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ABSTRACT

The increasing adverse effects of low
strength characteristics of conventional hot
rolled structural steel have become a major
threat to safety of life and property. Several
techniques aimed at achieving improved
strength property of this class of sreel
include among others thermo-mechanical
treatment, grain-size refinement, solid-
selution  hardening and  precipitation
hardening. However, the solid solution
method is known to be the most suitable for
improving strength properties of structural
steels. Two processes, Tempcore and
Thermex developed through solid selution
hardening are plagued by some constraints
that bother on patent restrictions, switability
for only integrated mill and a rather
profitbitive cost. Most rolling plants in the

third world cowntries are mini mills and

hardly can afford the adoption of either
process. In a bid to overcome some of these
constraints and challenges, attempt is made
in this study to develop a type of
microstructure  that  enhances  strength
characteristics at a less drastic cooling rate
through spray quenching. The method is
cost effective, highly flexible and devoid of
any need for plant re-engineering. Strength
characteristics comparable with
international standards specifications were
achieved between 47 and 118 “C/s cooling
rates within 15 seconds of spray quenching
compared with about 500 "C/s conventional

solid solution hardening practice,

Key words: Strength  characteristics,
structural-steel, pearlite, lower bainite,

spray-quenching
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LO INTRODUCTION

Several techniques aimed at achieving
improved strength characteristics in metals
and alloys have been employed in the past
(Elmer et al, 1989; Centinel and Ozsoyeller,
2000; Sameer, et al, 2004: Bontcheva and
2005).

include thermo-mechanical treatment, grain-

Petzov, Some of these methods
size refinement, solid solution hardening and
precipitation hardening (Sinha, 1989). All
these  phenomena  create  substantial
impediment to the motion of dislocation,
which give rise to improved strength
properties such as yield, tensile and impact

toughness.

Ray, et al (1997) carried out a practical

comparison of the strength developed

through  thermo-mechanical  treatment
(TMT) of plain carbon steel and copper
bearing alloys. The quenching parameters
were altered to achieve different yield
strength levels. Both the plain carbon and
alloyed steel grade TMT bars exhibited a
composite microstructure consisting of
ferrite-pearlite at the core and tempered
martensite at the surface. The bars also
conformed to strength requirements in the
range 500-550 MPa with good elongation

values (21-28%) and excellent bendability.

a9

This is an indication that plain carbon steel

could be weated to develop strengths

comparable to those of alloy steel grades.

Solid solution hardening principle was
employed in the development of Tempcore
and Thermex processes. Both processes
were developed and patented in the mid-
eighties to meet the challenge of low

strength  characteristics  prevalent  with
conventional hot rolled mild steel bars
(Markan, 2004). Tempcore pnu:es:i. and its
variant, Thermex process entail drastic
cooling of hot rolled steel bar by immersion -
in a pool of water, The processes employ the
principle of martensitic transformation
through drastic cooling of hot rolled steel

bars immediately after the finishing stand.

However, industrial transformation of
austenite to martensite in mild steel requires
a critical cooling rate up to 500 ° C/s and
must be accomplished within five seconds at
most. This is often difficult to achieve. Thus,
Tempcore and Thermex processes are
fraught with two major constraints that have
made their adoption difficult. One is the
high cost of re-engineering of a typical

conventional mill for Tempcore or Thermex
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process technology. The other is the lack of
information on process operating variables

because of patent restrictions.

It is established (Dotrreppe, 2006} that
without innovative hot rolling, steel bars
produced through conventional route cannot
exhibit adequate yield strength. One of the
efficient and cost effective means of
achieving improvement on the mechanical
properties of conventional hot rolled steel
bars may therefore, be found in developing
a unigue microstructure in which the grains

plajf a major role.

Grain structure (size, shape and texture) is
one of the primary characteristics that
determine the mechanical properties of
metals and their alloys [Henkel and Pense,
1977)]. This is predicated on the relationship
that exists between grain-size and grain
boundary on one hand and the interference
of the latter with dislocation motion on the
other (Curtin and Dewald, 2005). The
interactions of dislocation with each other
by slip and with surrounding crystal
microstructures through cross-slip, glide and
climb often result in enhanced strength in
metals. Grain structures of varying sizes and
morphology can be developed through a

logical simulation of varying degrees of

an

undercooling of steel bar from the

austenitising temperature (Yada, 1987).

Microstructure of steel bars produced in
conventional mill -mmpriscs ferrite and
pearlite. This structure often confers
considerable measure of plasticity with
moderate strength and hardness (Samuel et
al, 1990). Zambrano (2001) compared the
microstructures of hot rolled bars from
conventional and compact modern  mils.
Bars from the compact mill exhibited a dual-
phase structure of martensite-pearlite.
Differences in the mechanical behaviours of
the bars were ascribed to the differences in
their grain size coupled with variations in

their textural components.

The formation of martensite however,
requires drastic cooling rate, which is
practically difficult to achieve in mild steel.
Alternatively, a well controlled fast cooling
of austenite could be effected such that
lower bainitic microstructure is formed. This
can be achieved through what can be
described as a middle course critical cooling
rate, which is between drastic quenching as
obtained in martensitic hardening and air-

cooling as obtained in conventional rolling

Lower bainitic structure forms in the

temperature tange 250"-400°C by a shear




NSE TECHNICAL TRANSACTION VOL.45, NO.1, JAN. - MAR. 2010
S. A. BALOGUN; G.I. LAWAL; O.LSEKUNOWO; S.0.ADEOSUN

ransformation of austenite. The structure
consists of ferrite sohd solution saturated
carbide

with carbon and particles of

occurring isothermally (Rollason. 1986).

