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a b s t r a c t

To improve both strength and toughness of AISI 4340 steel three microstructures, full bainite,
bainite–ferrite and tempered bainite–ferrite, were produced by heat treatment of this steel. Tensile,
impact and hardness properties of these microstructures were compared. The results showed that with
eywords:
ual phase steel
harpy impact energy
empered bainite–ferrite

tempering of bainite–34% ferrite dual phase steel, elongation and charpy impact energy increased sig-
nificantly in comparison to bainite and bainite–ferrite microstructures. Also ductile-brittle transition
temperatures of bainite–ferrite and tempered bainite–ferrite steels were measured and confirmed supe-
rior toughness properties of this microstructure. Fracture surface analysis of charpy specimens also
showed increase in toughness of tempered bainite–ferrite in comparison to bainite–ferrite and full bai-
nite microstructures. Radial marks, shear lip areas and crack initiation site region in fracture surfaces of

ructu
three mentioned microst

. Introduction

AISI/SAE 4340 steel have many applications in the aircraft,
erospace, automobile and nuclear power industries. In these
pplications strength and resistance to fracture are important
arameters.

High strain rate deformations and impact properties of this steel
ave been analyzed in some previous works [1,2,3]. Lee and co-
orkers showed that 4340 steel is tougher in dynamic rather than

tatic loading. Also they showed that tempering of this steel at
50 ◦C causes tempered martensite embitterment of steel [3].

Also many works have done to improve both strength and
oughness, such as use of tempered martensite microstructure
4] or for better toughness, lower bainite [5]. One of the best

icrostructure which gives both good strength and toughness is
ual phase microstructure. In this field Tomita and co-workers
ave done a lot of investigation on martensite-bainite dual phase
340 steel. They found that tempered martensite with 0.25 vol-
me fraction of bainite provide a better combination of strength
nd ductility than tempered martensite or bainite microstructures
6,7]. It has been also reported that lower bainite is tougher than
empered martensite in AISI 4340 steel [4]. Since ferrite is tougher
han lower bainite, it is expected that bainite–ferrite dual phase

teels show better toughness than lower bainite.

Khakian found that in bainite–ferrite dual phase 4340 steel,
longation will increase with increase of ferrite volume fraction up
o 34% but with more increase in ferrite volume fraction elongation
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will decrease [8]. It seems that this microstructure has the opti-
mum toughness properties. The present research were undertaken
to consider impact properties of ferrite-bainite dual phase steel
with 34% volume fraction of ferrite, and impact fracture surfaces
were also studied.

2. Materials and methods

AIS14340 steel bars with chemical composition given in Table 1
were used in this study.

The steel was received in the form of 30 mm diameter bars.
Tensile and charpy V-notched specimens were cut from the bars
and semifinished by machining, prior to heat treatment. The spec-
imens then homogenised at 1000 ◦C for 2 h and then heat treated
according to Table 2 heat treatment cycles.

For each microstructure three charpy impact test specimens
and for BFT microstructure three tensile specimens were also pre-
pared. After prescribed heat treatments, all specimens were ground
to final dimensions. The charpy impact specimens were prepared
according to ASTM E23 standard [9], and impact tests were carried
out at different temperatures to determine ductile–brittle transi-
tion temperature. For obtaining high temperatures, boiling water
was used and subzero temperatures were obtained by mixture
of water, NaCl and methanol. Thermal conditioning during this
process was done according to ASTM E23. That is for thermal condi-

tioning the sequence of removing the test specimen from its cooling
(or heating) medium with centering tongs (which temperature con-
ditioned with the test specimen), placing the specimen in the test
position and releasing the pendulum in less than 5 s (for standard
10 × 10 × 55 mm specimens).

dx.doi.org/10.1016/j.msea.2010.05.015
http://www.sciencedirect.com/science/journal/09215093
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Table 1
Chemical composition of used AISI 4340 steel.

Element C Si Mn P S Cr Ni Mo Fe
%Wt 0.40 0.29 0.62 0.019 0.004 0.73 1.77 0.21 Balance

Table 2
The used heat treatment cycles.

Microstructure Heat treatment

(I) Full bainite (B) Austenitizing at 850 ◦C
(60 min), austempering at
300 ◦C (60 min), air cooling.

(II) Bainite–34% ferrite (BF) Austenitizing at 850 ◦C
(60 min), isothermal
transformation at 700 ◦C
(100 min), austempering at
300 ◦C (60 min), air cooling.

(III) Tempered bainite–34% ferrite (BFT) As II and then tempered at
250 ◦C (120 min), air
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3. Results and discussion

Optical micrographs of produced microstructures are shown
in Fig. 1. Image analysis showed about 34% ferrite in the BF
microstructure.
cooled.

