those of 0.005B and also discontinuous. Figure 14 shows the image analysis of ferrite and pearlite grain size.
Statistical analysis showed that the average grain size of ferrite is 58.2um which nearly coincides with median value. It

showed also that the ferrite grain size is homogeneously distributed.
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Figure 12: Microstructure of 0.007B Steel

Figure 13: General View of as Cast SEM

Figure 14: Image Analysis of Ferrite and Microstructure of 0.007B
Steel Pearlitegrain Size of 0.007B Steel
Statistical analysis showed that the average pearlite grain size is approximately 61.3um. It is found that the
median nearly equals the average value. It was found that more than 50% of pearlite grains have the average value.
Figure 15 is the image analysis of pearlite thickness. From statistical analysis of pearlite thickness, it is found that the

pearlite thickness is 0.25um.

Impact Factor (JCC): 3.6234 NAAS Rating: 2.02
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Figure 15: Image Analysis of Pearlite
Thickness of 0.007B Steel

Statistical analysis data of the inter-lamellar displacement of pearlite showed that the average inter-lamellar
displacement is 0.27um coinciding with the median. Furthermore, there is about 75% of inter-lamellar displacement shows

0.27um thickness.
Microstructure of 0.02B Steel

Figure 16 shows the as cast microstructure of 0.02B steel It consists of mainly ferrite phase and pearlite phase. It

is clear that microstructure is dendrite structure of acicular shapes.

Figure 16: As-Cast Microstructure of 0.02B Steel

Figure 17: As-Cast Microstructure of as Cast 0.02B Steel

From image analysis it is found that ferrite/pearlite volume fraction is approximately 57.37 to 42.63 %. Figure 17

shows as-cast optical microstructure of 0.02B steel at x500 magnification, where iron boride (Fe-B) is precipitated at the
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grain boundaries of ferrite. The excessive amount of boron forms the compound iron boride. It is well known that iron
boride has low melting temperature (hot shortness) that leads to severe cracks during hot deformation. Due to the low
stability of grain boundaries (highly disordered structure); the iron boride preferably precipitates at the grain boundaries
[19].

100pm X 500

Figure 18: General View of as Cast SEM
Micrograph of as Cast 0.02B Steel

To illustrate the distribution of ferrite-pearlite, a general view of as cast SEM micrograph of 0.02B steel is
demonstrated in Figures. 18-19 where the discontinuous net of iron boride appears. Pearlite forms continuous areas.
Figure 20 shows the pearlite morphology. It has thin and intermittent layers of pearlite. From statistical analysis it is found
that the grain size of ferrite is 52.63um. The average grain size of pearlite is 67.46um. Figure 21 is the image analysis of
pearlite phase thickness of as cast SEM micrograph of 0.02B steel. It is found that the average pearlite thickness is 0.21um.

The average inter-lamellar displacement of pearlite is 0.17pm.

Figure 19: General View of as Cast SEM Micrograph of 0.02B
Steel Showing Discontinuous Net of Iron-Boride

Impact Factor (JCC): 3.6234 NAAS Rating: 2.02
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Figure 20: General View of Pearlite of the as Cast SEM
Micrograph of as Cast 0.02B Steel
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Figure 21: Image Analysis of Pearlite Phase
Thickness of as Cast of 0.02B Steel

Hardness Test

Vickers hardness test was carried out at room temperature for steel specimens with various boron contents.
Figure 22 summarizes mean hardness values of as-cast steel for different boron contents. Steel with boron content 0.007
wt% showed the highest hardness value. Both steels with 0.0003 and 0.005 wt% boron exhibited nearly the same hardness

values. The decrease in hardness for the alloy containing 0.02 wt% boron may be due to the formation of iron boride.
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Figure 22: Histogram of Hardness Vickers
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Figure 23: Tensile Strength for Steel with of all
Alloys Different Boron Content

Tensile Test

Figure 23 Summarizes mean ultimate tensile strength for steel with different boron content. Almost typical trend
was recorded as in case of hardness results. The highest tensile values were recorded for steel with 0.007 wt% boron
content. The 0.0003 and 0.005 wt% boron steels had nearly same tensile strength. The minimum tensile strength was
recorded with steel with 0.02 wt% boron content. It is important to notice that boron —in general- increased the tensile
properties of the steel compared with steel without boron. It is believed that boron existence refined the microstructure
which enhanced the tensile and hardness properties when boron contents does not exceed 0.007 wt% for current study.
Besides, the increase in volume fraction of pearlite enhanced the tensile properties. For the alloy with 0.02 wt% boron, the
effect of grain refinement and volume fraction increase of pearlite was dominant which kept the tensile properties higher

that alloy with zero boron content.
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Figure 24: Describes the Impact Behavior versus
Boron Content

Impact Test

Figure 24 describes the impact behavior versus boron content. Here it can be noticed that steel with lesser boron,
namely 0.005 wt% absorbed the higher energy than other steels either with lower or higher boron content. The worst
toughness could be recorded for steel with 0.02 wt% boron. It is expected that iron boride played negative role in

minimizing the toughness where cracks were easily initiated due to hot shortness of the iron boride.

Impact Factor (JCC): 3.6234 NAAS Rating: 2.02
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CONCLUSIONS

Three alloys were cast with different boron content. Dilatation studies were carried out on these alloys to

determine critical transformation temperatures. Tensile, hardness and impact tests were conducted at room temperature.

Metallographic investigations using optical and scanning electron microscopes were carried out. From this study the

following concluding remarks could be drawn:

Boron has a strong effect on refining microstructure.

All cast alloys exhibited microstructure that consists of mainly ferrite and pearlite phase with dendrite structure of

acicular shapes due to casting process.

New technique for calculating phase distribution percentages using Auto Cad has been developed for

metallurgical properties’ determination

Boron existence played an important role in changing the ferrite/pearlite ratio in microstructure by increasing the
pearlite percentage from 42% to 70% in the expense of ferrite percentage which decreased from 58% to 30%. This

behavior was valid for alloys with boron content up to 0.007 wt%.

Alloy with 0.02 wt% boron showed precipitation of iron boride (Fe-B) in ferrite grain boundary. This is because

of low stability of grain boundaries (highly disordered structure).

Inter-lamellar displacement for alloys with different boron content has been measured and showed larger
displacement for alloy with minor boron content, 0.0003 B, namely 0.48 pum. This displacement showed its

minimum value with alloy having 0.02 wt% boron, namely 0.17 pum.

Mechanical properties for alloy with 0.007 wt% boron showed the best values for tensile strength and hardness
while alloy with 0.005 wt% boron showed the best toughness property with higher absorption energy value.
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