Unlike in pearlite, the carbide particles in
lower bainite are located within the plates of
the a-phase due to the sluggish diffusion of
carbon. This results in high dislocation
densities in the bainite microstructure. Most
polycrystalline materials contain dislocation
density in the range 10* - 10"%cm™ (Dieter,
1976},

within the ferrite phase field act as barrier to

The carbide particles dispersed

the motion of dislocation, which enhances
the bar's strength considerably (Schaffer et
al, 1999). Bainite morphology varies with
the type of carbide (FeiC , e-carbide) based
on  transformation  temperature  and
composition of steel (Honeycombe, 1982).
Generally, lath martensite have similar
structural characteristics with lower bainite,
which has high dislocation densities around

10"-10"em™ (Vijendra, 2004),

Development of lower bainitic structure in
steel by this method constitutes a significant
improvement on the conventional pearhtic
This lower bainite

structure, is because

microstructure is known to confer enhanced

91

strength property on the bar (Yu Lakthin,
1988).

The application of bainitic transformation
(BT) is extensively used in the industry to
strengthen critical structures and machine
components. Lower bainitic steels (LBS)
also, have widespread applications in
structural members of bridges, cranes and
other structures (Arvedi. et al, 2004). The
high strength properties of LBS are due to
the interstitial atoms of carbon and the high
dislocation density in the a-martensitic
phase (Henkel and Pence, 1977). Similarly,
the formation of dispersed carbides in the-
solid solution is also responsible for high

hardness, strength and ductility of LBS.

In a bid to overcome some of the constraints
and challenges prevalent with conventional
mill practice, attempt is made in this study
to develop lower bainite in preference to
pearlitic structure in hot rolled mild steel
bar. This will be accomplished through
spray-quenching (5Q) of the bars on the
cooling bed.

2.0 EXPERIMENTAL PROCEDURE

2.1 Material and Specimens

Hot rolled steel bar, Nst 42/50HD (AISI 1030,
BS 970) was used to

investigate the

combined effect of varying austenitising
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lemperatures  and  cooling rates  on
microstructure and strength characteristics.

A stock of the 12mm steel bars is shown in

Figure 1 and the chemical composition
including its carbon equivalent value (Ceq)

1s presented in Table |.

Table 1: Chemical composition of the material used

St

L o ELEMENTS (%)

5| © si s | P [Ma [N [cr Sn Mo |V Cu Fe *ch‘[
G | 0.231 | 0.250 | 0.055 [ 0.034 | 0.602 | 0.102 | 0.120 | 6.034 | 0.020 0.002 | 0.274 | 98.276 | 0.38 |

3 v i
*Ceq =C+?+{r+”fﬁ+ +MJ+:"

Where C. Mn, Cr. Mo, V., Ni and Cu are the

chemical symbols for carbon, manganese,
chromium, molybdenum. vanadium. nickel
and copper respectively. The range of Ceq
value (equation 2.1) obtained for each meli-
cycle automatically places the steel in the

class of weldable or non-weldable.

According to BS 4449: 1988 for weldable
steel, Ceq < 0.51 while Ceq > 0.51 is for

non-weldable  steel. Table 2.3 is a
compilation of the average chemical
composition of billets used for high yield
deformed bars by the Nigerian  stee]
manufacturers. The concept of carbon
equivalent Ceq. was introduced in order to
control carbon concentrations to  meet
weldability criterion and strain hardening
behaviour of rolling stocks. The weldability
of steel is the ease with which it can be
welded without complications or recourse 1o

any special welding method.

Figure 1: High yield hot rolled steel bars (12mm)

The most important set of mechanical
property requirements in steel meant for

structural applications under static loading

a2

are the tensile and hardness tests. Through

tests, the steel, strength. stiffness. ductility

and wear/abrasion resistance were
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evaluated. These form the basic criteria for
assessing the bar suitability under relevant

service conditions.

Forty-nine (49) specimens for both hardness
and tensile tests were prepared according to
the British standard (BS 18) and the
Nigerian Industrial Standards (NIS 117-
42/50HD 2004). An

Instron electro-

mechanical tester model 3369 operated at a
cross head speed of 10mm/min. was used for
the tensile tests. Specimen hardness values

were  evaluated the ‘B scale

Rockwell.

using

Application of structural steel bars under
dynamic loading such as bridges and
buildings constructed along seismic prone
areas are commonplace. Evaluation of the
bar's susceptibility to brittle fracture under
such conditions is imperative. Consequently,
forty-nine charpy -v impact toughness test
square specimens of 10x10mm cross-section
and 50mm long with a notch 2mm deep at
the middle of one of the sides and included
angle of 45" were prepared by machining in
accordance with BS 131 (Parts 1-5). The
specimens were then subjected to impact
loading using Avery impact tester (type
6703) at ambient temperature and a striking

pendulum velocity of 5m/s. Energy absorbed

93

~with a-austenite

at failure by each of the test specimens was

read off from the scale.

2.2 Heat treatment

" Test specimens were heated at the rate of

10°C/min  in a muffle furmace. The
specimens, which are seven in each group
are identified as Aj-Aq, Bi-Bq, C-Cy, Dy-
D+, Ei-E;, Fi-F7; and Gy-Gq representing
respectively the austenitising temperatures
of 800°, 820", 840", 860", 880", 900" and
1000°C. This temperature range falls within
and slightly above the intercritical (a + y)
region of Fe-C equilibrium diagram on one
hand and a simulation of typical hot rolling
finishing temperatures on the other. This is
aimed at eliminating the conventional a -
pearlite structure in the bar and replacing it
to facilitate efficient
transformation on fast cooling. The «o
austenite structure is a homogenous solid
solution of the as-rolled steel bar. The
specimens were soaked between 10 and 15

minutes for homogenization.

2.3 Water-spray Cooling
According to industrial standard practice,
10,000litres/ton

of water at ambient

temperature is required to quench-harden
This translates to

plain carbon steel.

10litres/kg and 10ml/g water requirements
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respectively. Approximately 0.321litres of
water at ambient temperature is required to

quench harden a 32. 1 g test specimen.

