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Abstract. Charpy V-notch impact toughness of 600 MPa yield stress TMT rebars alloyed with copper,
phosphorus, chromium and molybdenum has been evaluated. Subsize Charpy specimens were machined from
the rebar keeping the tempered martensite rim intact. The copper–phosphorus rebar showed toughness of
35 J at room temperature. The toughness of copper–molybdenum and copper–chromium rebars was 52 J.
The lower toughness of phosphorus steel is attributed to solid solution strengthening and segregation of
phosphorus to grain boundaries. Due to superior corrosion resistance, copper–phosphorus TMT rebar is a
candidate material in the construction sector.
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1.

Introduction

Charpy impact testing is used for evaluation of impact
toughness of a variety of mass-produced materials such
as plate, forging, bar product, welded construction etc.
ASTM standard (ASTM 1990) E23, other international
standards and Indian standard (BIS 1988) IS1757 describe
the procedure for specimen preparation and pendulum
impact testing of metallic materials. This test is of great
value for the selection of materials, quality control and as
means of following the evolution of embrittlement. The
advantages of Charpy testing are that it is a rapid test
method requiring small investment, test specimens are of
small size and simpler to machine (Wullaert 1970, 1974).
The Charpy test data can be used to predict the performance of material in service condition. It reproduces the
ductile to brittle transition of steel in about the same
temperature range as it is actually observed in engineering structures. To nuclear scientists it is of great
value in the study of irradiation related damage as the
small size of the specimens makes it possible to introduce
them in the reactor core without much difficulty. Through
Charpy test the important data that can be generated
are the absorbed energy, the ductile to brittle transition
temperature (DBTT) for 50% cleavage fracture area and
lateral contraction at the root of the notch (Pellini 1954)
to measure ductility transition temperature (for 1% lateral
contraction). The fractured Charpy specimens also give
characteristic appearance of fracture surface. Unlike a
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few other tests, the strain rate is very high in the Charpy
test. Table 1 shows the strain rate data (Mines 1989) of
some fracture tests. The strain rate at the crack tip of a
Charpy specimen can be as high as 6000–25,000 s– 1
(Norris 1979; Tvergaard and Needleman 1986, 1988).
Although the different specifications give details of Charpy
testing, there is hardly any information on Charpy testing
of TMT (thermomechanically treated) ribbed bar product,
particularly the procedure to be followed in preparation
of test specimens. In this context a study was undertaken
to formulate a test procedure for Charpy testing of TMT
rebar. In this paper the CVN impact toughness of some
600 MPa yield stress TMT rebars has been discussed
with particular reference to the effects of phosphorus,
molybdenum and chromium on toughness.
2.

Materials and test procedures

Steel for high strength TMT rebar was produced in twin
hearth furnace. The steel was cast into 9-tonne ingots.
The ingots were processed to blooms (325 × 325 mm)
and further to billets (100 × 100 mm). The billets were
reheated at 1250°C and processed to TMT rebars of
diameter 32 mm. The finish rolling temperature was
~ 1000°C. The TMT process involves cooling the rebar
by pressurized water as it emerges from the finishing
stand at a cooling rate higher than 200°C/s inside a
THERMEXTM water cooling installation so that a thin
layer of martensite about 4 mm thick forms on the surface
while the core is still austenite. On emergence out of the
thermex unit, the bar is allowed to cool in the still air.
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Through this process, the martensitic rim gets selftempered by the heat of the core as shown schematically
in figure 1. Finally the core transforms to a relatively
softer microstructure. Specimens for metallography were
cut from the bar for examination of macro and microstructures after etching in 2% nital. The austenite grain
size prior to water quenching in thermex unit was measured
from the microstructure of the rim layer by linear intercept method. In order to evaluate the impact toughness,
subsize specimens were prepared from the location shown
in figure 2. The dimensions of a Charpy specimen are
shown in figure 3. The preparation of subsize specimen
by this method enabled preservation of the rim layer to a
large extent so that after cutting the V-notch, about 2 mm
layer of tempered martensite remained beneath the
notch (figure 4). Triplicate specimens were tested at RT
(+ 25°C), 0°C, – 20°C and – 40°C.
3.

phosphorus. The typical tensile properties of a TMT rebar
were: yield stress, 605 MPa; UTS, 692 MPa and elongation, 19%. The macro and microstructures of the core and
rim are shown in figure 5. The rim showed a tempered
martensite structure. The core of Cu–P rebar was ferritic–
pearlitic. The core inclusive of transition region of
Cu–Mo and Cu–Cr rebars showed a mixed structure of
polygonal ferrite, acicular ferrite, bainite, fine lamellar
pearlite and carbide. The average austenite grain sizes of
Cu–P, Cu–Mo and Cu–Cr steels were 96, 63 and 120 µm,
respectively. Figure 6 shows the dependence of Charpy
absorbed energy on temperature. The chromium and
molybdenum steels showed similar values of absorbed
energy (52 J) at RT. The absorbed energy of phosphorus
steel was 35 J and 42 J at RT for 0⋅17% and 0⋅14% carbon

Results

The chemical composition of the TMT rebars is given in
table 2. The phosphorus bearing TMT rebar had 0⋅093%
Table 1. Some common dynamic fracture tests with associated strain rates (after Mines 1989).
Type of test
Charpy test
Three-point bend
Single point bend
Compact tension

ε&
(s–1)

k&I
(MPa√m⋅s–1)

V0
(m⋅s–1)

10–1000
0–10
102–1020
0–102

105–106
Static – 105
106–107
Static – 106

1–6
0–15
30–100
0–30

ε& = Strain rate; k&I = stress intensity rate; V0 = velocity.