Ductile fracture percentage of broken specimens was deter-
ined according to ASTM E23 [9]. To do this, the appearance of the

racture surfaces of the specimens were compared with fracture
ppearance chart showed in Annex A6 of ASTM E23 [9].

The tensile specimens were prepared according to ASTM-A370
10] and tested with an Instron tensile machine with a cross head
peed of 2 mm/min.

The hardness values were determined using a Rockwell C inden-
er with an applied load of 150 kg.

Metallographic studies were done on samples prepared and
tched by solution regent consisted of 16 g Na2S2O3, 5 g K2S2O5
nd 100 ml distilled water. Ferrite volume fraction was measured

y “Image J” image analyzer software [11]. More information about
sing this software can be obtained from Ref. [12].

Fig. 1. Microstructures of (a) BF a
Fig. 2. Strength of B, BF and BFT steels.
Fig. 3. Elongation %.

nd (b) BFT and (c) B steels.
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Fig. 4. Averaged impact energy of B, BF and BFT steels, at room temperature.
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Fig. 5. Hardness of B, BF and BFT steels.

The room temperature mechanical properties of B, BF and BFT
teels are shown in Figs. 2–5. Tensile properties of B and BF steels
ere taken from the previous paper [13].

As can be seen from Figs. 2 and 3 by changing bainite microstruc-
ure to bainite–34% ferrite, the ultimate strength and yield strength

ecreased about 250 and 280 Mpa respectively and elongation

ncreased about 1.3%. With tempering of BF steel, the strength
ecreases (Fig. 2) but its elongation increases about 2.6% and 3.9%

n comparison to BF and B steels respectively (Fig. 3). Increase of

Fig. 6. SEM micrograph of BFT steel.
Fig. 7. Charpy impact energy versus temperature.

elongation in BF, in comparison to B steel, can be attributed to the
presence of soft and ductile ferrite phase in the vicinity of bainite
[13].

Higher impact energy of BF steel (Fig. 4), in comparison to B
steel, can be related to increase of dislocation density at the front of
crack tip and blunting of crack tip [5,6,14]. According to the investi-
gation of Akbarpour and Ekrami [5], dual phase ferrite-bainite steel
strain hardened in two stages, at the first stage only ferrite deforms
plastically and at the second stage both ferrite and bainite deform
plastically. Therefore it is expected that dislocation density of fer-
rite be more than that in bainite. It is also reported [14] that with
increasing dislocation density at the front of crack tip, its radius
will increase and material shows more toughness than single phase
state.

According to Fig. 6, BFT microstructure, fine globular carbide
particles dispersed homogenously within the microstructure. Tem-
pering is a term historically associated with heating the martensite
at a given temperature and involves many different basic pro-
cesses, such as: precipitation of carbides, decomposition of retained
austenite, and recovery and recrystallisation of martensite struc-

ture [15].

Mechanical properties of BFT microstructure can be discussed
as the tempered martensite. But there are some differences. For
example, due to the high formation temperature of bainite, auto-
tempering process is unavoidable and redistribution of carbon

Fig. 8. Ductile fracture percent versus temperature.



5578 N. Saeidi, A. Ekrami / Materials Science and

f
o
o
t
b
p
c
e
c
i
B
b
o

f
t
t
l
s
i

a
i

Fig. 9. Schematic illustration of charpy fracture surface [9].

rom saturated ferrite into remaining austenite and precipitation
f carbide during bainite formation occurs rapidly [16]. On the
ther hand, during intercritical annealing in the austenite–ferrite
wo phase region, the amount of carbon in austenite increases,
ecause of low solubility of carbon in ferrite. Therefore bainite
roduced during austempering process, would have more carbon
ontent. Therefore it is expected that carbide particles already
xist in bainite and tempering causes coarsening of these parti-
les like overaging process, so reduction of strength and hardness
s expected (Figs. 2 and 5). According to Fig. 5 with tempering of
F at 250 ◦C for 2 h the hardness decreases about 50%. Also it has
een reported that rapid decrease of hardness is due to the change
f ferrite plates into equiaxed shape [17].

Figs. 7 and 8 show charpy impact energy and variation of ductile
racture percentage with temperature for BF and BFT steels respec-
ively. The ductile–brittle transition temperatures (DBTT) from the
est data are determined based on the criterion of 20.4 J (15 ft-
b) absorbed energy [14]. It is about 10 ◦C for BF and 2 ◦C for BFT

teel (Fig. 7). This means, impact resistance of BF dual phase steels
ncreases with tempering.