Therefore, the typiEuI 12mm commercial
steel bar weighing 10.658kg will require
106 6litres to quench harden it. Similarly, at
an average production of 200tons/day, about
two million litres of water will be needed at
the cooling end. This volume of water is
massive in view of the logistics that will be

involved in its delivery and maintenance.

In this study. attempt was made to reduce
the volume of water reguirement by
adopting pressurized spray quenching. Spray

gquenching under pressure enhances fast

cooling as the formation of passive blanket
film around specimen is prevented. Thus.
200ml of water was used in each spray-
quench cycle of test specimens. This
represents  37.7% reduction in  water
requirement daily. Spray quenching of
specimens was carried out using a medium
capacily, 0.5HP (0.37KW) water pump. With
appropriate variations in the piping-in and
out of the pump, water flow rates (mbs) of
40, 20, 13.3, 10, 8, 6.7 and 5 were achieved.

At the end of each cooling cycle. a digital
pyrometer ;was used to obtain the
temperature of test specimens. Figure 2
illustrates schematic diagrams of both the

heat treatment and water-spray procedures.
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Figure 2: Schematic diagrams of heat treatment and spray-quench procedures.
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2.4. Microstructural analysis
Direct  correlations  exist

between a
material’s microstructure and its mechanical
properties. It is therefore appropriate that the
bars are subjected to microstuctural analysis.
Test specimens (49) were prepared by
polishing on a water-lubricated grinding
carbide abrasive
papers grades 240, 320, 400 and 600 grits,
Final

machine using silicon

polishing of the specimens was

effected with 0.5pm chromic oxide powders.

The surfaces so obtained were etched in 2%
Nital solution, left for 30 seconds and then
rinsed with water. The microstructural

features of the specimens were examined

under an inverted metallurgical microscope

model FEROX PL at x 800 magnification.

Micrographs of the test specimens are

presented on Plates 1-3 in Appendix A.

3.0 RESULTS AND DISCUSSION

3.1 RESULTS

3.1.1 Specimens temperature profile

The variations of measured temperatures of
the spray-quenched specimens are presented
in Table 2. The data are plotted in Figure 4.
They are indicative of the specimens’ degree
of under cooling within the period stipulated

in the experiment.

Table 2: Temperature profile of spray-quenched specimens

Time Spray-Quench rate | Cooling rate
(SQq) | (8Q¢) (Ty) Specimen temperature profile, Sy ("C) 0.2%+_1°C
by mlfs Dorg

804 820 840 860 880 900 1(HH)
5 40,0 118 212 233 251 269 288 311 410
10 20,0 65 165 172 2n 209 234 255 352
15 13.3 47 113 121 135 168 182 204 301
20 10.0 36 98 102 128 143 168 189 282
25 8.0 28 9] 113 124 137 155 176 272
30 6.0 24 73 92 112 126 141 168 267
40 5.0 18 71 57 104 121 136 152 253

MNotations: 5Qy4 — Spray-quench duration(s):
The 5Qq was preset for the experiment by
synchronizing the theoretical and industrial
time for obtaining desirable austenite
decomposition products. SSt — Specimens’

temperature after quenching .

95

Tr — Cooling rate ("C/s): Cooling rates were
calculated using the S8Sy data at the end of
each spray quench cycle. Mathematically,

cooling rate, Tr is given as:
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Specimen austenitisin g temperature — Specimen temperature after quenching

Tr =
Spray guenching duration
Thus,
A -§8§.
Tr:;f._.r_ {U{jgsj
SO,
8Q; - Spray-quench rate (ml/s): Varied specimens  from  which  flow  curves

volume of water flow was obtained by
varying the piping dimensions in and out of
the water pump during each quenching

cycle,

3.1.2 Microstructural observation

Various microstructures were induced in the
test specimens due to vaying cooling rates
and austenitising temperatures, 800°C —
1000°C respectively while the specimens

micrographs are shown on Plates 1-3.

3.1.3 Mechanical property
Tables 3 (a-g) in Appendix A are the

computed true tensile strengths of test

B 8-

Stress (MPa)
2 B8

=

Figure 3.1: True stress-strain flow curves of air-
cooled and spray-quenched specimen
austenitised at 800° C
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Stress (MPa)

o B HEABBAES

displayed in Figures 3.1-3.7 are drawn.
Tables 4.1-4.6 presented in Appendix B
show the results of mechanical property of
test specimens. Table 4.1 and Figure 8 were
prepared in order to facilitate a quick
of

exhibited by test specimens. The response to

comprehension the yield strength

deformation under dynamic loading is

shown in Tables 4.3 and 4.4 for air-cooled
and spray-quenched specimens respectively.

Hardness induced in test specimens at

varying spray quenching rates and

temperatures are presented in Table 4.6.

00 01 01 02 02 03 03
Swan
Figure 3.2: True stress-strain flow curves of air-

cooled and spray-quenched specimen austenitised
at 820°C
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Figure 3.3: True stress-strain flow curves of air-
cooled and spray-quenched specimen
austenitised at 840° C
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Figure 3.5: True stress-strain flow curves of air-
cooled and spray-quenched specimen
austenitised at 830° C
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Figure 3.4: True stress-sirain flow curves of air-
cooled and spray-quenched specimen
austenitised at 860° C

Figure 3.6: True stress-strain flow corves of air-
cooled and spray-quenched specimen
austenitised at 900° C
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I'Dt? “' i— 320
‘ L s
% 005 01 018 0z o o3
Lirzin
32 Figure 3.7: True stress-strain flow curves of air-

cooled and spray-quenched specimen
austenitised at 1000° C

DISCUSSION OF RESULTS conventional air cooling of hot rolled steel
3.21 Evaluation of spray-quenching bars led to changes in mechanical properties
" effectivencss of the bars. This is expected (Vijendra,

