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EFFECT OF COILING TEMPERATURE ON THE FRACTURE TOUGHNESS
OF LOW CARDBON STEEL
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1. ABSTRACT

The mechanical propecties of hot-and cotd-rolled steels under various manufacturin
conditions have ‘been the subject of several investigalions. Fracture toughness, an importan
design factor for the selection of materials and appropriate design siress levels for [ractur
resistant struciures, did not take much atlention n this repect.

In this paper, the effect of the remperature at Lhe final steel manulacturing proces:
coiling temperature, on the plane stress fracture toughness for 0.1% carbon rolled ster
was tnvestigated. Other aspects such as specimen roiling direction and thickness of strip
have heen considered.

Owing lo praclical reasons, the norimal operating coiling temperature is set at 710°C
For the purpose ol this sludy, the conditions at the coilers have been controlled to bring
the coiling temperature down to 630°C.

Test results indicated that the plane siress [raclure toughness for the test material
has improved by about 17% when the coiling temperature was brought down from 710°C t
630°C. Microstructural examination indicated that the grain sizesol the material decreaseu
with decreasing the coiling temperature. This 15 known to be responsible for reducing the
tendency to nucleate cracks at the grain boundaries feading to increasing the material's
resistance to fracture.

2. INTRODUCTION

Currenl demands for rolled steels have greatly increased due to modern developments
in the expanding motor car and 'domestic equipment industries. Most of the mild steel-
used for the production of these equipwinent are the rimmed, silicon trace type or alumimun
killed steels. The:hot relling schedule [or these steels includes sufliciently slow cooling
for the transformation to ferrite-pearlite structure to occur. The usual hot strip mull consisis
ol reheating ([urnaces, scale breakers, roughing mills, [inishing mills, ending with spray
cooling Iacilities and coilers. The temperature at the coilers, the coiling temperature.
15 influenced by such [actors as the finislung teinperature, the trne of contact between
water and steel strips, the waler pressure, and the thickness of the strips. The mechanital
properties of the hot roifled strips of a given steel are known 1o depend mainly on the
temperatures and conditions at each of the steel manulacturing processes. [i,2]
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A number of wmvestigations have been perlorimed to study the eflect of the above-
mentioned [actors on the echanical properlies ol rolled steel. {1-6] The majority of these
investhigalions are concerned with the soaking and the finishing tesnperatures, while little
concern has been given to the elfect ol the coiiing temperature. Fracture toughness, an
imporiant design factor for the selection of naterials and appropriate design stress levels
[or {racture resistant structures, had the [east atlention in this regard.

The aim of this paper is to perlorm an experimental study on the eflect ol changing

the coiling temperature on the plane stress fracture toughness of hot-and cold-roled steel
sheets.

3. EXPERIMENTAL PROCEDURE

3.1 MATERIALS

Steel slahs having similar nnininal chemical coinposition were hot-rolled following the ordina-
ry reductiom schedule ior the purpose of thus study. The average scaking temerature was
set at 1300 C, wlile the average temperatures belore and alter the roughing mills were
set at 1200 C and LO30 C, respectively. An average linishing wemperature of 870 C was
mainlained. The slabs were then rolled inawnly m the reversing mill using the coil rolling
method, It is necessary lo have [inishing temperatures during the hot-rolling process above
the transtormatton Lemperature, AC, to ensure umilorim and fine grains.[7 ]

The nominal cheimcal composition of the low carbon steel used [or this investigation
is shown in Table (). The testing slabs were produced by the continous casting plant, The
nominal dimensions ol each slab were 180 x (030 x 5300 mm. The siabs were divided into
lhree groups which were hot-rolled to 3.3, 3.0, and 2.5 mm. thickness. The coiling temperature
for hotly the 3.0 and 3.5 mm. thickness groups ranged from 730 C to 630 C with an increment
ol 20 C. The coifing temperature for the 2.5 nun. thickness group ranged from 700 C to
620 C with an increment of 20 C. Achievement ol lower coiling temperatures was possible
orly for the smaller thickness because of the higher rate ol heat transier which may be
ohtained in thinner sections. Elforts to decrease the coiiing temperature for thicker sections
have failed due to the limited elliciency of the cooling system. The hot-rolled specimen were
Laken frnm the resulting enlls which were then coid-rolled, for the rest of the experiments, " to
of 1.6, .25, and .3 nun., resecuvely, Alter each rolling process, one batch was laken
from the [ront of the rolled coil and another was taken from the tail in order to obtain
representative results through the coiis. The batches, from which 1he test specimens were
cut, had the dimensions ol 1000 x 3000 mm. For both hot- and cold-rolled batches, a total
ol (240} specunens were taken in sucrh a way that  (120) specimens were cul in
the rolling direction and the other (120) were cut normal to the rolling direction.
This was done to account lor the anisotropy of the material.