Figure 1. Schematic of TMT process (Tm: tempered martensite, P; pearlite, F: ferrite, B; bainite and γ : austenite).

Figure 2.

Location of charpy specimens.

Figure 3.
in mm).

Dimensions of a Charpy specimen (all dimensions

Figure 4. Charpy specimen after etching to show the tempered martensite rim and notch.
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steel, respectively. While calculating DBTT, 50% of the
maximum absorbed energy criterion was used. The DBTT
calculated by this method gives the same result as of
DBTT calculated from 50% of cleavage fracture area
Table 2.
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(Dahl 1992). The DBTT values of chromium and molybdenum steels were – 37°C and – 32°C, respectively while
the phosphorus steel (0⋅17% C) showed a DBTT of
+ 4°C. The increase of DBTT for phosphorus steel is in

Chemical composition (wt%) of TMT rebars.
Composition

Type of rebar
Cu–P
Cu–Mo
Cu–Cr
Cu–P

C

Mn

Si

S

P

Cu

Mo

Cr

Al

N

O

0⋅17
0⋅17
0⋅21
0⋅14

0⋅99
1⋅10
1⋅04
0⋅93

0⋅05
0⋅04
0⋅04
0⋅03

0⋅017
0⋅020
0⋅019
0⋅029

0⋅093
0⋅033
0⋅020
0⋅092

0⋅35
0⋅35
0⋅34
0⋅31

–
0⋅15
–
–

–
–
0⋅49
–

0⋅0025
0⋅0026
0⋅0032
0⋅003

0⋅0102
0⋅0075
0⋅0096
0⋅0118

0⋅011
0⋅0102
0⋅0194
0⋅0098

Macrostructure

Figure 5.

Rim and core structures of TMT rebar.
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conformity with literature viz. each 0⋅01% increase of
phosphorus, raised DBTT by + 7°C (McCallum 1999).
With fall in test temperature, there has been an increase
of absorbed energy for chromium steel at 0°C and – 20°C
after which the absorbed energy drops to 18 J at – 40°C.
In case of molybdenum and phosphorus steels, the absorbed energy decreased on lowering of test temperature.
4.

Discussion and conclusions

It is well known that Charpy absorbed energy of hot
rolled steel decreases with rise in carbon content due to
increase of volume fraction of pearlite (NPC 1998). The
rim of a TMT rebar resembles a low carbon quenched
and tempered steel. As shown in the model (figure 7), on
leaving the finishing stand at ~ 1000°C, a moderate
austenite grain size (63–120 µm) is obtained (figure 7a)
due to repeated recrystallization by rolling in roughing,
intermediate and finishing stands (Panigrahi 2001). During

Figure 6.

Dependence of CVN toughness on temperature.

quenching in the thermex unit a layer of lath martensite is
formed (figure 7b) when Ms temperature is reached
(Suzuki et al 2001). The martensite has high dislocation
density (1014–1015 lines/m2) (Tsuchiyama et al 2001).
Martensite being a supersaturated solution of carbon in
α-iron is highly unstable. As the rebar emerges out of the
thermex unit the rim temperature rises rapidly due to
transfer of heat energy from the core and the martensite
decomposes primarily to ferrite and carbide (figure 7c)
lowering the dislocation density (Honeycombe 1981;
Krauss 1995). The core which was austenitic on leaving the
thermex unit got transformed to ferrite–pearlite (figures 1
and 7c) or a mixed structure of polygonal ferrite, acicular
ferrite, lower bainite/upper bainite and fine pearlite
depending on the temperature profile after quenching and
chemical composition.
In the molybdenum steel the DBTT was – 32°C. Molybdenum in solid solution raises the DBTT almost as fast
as carbon (Dieter 1976). However, presence of mixed
microstructures in the core (due to effect of molybdenum
on austenite transformation) consisting of polygonal ferrite,
acicular ferrite, lower bainite and fine pearlite had favourable effect on impact toughness viz. DBTT is lowered
(Galibois et al 1979; Kalmykov et al 1984; Garcia de
Andreas et al 2001).
Notwithstanding higher carbon content (0⋅21%) the
chromium steel exhibited the lowest transition temperature (– 37°C). The reason for this could be a tempered
martensite rim, a mixed microstructure in core and
possibly due to anchoring of some free carbon atoms by
chromium atoms (Houdremont 1956). Besides chromium
also leads to decreased rate of segregation of carbon
atoms at grain boundaries (Hornbogen 1970) which has a
beneficial effect on DBTT.
Phosphorus steel (0⋅17% C) showed the highest DBTT
(+ 4°C). Experimentally determined Fe–P phase diagram
(Haughton 1927) and thermodynamic calculations (Ölsen
1949) have shown that a small amount of phosphorus can

Figure 7. Model for evolution of microstructure in a TMT rebar (B: bainite, AF; acicular ferrite, PF: polygonal ferrite).
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higher than conventional cold twisted and deformed semikilled steel rebar (C 0⋅20–0⋅30%) and medium carbon hot
rolled rebar (C 0⋅30–0⋅40%) used by the construction
sector previously. The typical value of absorbed energy
of full size Charpy specimens machined from cold twisted
rebar was about 15 J at RT with DBTT around + 20°C.
Lowering the carbon content of phosphorus steel to
0⋅14% improved the impact toughness (figure 6). In view
of superior corrosion resistance of phosphorus TMT rebar,
it is used increasingly in the construction sector.
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