A relatively fast under cooling through 1986) because, the greater the degree of
varying water flow rates in contrast to the under cooling of austenite the greater the
propensity to transform.

| E 500 ) ==l

E —— At8000C |
g o 30 \H—*\*__, ~=—Al8200C

‘ 59_,, 200 - 3 At8400C |
g \._a_ﬁ% At 860 oC |
'E Vo —»— At 880 oC
@ s ' ' —s— At 900 oC

| DLW W 0 M 86| g

Spray quenching time (seconds)

Figure 4: Specimens® surface temperature profile against spray quenching time

Figure 4 shows the variations in the test of each spray-quenching cycle. Specimens’

specimens’ temperatures profile at the end temperatures profile decreased down each of
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the austenitising temperatures. This 1s due to

time variations, which increases with

successive cooling rates giving rise to

additional cooling by natural effect. Given

the observed temperature range of 71%410
C, the efficiency of the cooling method

adopted can be adjudged fairly adequate.

This temperature range would have resulted
in the formation of a mixture of lower
bainite and martensite on the surface and

pearlite in the core of test specimens.

However, this was not the 'case with
specimens austenitised between 880 " and

1000 "C and cooled in the range 24-18 °C/s.

This is due to the rather long duration (25-40
seconds) involved in cooling. Consequently,
specimens treated under these conditions
exhibited yield and ultimate strength values
in the range of 633-842.8 MPa and 704.0 -

Carbide precipitates

Ay, 118 °Cls, 800 'C By, 118 "Cis, 820'C

C;, 118 "Cis, 840 'C

99

1173.6 MPa respectively. The hardness and
impact toughness of the bars also improved

considerably.

3.22MICROSTRUCTURAL
OBSERVATION

The microstructures developed in specimens
after spray quenching at varying water flow
rates are shown in Plates 1-3. The change in
grain, shape and distribution are seen to
depend on the specimens’ temperature
profiles after spray quenching. Grain sizes
increased with decreasing cooling rates at
each austenitising temperature. -i.ﬂwar
bainite structure evolved in specimens

165" and
261°C within 10min. of spray gquenching.

having temperatures between

Similar low temperatures attained by other
specimens could not induce lower bainitic

phase due to a rather longer duration, 15-40

seconds of cooling.

Ferrite plate

D,, 118 °C/s, 860 °C
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C,, 65 "C/s, 840 °C

Sy Vi

As, 47°Crs, 800 °C By, 47"Cls, 820°C €y, 47°Cls, 840 °C

100
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PLATE 1: MICROGRAPHS OF TEST
SPECIMENS SHOWING LOWER
BAINITIC STRUCTURE (x800).
Micrographs on Platel (A;-As, Bi-Ba, G-
Cy and Dy-D3) show lower bainitic
microstructure  formed in 12 of the
specimens at the cooling range of 118-47
"Cts and  800°-860°C

temperatures. The structure consists of lath

austenitising

carbide dispersed in a matrix of fine ferrite.
Lath like bainite microstructure is similar to
tempered martensite and is capable of
exhibiting comparable mechanical
properties (Ohtani, 2007). Fast under
cooling of carbon  steels from = the
austenitising temperature usually gives rise
to decrease in the amount of proeutectoid

phases present, This is because more carbon

Fine cementite

Fine ferrite

tends to precipitate out of solution thereby

enriching the transformed portion in carbon.

This phenomenon occurs in a relatively
short time for which such transformation is

kinetically favourable.

Mixture of fine pearlite on islands of lower
bainite was observed in 23 specimens as
shown in Plate 2 (As-As, By-Bs, Cy4-Cs, Dy-
Ds, Ej-Es, Fj-Fs and G-Gs). This
transformation occurred within two different
cooling ranges; that of 118-47 "C/s at 880"-
1000°C and 36-28 "Cfs between 800" and
1000"C austenitising lemperatures
respectively. The combination of delayed
transformation, 25 seconds, and a relatively

low cooling rate are responsible for this

transformation product.

Ey, 118 "Cls, 880 °C F,, 118 "C/s, 900 G, 118 "C/s, 1000 °C E,, 65 "C/s, 880°C  F, 65 °Cls, 900°C

L i
iy ! i : % P . J;ﬁ:h.
il g . 1# T P
mui . e . ¥ #'L.f..f'%

G, 65 "Cls, 1000°C E;, 47 "Cls, 880°C F, 47 °C/s, 90

W'C Gy, 47 "Cls, 1000°C A4, 35°Cls, 800 °C
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G4, 35"Cls, 1000°C As, 28°Cls, 800°C Bs, 28°C/s, 820°C €4, 28°Cls, 840 °C

Es, 28"C/s, 880 "C
PLATE 2: MICROGRAPHS OF TEST

SPECIMENS SHOWING FINE
PEARLITIC STRUCTURE (x800).

Further decrease in cooling rate, 24-18 °Crs
and longer duration of spray quenching gave
rise to coarse pearlite at all austenitising
temperatures. This is evident in the 14

micrographs on Plate 3 (Ag-As, Be-Ba, Ce-

F., 28 "Css, 900°C

Gs, 28 "C/s, 1000°C
Ca, Dg-Dq, Eg-Eq, F¢-F7 and G4-Gr). Coarse
pearlite degrades the specimens’ hardness,

yield strength, ductility and impact
toughness. The foregoing microstructural
observations are indicative of time and

temperature  dependence of  austenile

transformation in plain carbon steel.

Coarse cementite

Ag 19°C/s, 800 °C

E;, 19"C/s, 880 "C

= :
] o 4

A+, 13"C/s, 800 °C
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F1, 13 °Css, 900°C
PLATE 3: MICROGRAPHS OF TEST
SPECIMENS SHOWING COARSE
PEARLITIC STRUCTURE (x800).