3.2 TEST SI'CCIMENS AND EQUIPMENT

The plane stress Iracture toughness, K , was determined using double-edge notched
speciinens wilh sharpened ends. The standard ™ specainens, shown in Fig. (1}, were taken
according to ASTM Standard £-399.°'The average inechanical properties of the test material
{0.1% carbon steel) are shown in Table {2).

Table (I) The Nominal Chemical Composition ol the Test Matenal

Hoi- Rolled Strip - Elements & Percent Weight
Thickness, mm.
C Si Mn p 5
2.3 0.1 0.14 0.3 0.035 0.02
3o 0.1 0.l4 0.3 0.04 0.019
3.3 0.1 - 0.29 0.04 0.02
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Table {2) The Average Mechanical Properties (Tensile) lor the Test Material

Yield Stress, 8y, MPa Htimate Stress, dit, MPPa % age Elongation

Hot-Rolled Cold-Rolled Flot- Rolted Cold-Rolled Hot-Rolled Cold-Rolled

275 265 400 385 30 33

The specimens were tensile fraciured on a Universal Testing Machine Type VEB, WERKSTOFTI -
PRUFMASCHINEN, LEIPZIG with a maxiinum loading capacity of 30 tons., The [racture
ioughness was [irst calculated using Irwin's formula |81, Eq. (1), and then was corrected
by adding the plastir zone size, Lq. (2). to the crack length. | 9]

Bn a 2T a 2
K = —— [tan — + 0.1 sin =—=| e 1Y)
c N w
Kk
| C 42
rpzl’_n‘[_d; ... 02)

In Cquatons {1} and (2), P , 'S the maximum (racture load, a is the notch deplh lo which
the plastic zone size will Bl added, w 15 the specimen width, and d° s yield strength of
the inaterial. Y

4. TEST RESULTS AND DISCUSSION

The experimental results of this test are summarized in Figs. {2) 1o (3), The variation
of the plane stress [racture toughness with coiling temperature and specimen Llhickness
15 mdicated in Figs. {2} and (3) for hot-rolled steel sheets. Similarly, the variation of the
plane stress fracture toughness with coilling temperalure and specimen thickness is shown
i Figs. (4) and (5} for cold-rolled steel sheets. Invest:gation of the Figures indicate that
lhe plane stress [racture toughness increases as the coiling temperature decreases. It 1s
also shown that, for a piven coiling temperalure, the [racture toughness increases as the
thickness increases. This seems 1o be reasonable s nge the thickness 15 smaller than the
plane strain transition thickness, i. e. t &« 2.5 {K_ /¢7)°. The percentage increase in the
fracture toughness for hot-roiled steel 1s {found % bJ 20.3%, 18.3%, and 17.6% {or ihickness
of 3.5, 3.0, 2.5mm., respectively when the coiling temperature decreased by 30 C. For
cold-roiled steel, the percentage increase wn the [racture toughness is 25.6%, 2{.8%, and
20% Jor thicknesses of 1.6, 1.25, and 0.8 mni., respectively for the same reduction in coiling
temperature. To explain the inverse relation between ihe fracture toughness and coiling
temperature of rolled steel sheets, nuwcrostruciural examination of rolled steel samples
were taken ail various coiling temperabires. The mcrostructural tests revealed that higher
corling  lemperatures result in coarser gramn size, as shown in Fig. (6). Coarser grain size
increases 1he number of dislocalions contained in the pile-up leading to high stress on
the dislocation at the front of ihe pile-up. This high stress causes cracks to nucleaie at
the grain boundaries [10] which leads to lowering the resistance of the material to progressive
crack extention, i.e. lower fractore toughness. A logical conclusion 13 the increase in the
fracture toughness at liner grain size.

Sinith [11] derived a fracture criterion wliuch takes the lorm:

C C ,
0y ol 2 4 o,f2 Tiy2 aerp
D T {1 s @ =2

- .03
et T G 0D 4
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where (‘.O = carbide lhickness, 4 = grain ciameler, Torr ° ellective shear stress, T . =
1

[riction stress, T - ellective surlace energy, and o7 - fracture stress. Investigation of
this lracture'crltﬁﬁon indicates that the relationship blelween the grain diameler, d, and
the fracture atress, ¢;, and hence, lhe [raclure toughness is an inverse relationship. This
wonld be Lrue when l{ht‘ other farlors in ibe criterion are held invariants, which may bhe
the case for rolled low carbon steel [10).

5. CONCLUSIONS

Test results for 0.1% carbon, hot-and cold-rolled steet show that: the plane stress
fracture toughness has improved by 17.6% to 25.6% when the coiling temperature was
brought down from 710 C to 630 C. Micro-structural examination indicated that the grain
size of the malerial decreased with decreasing the coiling lemperature. This is known to
Le responsible for reducing the tendency to nucleate cracks at the grain houndaries leading
to Increasing the materral’s resistance (o fracture.
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