According to ASTM E23 [9] charpy fracture surface can be shown
s Fig. 9. It is seen that fracture surface consists of four regions. Crack
nitiation site just blow the notch, shear lip region near the edges

Fig. 10. Stereo microscope micrographs of charpy im
Engineering A 527 (2010) 5575–5581

of the specimen, final fracture region on the opposite of the notch
and in the center there is flat fracture with the appearance of radial
mark which point to the crack initiation site or crack root region.

Figs. 10–12 show fracture surface of charpy impact BF and BFT
steels tested at 0 ◦C. It can be seen that the radial marks point to
the origin of the fracture (Fig. 10). Crack initiation site consists of
dimples as shown in Fig. 11. It can be seen from Fig. 10 that crack ini-
tiation site in BFT steel is wider and have larger and deeper dimples
than BF steel (Fig. 11). The existence of wider low crack extension
area (in the crack initiation site region) in the BFT steel means that
the crack extension rate in the BFT steel is lower than that in BF
steel and this can contribute to the higher impact energy of BFT
steel.

Fig. 12 shows SEM micrograph of radial mark region of fracture
surface shown in Fig. 10. It can be seen that a mixed fracture mech-
anism, consist of cleavage and ductile, exist together. This type of
fracture is called quasi cleavage fracture.

Fig. 13 shows fracture surface of BF and BFT charpy specimens
tested at 25 ◦C. It is seen that radial marks point to the origin of the
crack and shear lips area and crack initiation site are wider than
those in steels tested at 0 ◦C (Fig. 10). However, these areas for BFT
microstructure are still larger than those in BF which confirms the
higher impact energy of BFT steel (Fig. 7).

Fig. 14 shows SEM micrographs of crack root of fracture surfaces
shown in Fig. 13. It is seen that the crack root consists of dimples
which are larger than that at 0 ◦C. Fig. 15 shows SEM micrograph
of radial mark regions of charpy impact fracture surfaces at 25 ◦C.
It can be seen that at this temperature fracture mechanism is quasi
cleavage while its dimples and cleavage facets are finer than those
observed at 0 ◦C.

The appearance of the radial marks is partially dependent on
ductility of the material. When ductility is high, radial marks are
finer [17] such as seen in Figs. 10 and 13. For steels tested at high
temperatures (BF at 80 ◦C and BFT at 50 ◦C) these radial marks can
not be seen but contour shape lines that move away from the crack
initiation site, is observable (Fig. 16). There are also large and curved
shear lips indicate the ductile fracture of BF and BFT steels tested
at these temperatures.

According to the obtained results it can be concluded that with
producing of dual phase with BF microstructure, charpy impact
energy and elongation increase. With tempering of this microstruc-
ture and producing BFT microstructure, these properties increase

more but strength and hardness considerably decrease in compar-
ison to bainite microstructure. Fractography of fracture surfaces of
charpy impact test samples also showed improvement of tough-
ness properties. It was observed that with increasing of charpy
impact energy and elongation, shear lip and crack initiation site

pact surface of (a) BFT and (b) BF steel at 0 ◦C.
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Fig. 11. SEM micrographs of crack initiation site at fracture surface of (a) BFT and (b) BF steel.

Fig. 12. SEM micrographs of central region of charpy impact surface of (a) BFT and (b) BF steel.

Fig. 13. Fracture surfaces of (a) BF and (b) BFT charpy specimen, tested at 25 ◦C.
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Fig. 14. SEM micrographs of notch root of charpy impact (a) BF (b) BFT specimen, tested at 25 ◦C.

Fig. 15. SEM micrographs of radial mark region (a) BF (b) BFT specimen, tested at 25 ◦C.

Fig. 16. Charpy impact fracture surface of (a) BF at 80 ◦C and (b) BFT steel, tested at 50 ◦C.
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reas increase and radial marks change to the finer shapes which
onfirm better toughness of BFT steel.

. Conclusion

From the result of mechanical and microscopic studies of B, BF
nd BFT microstructures, the following can be drawn:

Between B, BF and BFT microstructures, BFT microstructure
howed the highest charpy impact energy at room temperature.

In spite of low difference in hardness between B and BF
icrostructure, BF microstructure showed about 50% more charpy

mpact energy. But BFT microstructure showed less hardness and
ore charpy impact energy than BF microstructure.
Tempering of BF microstructure caused decrease of ultimate

trength and yield strength, which is related to carbide particle
oarsening.

Fracture surface observations confirmed variation of impact

nergy. Radial marks in fracture surface tend to be finer and shear
ip areas tend to increase, with increase in charpy impact energy
r changing the microstructure from B to BF and BFT. Also it was
bserved that with increase in test temperature, the area of crack
nitiation site region increased.
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