L ltimate tensile strength

Figures 3.1-3.7

snow the true stress-strain
curves of air-cooled and spray-quenched test
specimens. The indicate that the

curves
- increased cooling rates by spray
sigmificant,
exhibited
iensile strength in the range, 704-1173MPa
with 616.7-806.9 MPa of

guenching is quite Spray-

guenched specimens ultimate
compared

conventional steel bar. This represents a
mark-up of 31.9% in strength
118'C/s

nis occurred between 47 and

coaling rales and corresponding
aJutlemlising temperatures are in the range
20 -R60 "C within 15 seconds maximum
ipraving duration. Substantial increase in

l& cirasmorh
= AT HELN

can be explained in

==

(V5]

G, 13 °Cls, 1000"C

terms of the differing morphologies and

textures of pearlite and lower bainite.

Pearlite is composed of alterpate plates of
ferrite and cementite with the thickness of
the plate determining the grain size. In
contrast, lower bainite comprised lath
precipitates of carbide in ferrite matrix. The
act as bamer to

carbide precipitates

dislocation motion  hence, increase in
ultimate tensile strength. However, sharp
departure from the above was observed at
higher heat treatment temperatures, 880 -
1000 "C, and longer time, 20-40 seconds of

spray quenching.

The ensue ultimate tensile strength values
dropped to the range 340.0-625.7MPa. This
is indicative of the negative effect of
delayed transformation of ausienite wherehy
high volume fraction of coarse pearlite is
Worth however, is the

formedd, :]r;[in‘l,_:_
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exceptionally high strength induced in the
specimen at 800 "C within 47 and 118 °C/s
cooling rates. This can be attributed to the
high volume fraction of carbide precipitates

formed under this condition.

3.2.4 Ductility
The amount of plastic strain suffered by the
material before fracture corresponds to its

ductility measured in percent elongation (%)

at fracture. Good quality construction steel
must possess appropriate level of ductility
for an enhanced formability. All the test

exhibited

having manifested this property in the range

specimens adequate  ductility
15.0 -32.9% (Figure 5) compared with 28.2-
41.9% in conventional bar. Again. the
preponderance of carbide precipitates in the
microstructure of is responsible for the

marginal reduction in ductility,

% 350 s e
E 300 —— A B0 o0
. ‘5 =l At B0 o
c 25{] 5 Al BAD ol
-E Em Al B&0 ol
0 150 + —— 41 B8 oC
o 100 - —8— 41500 5
% 50 —+—4 1000 oC
& 0 . .
0 20 40 60 80 100 120 140
Cooling rate (°C/s)

Figure 5: Plasticity properties of spray-quenched specimens at varying cooling rates

The minimum standard elongation for the
steel bar under investigation is 109% of test
specimen gauge length. It must be noted
however, that beyond 35% elongation, the

ductility becomes superfluous and the

material s too soft to be used for

reinforcement purposes.
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3.2.5 Impact toughness

Sudden forces such as thunderstorms.
seismic waves and irregular loading in the

case of bridges. impact most structures.

Reinforcing steel bars are therefore required
o possess adequate toughness under such
conditions to prevent brittle failure. Figure 6
shows the impact toughness behaviours of

test specimens,
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120 |
= 100 | —— At 8000C
& 80 | —&— At 8200C
& 60- : At 8400C
§ 40 < At 8600C
£ 20 —%— At 8800C

1- 0 i ' —e— At 9000C

' B 0 100 150 |, At 10000C

Cooling Rate {"C/s)

Figure 6: Impact toughness of spray-quenched specimens at varying cooling rates

The obvious similarity in the pattern of
toughness property of spray-quenched
specimens and the plastic strain curves
(Figure) shows that toughness encompasses
strength and ductility. This 1s expected
because the amount of energy absorbed to
break inter-atomic bonds between grains
corresponds to the extent of plastic
deformation suffered by test specimens. In
the final analysis, spray quenched specimens
exhibited higher impact toughness; 85.2-
111.00 J compared with the as-rolled 78.4-

82.0 J thereby adding value to the material.

3.2.6 Hardness

The relevance of some measure of surface
hardness required in reinforcing bars bothers
on the need for adequate bond strength
between the bar and the concrete interface
thereby preventing slip. Bond strength is
considered to have failed when the relative
slip 15 0.127-0254mm  (Rao, 1961).
Occurrence of slip usually gives rise to the
failure in the adhesion between the
reinforcement and the concrete interface.
The bars ribs must therefore exhibit
sufficient wear resistance in order to

function effectively
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Figure 7: Hardness of spray-quenched specimens at varying cooling rates.

Specimens at all austenitisation temperatures
but within 47 and 118 °C/s cooling rates
show increased hardness (Figure 7 ) in the
range of 84.3-110.8 HRB compared with that
obtained in conventional bar, 62.1-93.THRB.
The hardness level exhibited by the spray-

quenched specimens further confirms that

lower bainite share some microstructural

simnilarities with tempered martensite.

3.2.7 Yield strength

Yielding of ductile material such as steel
produces permanent deformation (Kempter,
1979). Hence, yield strength is an important

design parameter in engineering.

= At 800°C
= At 820°C
| At B40°C
ALBe0?C ||
At BEOPC |
ALSOOPC ||
AL 1000°C

e et T W LT L TRT W

0 50

150

100
Cooling Rate (°C/s)

Figure 8: Yield strengih properties against cooling rate

From Figure 8, it is observed that specimens

subjected to cooling in the range 47-118

%Cls of 800"-880°C treatment temperatures
exhibited yield strength in the range 421.9-
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842 8MPa compared with 340.1-452 8MPa
This

increase of

obtained in conventional bars.
development represents an
59.5% in yield strength. This range of yield
strength  1s  comparable to local and
international standard specifications, which
are 420MPa (NIS). 460MPa (BS) and

S00MPa (ASTM).

