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ABSTRACT

Three types of ultrafine grained (UFG) low carbon steel were fabricated by equal
channel angular pressing, and their microstructure and tensile properties were
examined. UFG ferrite/pearlite steels with or without vanadium exhibited ultrahigh
strength, almost three times compared to that of their coarse grained counterparts,
but their strain hardenability and ductility were drastically degraded. It was found that
microalloying of vanadium was effective on improving thermal stabilty of UFG steels.
Contrary to UFG ferrite/pearite steels, UFG ferrite/martensite dual phase steel
exhibited an excellent combination of ulirahigh strength, extensive strain hardenability
and enhanced ductiity. The tensile properties of each type of UFG steel were
discussed along with their microstructural characteristics.
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INTRODUCTION

Severe plastic deformation (SPD) is an effective top-down approach refining
grains of metallic materials down to the sub-um level [1], so-called ultrafine grained
(UFG) materials. As predicted by the Hall-Petch relationship, UFG materials exhibit
ultrahigh strength, but their thermal stability and strain hardenability are much inferior to
those of the coarse grained counterparts [2]. This article describes fabrication of UFG
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low carbon steels with enhanced thermal stability or strain hardenabilty by equal
channel angular pressing (ECAP), a representative model SPD technique. In the first
part, the application of ECAP to fabricate UFG fenite/pearlite plain low carbon steel
and its resultant room temperature tensile properties are demonstrated. A combined
process of ECAP and heat treatments for fabrication of thermally stable vanadium
microalloyed UFG low carbon steel is addressed in the second part. Finally, the
strain hardenabilty of UFG low carbon fenite/martensite dual phase steel prepared
by ECAP and subsequent intercritical annealing is discussed.

1. UFG FERRITE/PEARLITE LOW CARBON STEEL

1.1 Fabrication

A plain low cabon steel (Fe-0.15%C-0.25%Si-1.1%Mn (in wt.%)) was
austenitized at 1473 K for 1 hr and then air-cooled. The steel consisted of ~80%
ferrite and ~20% pearlite. The mean linear intercept size of ferrite grains and pearlite
colonies was ~30 um. Then, ECAP was conducted at 623 K up to 4 passes. The
ECAP die was designed to yield an effective strain of ~1 per pass [3]: the inner
contact angle and the arc of curvature at the outer point of contact between channels
of the die were 90° and 20° respectively. During ECAP, the sample was rotated
180° around the longitudinal axis of the sample between each pass, i.e. route C [4].
Tensile tests were caried out using an Instron machine on the tensile samples with
a gage length of 25.4 mm at room temperature.

1.2 Microstructure and tensile properties

As shown in Fig. 1, after 4 passes ECAP, ferite grains (Fig. 1a) were refined
to ~0.3 wm and pearlitc cementite (Fig. 1b) was severely deformed. In order to
examine the possibility of carbon dissolution from pearlitc cementite during SPD [5],
the steel was annealed at 873 K for 1 hr after ECAP. Fig. 2 shows a SEM
micrograph depicting precipitation of nanosized cementite particles at UFG ferrite grain
boundaries in the vicinity of pearlite colony, providing a strong evidence of carbon
dissolution. So, it is certain that, in the as-ECAPed state, ferite grains in the vicinity
of pearlite colony possess supersaturated carbon content.
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Fig. 1 TEM micrographs of (a) ferrite and (b) pearlite of the present steel after
ECAP

Fig. 3 compares the nominal stress-strain curve of the present steel before and
after ECAP. Before ECAP, as typical in the ordinary ferrite/pearlite low carbon steels,
extensive strain hardening occurred after some extent of yield point elongation. After
ECAP, the vyield strength was greatly increased, almost three times, but no strain
hardening occurred at all and therefore uniform elongation was only few percent. The
ultrahigh strength of the as-ECAPed steel can be explained quantitatively by the
dislocation bow-out model [6] and the mixture rule. In the dislocation bow-out

Fig. 2 SEM micrograph showing the precipitation of nanosized cementite particles at
UFG ferite grain boundaries in the vicinity of pearlite colony in the present steel
after ECAP followed by 873 K X 1 hr annealing.
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Fig. 3 Representative nominal stress-strain curves of the present steel before and
after ECAP

model, the vyielding occurs when the dislocation configuration reaches semicircle and
the critical
stress for such condition is approximated by an expression of