The concept of yield in low carbon steels
depends heavily on the presence of small
interstitial atoms such as carbon, boron, and
nitrogen. The amount and distribution of any
of these interstitial atoms govern the yield

behaviour of the material (Hall, 1970).

Increase in yield property of test specimens
can therefore be explained in term of the
texture of lower bainite. Carbide precipitates
act as interstitial elements in addition to the
carbon in solution enhanced the yield
strength of test specimens. Generally, the
vield strength of steels increases with
lath
established by the Hall-Petch relationship.

decreasing  bainite size  just as

The laths
boundaries,

are  jow

which

angle sub-grain

act as barriers to
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dislocation motion contributing significantly

to the strength of lower bainite.

4.0 CONCLUSION
The feasibility of achieviné improved
strength characteristics in constructional hot
rolled steel bars through innovative cooling
has been investigated. Improvement in the
mechanical properties of the steel bars was
achieved in the cooing range 118-47 °Cfs
and  800°-860"C

within 5-15 seconds water spray quenching.

finishing temperatures

The of

microstructure in 12 of the specimens led to

development lower bainitic
increase by 39%, 45% and 22% respectively
in yield strength, ultimate tensile strength
and impact toughness but 9% decrease in
ductility compared to the conventional steel
bar. Due to delayed transformation, the
lower cooling range, ie., 36-28°C/s could
not achieve appreciable improvement in the

test specimens’ mechanical properties.

Similarly, the coarse pearlite developed in
test specimens at 24-18°C/s cooling rate
actually impaired the mechanical properties

of 14 test specimens.
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APPENDIX A: TRUE STRESS-STRAIN DATA OF SPRAY-QUENCHED SPECIMENS
AT VARYING AUSTENITISING TEMPERATURES

Table 3a: True stress-strain at 800 °C

Water-spray duration (s)

5 10 20 30 4l
Strain_| Stress | Strain | Stress | Strain | Stress | Strain Stress | Strain | Stress | Strain Stress | Strain | Stress
0012 16al.1 0.026 1593 0.014 134.7 0087 H04 Q.070 107.6 0.027 14789 0016 BO.9
.01y MI83 0047 | 6387 | 0018 2578 | 0.027 2710 | 0.083 32646 | 0.032 2621 D019 162.3
N0is | 6619 | 0.050 099 | 00020 [ 4060 | 0033 | 3618 | 0002 494 4 (.044 4059 | 0023 3258
0045 £42.8 0.063 635.5 003l 50490 0.043 446.0 0093 508.3 0.050 461.0 0.031 398.3
0.050 B84.5 (1.0 7454 0.040) 633.0 0.050 553.0 2117 4908 0.055 4350 0.034 340.3
0.078 10082 | 0.135 1015.0 | 0.079 GET.7 0.059 524 9 0.13] 560.8 085 509.7 0040 I60E
_I'_LU‘JS 10617 | 0.176 11106 | .10 T96.4 0087 576.3 0191 6931 (135 627.6 0,120 5380
0.131 981.2 0218 11736 | 0153 BRRT3 | 0113 Gl4.4 0218 7322 0.205 T04.0 0,172 G14.]
0.154 8931 0.305 11589 | 0.191 Lk L (. 140 6045 0.247 1241 0.255 6342 0.201 5969
0176 7754 (1324 10154 | 0.248 825.6 (1. 162 5059 0.252 506.8 0.29] 556.1 0.237 4271
Table 3b: True stress-strain at 820 "C
Water-spray duration (s) -
5 n 20 25 E] 40
Strain | Stress | Struin | Stress | Strain | Stress Strain | Stress | Strain | Stress | Strain Stress | Strain Stress
0.016 1019 0018 51.7 0.018 50.2 a017 058 0.019 469 006 492 0.018 751
0024 | 2053 | 0.023 207.7 | 0.029 217.0 | 0027 | 2902 | 0024 1885 | 0020 148.1 0.024 [ 6.5
| 0030 | 4130 [0032 |3119 [0031 | 30530 | 0033 | 3779 | 0031 | 2847 | 0022 1949 | 0029 2609
| (043 | 5547 | 0044 | 4351 0.039 4107 | 043 354 | 0036 | 3B1E | 0026 183.7 | 0.037 3605 |
0064 | 5985 | 0.068 | 4071 (1044 972 | 0049 | 3848 | 0040 3520 | 0043 2274 | 0048 3156
0124 7263 (136 43189 0070 436.5 0.068 441.0 {060 724 0.08] 3042 0085 4642
{.180 TH4.8 194 586.0 0134 5092 0,138 565.1 0107 500.9 0147 IME6 0.123 4‘1").{;_.
0,215 A624 0.228 638.7 0.179 607.7 0. 165 591.70 | 0.172 35549 0169 ELEN] . 164 S40.1
0.247 B40.5 0.262 619.5 (195 6027 0.20] 601 0.203 5452 0.204 3561 0.192 525.7
0268 | 6649 | 0:252 | 34630 | 0.242 4566 | 0213 AT 10230 | 4573 | o 2480 | 0.220 442.5
Table 3¢: True stress-strain at 840 "C
Water-spray duration (s)
o 1 20 25 ) M 4
Strain_ | Stress | Strain | Stress | Strain | Stress | Strain | Stress Strain | Stress | Strain Stress | Strain | Stress
0019 03,40 0016 44 4 0.019 44,8 0017 446 (018 95| 0019 964 0019 82.7
(1022 1874 | 0024 1789 | 0.022 £9.9 (L0206 1799 | 0.025 1216 | 0026 1940 | 0029 2507
(1033 3703 037 3ol6 .31 1134 0.037 3732 0031 36,1 0031 532 0033 3359
HEI_I_:_MI S08.8 (k43 405.70 | 0.036 182.5 0042 384.1 0.040 IR0 | 0.049 357.2 0036 37iT
0066 | 5435 | 0.051 3822 | 0052 80| 0.054 398.1 0.062 407.7 {0.0K5 4880 | 0045 3546
0397 6225 0174 4421 (067 J04.5 0.0094 4.5 (10493 4921 154 5628 0.059 I 0
0,128 6709 0.142 551.8 0078 3862 0.124 5260 1449 5645 0169 5843 (1K 4521 :
0174 743.2 0173 589.7 0. 140 5306.3 (158 5638 0.177 541.2 0.183 5741 0147 Jlel
0186 7276 0.207 454 .6 Q212 617.3 0.194 5386 0183 5343 0210 5&5.‘!- 0156 50T R
0200 16994 |025 [4650 |0284 |[45360 | 0215 | 4674 | 0.191 | 4661 | 0338 4769 | 0181 | 4737 |
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Table 3d: True stress-strain at 860 °C

Walter-spray duration (s)

5 20 25 30 44
Strain | Stress | Strain_ | Stress | Strain | Stress | Strain | Stress | Strain | Stress | Strain Stress | Strain | Stress
0012 | 45,1 0020 | 950 0022 | 974 0021 |40 [ o017 | 1013 | oo2i B6.6 0014 | 4590
0019 [ 1820 |o0022 | 1903 | 0028 1950 (0026 |2000 [oo0m9 [2020 [ ool 1498 | 0019 147.3
0025 | 2747- | 0037 | 2869 | 0035 [2961 |0032 | 3157 | 0027 | 3054 | 0.037 44 | 0029 | 2182
0048 | 4870 | 0037 [4224 | 0045 | 417 0037 [ 3945 [0032 | 3942 | 0045 3682 | 003 178.3
0049 | 457.7 | 0038 | 3870 | 0053 | 2917 | 0040 | 3659 | 0039 | 3721 | 0.056 4038 | 0050 [ 2127
0079 | 5074 | o065 4367 | 0.080 [441.1 | 0060 [4112 | 0065 | 4177 | 0.066 4167 | 0066 | 2419
0014 [5562 0419 |5347 |0.417 |5425 |0117 [ 5382 | 0095 | 485.1 |O0.128 5200 | 0096 | 2971
0.118 | 5507 |o0a41 | 357167 | 06z 592.1 |0as0 | se00 [ 0130 [ 5352 [ 0066 5862 | 0148 | 3400
0.148 [ 5185 | 0.153 [ 5516 | 0188 5779 | 0205 | 2688 | 0155 | 5319 | 0186 s79.5 | oa7 | a3z
0161 | 45140 | 0191 [4937 [ 0239 [471.0 [0240 [4591 | 0180 | 4315 | 0226 4632 |ozi0 | 1324
Table 3e: True stress-strain at 880 °'C
Water-spray duration (s)
5 20 25 i
Strain | Stress | Strain | Stress | Strain | Stress | Strain | Stress | Strain | Stress Strain Stress | Strain | Stress
0ol6 | 976 0.027 | 956 0.019 107.2 | 0624 | 598 0.017 | 96.3 0018 997 0021 | 829
0020 | 1959 | 0031 [ 1920 | 0027 | 2161 [0031 | 1sD8 | 0023 | 1942 | 0022 2002 Joo3y | 2518
0.028 | 2911 | 0037 | 2899 | 0038 | 4219 0044 | 3665 | 0.033 | 3579 | 0028 2.0 | 0044 | 3705
| 0036 | 4580 | 0041 | 3881 | 0040 | 3833 [ 0051 [ 3874 | 0049 | 3508 | 0034 3244 | 0051 | 3417
0064 | 5578 J0045 | 4870 | 0065 4210 |o0o0a2 | 3970 | 0054 | 3009 | 0041 3793 | 0063 | 3476
091 6135 0065 | 5564 |0095 4976 |o0080 | 4273 | 0057 | 3574 | o043 3589 | 0419 | 47332
0109 50931 |00% |6458 [o0054 [ 5770 | o154 | 5551 | 0431 | 5340 | 0068 397.1 | o200 | ss97
0123 |5647 10161 | 7633 | 0176 | 6055 | 0200 |6018 | 0162 | 5596 | 0.138 5358 | 0257 | sal.7
0.138 309.0 0.176 756.5 0210 591 .4 0255 599.5 0.190 5508 0.155 514.8 (.289 501.4
0150 | 4447 |o0092 [6282 | 0251 405.1 [0307 |4670 | 0215 | 4662 | 0.175 3029 | 0306 | 4362
Table 3f: True stress-strain at 900 °C
Water-spray duration (s)
5 20 25 30 40
Strain | Stress | Strain | Stress | Strain | Stress | Strain | Stress Strain_| Stress | Strain Stress | Strain | Stress
0018 | 85.7 0014 | 458 0017 | 473 0.017 | 473 0017 | 4508 0.017 42.6 0017 | 454
0028 [ 2597 (oo |92 0019 [ 049 0.019 | 9490 0022 [ 1355 [ o023 86. 1 0019 | 190
0033 | 3483 |o0022 [ 1846 | 0023 1905 | 0026 | 1911 [oo025 | 2308 | o025 172.6 | 0023 182.8
0037 | 4196 (0027 | 2783 |[00373 | 3844 [o0030 | 2877 | 0037 | 3700 | 0.035 340.5 | on2s | 2280
0049 | 4952 (o048 | 4104 [ 0050 | 3621 | 0037 | 3720 | 0067 | 294.50 | 0.066 350.1 | 0027 | 3265
0095 | 5567 (0051 3892 | 0082 |4546 |o0095 | 3788 | 0129 | 4291 | 0.096 4172 [ omm2 | 3814
0108 | 5752 [ 0067 |444.20 | 0128 [s5293 o126 | 41920 [ 0194 | 4578 | 0127 473.6 | 0005 | 3885
0126 | 5720 [0120 | 35870 |08 5837 | 0163 | 44730 | 0216 | 456.80 | 0148 493.0 | 0152 | 4273
0054 | 50601 | 0.066 | 6307 [0214 [5832 |08 | 4348 [ 0256 | 43380 | 0.156 #0927 | 0182 | 412.7
0.176 407.1 0.247 489.00 0.244 472.6 0.226 3449 0.285 3449 0.184 4433 0.205 341.0
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Table 3g: True stress-strain at 1000 "C