Ouritical= %{(1 _ %)m(%) 14 22] )

where G is the shear modulus, b is the burgers vector, v is the Poisson’s ratio and
L is the average dislocation length. For the grain size larger than 100 nm, L is
equivalent to p™? where p is the dislocation density. With the aid of Eq. 1, the
yield stress of UFG materials can be expressed as

Oys =0, + MOyitica (2)

where o, is the friction stress and M is the Taylor factor. OOUsing Egs. 1 and 2,
ferrite yield strength of the as-ECAPed steel was estimated as 728 MPa with the
following values; G = 78 GPa, b = 2.48x10™ m, p = 10® m? v O= 033, M =
2.78 for BCC structure and o, = 76 MPa: usually p in several UFG materials
manufactured by SPD processes was reported to be in the order of 10" m?® [7].
The present steel consists of ~80% of fernite phase and the rest of pearlite phase.
Therefore, the yield stress of the as-ECAPed steel can be approximated by the
mixture rule;

Oys = 0]:(sz + 0$sz (3)
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where V is the volume fraction and the superscripts f and p denote ferrite and
pearlite, respectively. Due to the lack of information on the application of ECA
pressing to pearltic steel, oP,s was inferred from that of the cold drawn pearlitic
steel. 6P, of the cold drawn pearlitic steel subjected to the similar effective strain to
that used in the present ECA pressing is in the range of 1800 MPa ~ 2000 MPa
[8]. From Eg. 3, the vyield stress of the present as-pressed steel is about 856
MPa ~880 MPa that is lower than that measured, 937 MPa. This underestimation
would be attributed to the two factors: (a) the real dislocation density would be
higher than that measured and (b) the effect of internal stress was not considered in
the model. Meanwhile, the lack of strain hardening of UFG materials is common and
is explained by (a) the grain size is as fine as the dislocation mean free length [2],
and (b) under such condition, the dislocation generation rate is comparable to its
annihilation rate, i.e. dynamic recovery [9].

2. UFG VANADIUM MICROALLOYED LOW CARBON STEEL

2.1 Fabrication

A vanadium microalloyed low carbon steel (Fe-0.15%C-0.25%Si-1.1%Mn-0.06% V-
0.006/0.01N) was oil-quenched to room temperature after the austenitization at 1473
K for 1 hr, and then normalized at 1173 K for 1 hr. The mean linear intercept size
of femite grain and pearlite colony was ~ 10 um. This normalized V microalloyed
steel was subjected to the identical ECAP described above. In addition, in order to
examine the effect of V microalloying on the thermal stabilty of UFG steel,
annealing was conducted for 1 hr in the temperature range of 693 K ~ 873 K.

2.2 Microstructure and tensile properties

The submicrostructure of V microalloyed steel after ECAP was very similar to
that of the steel without V as shown in Fig. 1. However, after annealing, the
microstructures of the two steels were quite different. An example is shown in Fig.
4. By annealing of 873 K X 1 hr after ECAP, the microstructure of the steel
without V (Fig. 4a) consisted of recrystalized coarse ferrite grains and well-defined
pearlite colonies. But, by the identical annealing and ECAP, the V microalloyed steel
(Fig. 4b) did not reveal pearlite colonies distinctively. Instead, its microstructure was
manifested by preservation of UFG ferrite grains and uniform distribution of
nanosized cementite particles (Fig. 4c). This unique microstructure is expected to
result from the combined effects of V microalloying and severe plastic deformation;
that is, (a) the preservation of high dislocation density, providing an effective diffusion
path, due to the effect of V addition on suppression of recovery and recrystallization
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of the steel [10] and (b) precipitation of fine cementite particles through UFG ferrite
matrix via the enhanced diffusion of carbon atoms, which were dissolved from
pearlitc cementite by SPD [5], along ferite grain boundaries and dislocation core.

Fig. 4 (a) Optical micrograph of the steel without V after ECAP and annealing at
873 K for 1 hr,

(b) Optical and () SEM micrographs of the V microalloyed steel after ECAP and
annealing at 873 K for 1 hr.

In Fig. 5, the nominal stress-strain curves of the steel with or without V before
and after ECAP are compared. The V microalloyed steel exhibited slightly higher
strength with similar strain hardening behavior before ECAP, but no difference of
tensile characteristics was made between the two steels after ECAP, indicating the
more dominated effect of SPD over V microalloying on the strength. The variation of
the tensile properties of the two ECAPed steels as a function of annealing
temperature is presented in Fig. 6. While the strength of the steel without V
drastically decreased with increasing annealing temperature over ~ 700 K, the strength
loss of the V microalloyed steel was little up to ~800 K. This enhanced thermal
stability of the V microalloyed steel is probably attributed to its unique microstructurte
aforementioned. However, V addition did not seem to be effective on improving the
strain hardenability since the yield ratio (YS/UTS) was over 0.9 even up to ~800
K annealing, as inferred from Fig. 6.
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Fig. 5 Representative nominal stress-strain curves of the steels with or without V
before and after
ECAP
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Fig. 6 Comparison of the tensile properties between UFG steels with or without V
as a function of
annealing temperature (1 hr annealing).