Water-spray duration (s)
5 15 20 25 an 40

Strain | Stress | Strain | Stress | Strain | Stress | Strain | Stress | Strain | Stress | Strain Stress | Strain | Stress
0.020 47.5 0.024 B6.9 0018 93.4 0.015 499 0019 452 | 0016 42,5 0015 42,7 |
0.032 1924 0.030 174.7 0.024 1879 | 0.021 2008 0,026 181.9 0023 171.0 0025 |72.6
0.038 290.2 0.034 263.4 0.029 283.1 0.027 029 0038 2763 0030 258.5 0.028 259.7
(1046 4149 0.043 398.0 (.033 3793 0.029 308.5 0047 3763 0037 3699 (.048 368.2
(053 385.2 0.059 3690 0.0050 | 378.3 (.049 356.2 0067 3753 0.040 3498 0.057 356.7
0079 423.1 0.115 5234 0.066 401.1 0.094 4863 0.120 529.5 0079 452.2 0.095 4724
(128 542.6 (151 5820 | 0.097 4931 0,125 5570 | 0165 597.0 0116 5153 0.126 5232 |
0.192 613590 | 0.205 626.7 0,145 54590 | 0.148 5753 0,192 58E.8 Q75 589.4 0.170 583.0
0,250 585,80 | 0.25] 579.8 0.157 544.0 0.167 564.5 0.2(% 560.2 0.220 5722 0210 5359
0278 4723 0.313 483 .8 0.205 423.2 0.206 455.1 0237 4604 0.256 3574 0.239 4493

APPENDIX B: MECHANICAL PROPERTY DATA OF SPRAY-QUENCHED STEEL
Table 4.1: Yield strength property of test specimens

Yield Strength (MPa)Temperature (°C)

Chorus: Ye | 800 820 840 860 880 900 1004

heavenly  Host,

rejoice with

usCooling rate

Cls

118 842.8 554.2 508.8 487.0 458.0 419.6 414.9

65 709.9 487.0 4351 422.4 411.4 405.7 398.0

47 633.0 425.7 417.3 410.7 404.5 3844 379.3

36 553.0 4219 J98.5 398.1 395.4 394.5 3720

28 508.3 397.0 394.2 389.2 3818 3716 371

24 461.0 394.4 390.9 3g2.2 369.9 340.5 218.2

8 398.3 379.3 373.7 369.5 J68.2 326.5 194.9
109 Table 4.2: stiffness variations of test specimens
Cooling rate Modulus (MPa)/ Temperature ('C)

Cis 800 820 840) 860 880 900 1000
118 18321.7 12606.5 12095.2 | 9938.8 12378.4 | 11042.1 | 8827.7
65 13919.6 11156.4 9220.5 | 11115.8 | 10587.0 | 10034.1 | 9045.5
47 15439.0 10267.5 58623 | 9080.4 | 10817.9 | 101158 [ 111559
36 10843.1 8936.4 T108.9 | 103026 | 6203.7 9789.5 13741.4
28 5186.7 10318.9 9492.7 | 119455 | 6980.4 97395 T839.6
24 939.2 8859.1 12361.1 | 10378.9 | 90310 0458.3 9734.2
18 6623.1 9723.7 1010000 | 7524.1 82333 120026 | B980.5

Table 4.3: Impact energy of air-cooled (as-rolled) test specimens
Specimen number | 1 2 3 4 5 6 7
Impact energy (J) | 819 [807 | 815 82.0 78.4 79.6 80.3
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Table 4.4: Impact energy absorbed at varying cooling rates and temperature by

test specimens
Cooling Impact energy (J) / Temperature ("C)
rate S0 320 840 560 880 SH) 10080
"c/s
118 94.8 99,1 100.2 | 1057 109.3 110.0 1110
65 85.2 89.4 93.7 96.0 98.7 103.2 109.2
47 T9.6 87.2 9.6 949 96.8 1014 106.5
36 78.3 86.9 91.7 92.5 95.1 1iH).2 105.4
28 6.9 84.6 9.4 91.2 93.7 98.6 101.2
24 76.2 838 88.5 89.3 91.4 971 98.7
18 75.7 81.7 86.8 87.6 9.5 95.3 96.8
Table 4.5: Plastic strain variations of test specimens
Cooling Strain (x 107) Temperature {“C} |
rate 800 820 40 s6l 580 900 10400
'crs
118 176 268 200 161 150 (176 | 278
65 329 262 256 191 192 247 313
47 248 242 282 239 251 244 205
36 162 213 215 240 307 226 206
28 252 230 191 180 215 285 237
24 291 233 228 226 175 154 256
18 237 220 181 210 306 | 208 239
Table 4.6: Hardness of spray-quenched test specimens
Cooling Hardness value (HRB) Temperature ("C)
rate 800 820 840 860 880 900 1000
‘crs
118 108.5 103.1 98.3 87.1 91.4 88.6 56.8
65 110.8 93.6 90.5 89.4 993 921 92.7
47 105.1 91.8 923 20.0 91.0 59.8 §6.2
36 91.6 .7 87.4 o). 6 91.8 77.6 §9.1
28 97.0 87.4 58.3 86.1 87.9 8.5 M6
24 96.2 86.8 89.1 89.6 85.7 81.9 90.8
18 91.8 86.2 84.3 62.0 87.6 74.6 89.7
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