3. UFG FERRITE/MARTENSITE DUAL PHASE LOW CARBON STEEL

3.1 Fabrication

A low carbon steel without V (the same steel described in Section 2) was
austenitized at 1473 K for 1 hr and then air-cooled. In order to produce UFG dual
phase steel, the steel was subjected to ECAP and subsequent intercritical annealing.
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ECAP was conducted up to 4 passes at 500 C. The relatively high ECAP
temperature was selected in order to minimize grain growth of retained ferrite during
subsequent intercritical annealing. Intercritical annealing of 740 C X 10 min followed
by water quenching was undertaken on the ECAPed samples. For the purpose of
comparison, coarse grained dual phase steel was prepared by the identical intercritical
annealing without ECAP.

3.2 Microstructure and tensile properties

The microstructure of UFG dual phase (UFG-DP) steel consisted of equiaxed
ferrite grains and uniformly distributed martensite islands (Fig. 7a). Both ferite grain
size and martensite island size were ~0.8 um and the martensite volume fraction
was about 28 %. Similar to conventional dual phase steels, a very high density of
dislocations associated with transformation accommodation was observed in the femrite
grain adjacent to martensite (Fig. 7b). SEM micrograph with higher magnification (Fig.
7¢) revealed that martensite was in an isolated blocky type. For coarse grained dual
phase (CG-DP) steel (Fig. 7d), the ferite grain and martensite sizes were ~ 19.4
um and ~ 9.8 um, respectively, and the martensite volume fraction was about 22 %.
The formation of the present UFG-DP microstructure is associated with the fact that
the average carbon content in femite reached the equilibrium carbon content in
austenite at intercriical annealing temperature by diffusion of the carbon atoms
dissolved from pearitc cementite during ECAP. Then, this makes ferite to be
transformed to austenite at its nucleation sites uniformly distributed throughout UFG
ferrite matrix during intercritical annealing, and martensite islands is formed from
austenite by subsequent quenching.
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Fig. 7 (@) SEM micrograph of the present dual phase steel, (a) TEM
micrograph of the present dual phase steel, (¢) SEM micrograph of the present dual
phase steel with higher magnification, (d) Optical micrograph of thecoarse dual phase
steel (the white patches are martensite).

The representative nominal stress-strain curves of UFG-DP and CG-DP steels
are presented in Fig. 8a. The tensile data of both dual phase steels are listed in
Table 1 along with their microstructural parameters. The stress-strain curve of UFG-DP
steel is similar to that of CG-DP steel in terms of continuous yielding and rapid
strain hardening at the onset of plastic deformation [11]. However, vyield strength
(oys) and ultimate tensile strength (oys) of UFG-DP steel were much higher than
those of CG-DP steel in spite of almost the same uniform elongation and even
larger elongation to failure. Generally, the strength of dual phase steels linearly
increases with increasing the martensite volume fraction (V,) [12] and obeys the Hall-
Petch equation in terms of the ferrite grain size [13]. Accordingly, it is certain that
higher strength of UFG-DP steel is attributed to not only ultrafine ferrite grain size
but also larger martensite volume fraction than that of CG-DP steel.

Of the analytical methods describing the strain hardening behavior of metals and
alloys, the modified Crussard-Jaoul (C-J) analysis based on the Swift equation is
known to best describe that of dual phase steels [14]. The Swift o-¢ relationship
[15] is expressed as

=g, + ko™ (4)

where ¢ and o are the true strain and stress, respectively, m is the strain hardening
exponent, and g, and k are material constants. The differentiation of the logarithmic
form of Eq. 4 with respect to €[16,17] gives

In(do /de )= (1- m)in o - In(km) (5)

Then, m can be obtained from the slope, (1-m), of the In (do/de) versus In o
curve. Such a plot is depicted in Fig. 8b and the m values estimated from the
slope of line segments in Fig. 8b are listed in Table 2. Fig. 8b reveals several
findings. First, UFG-DP steel exhibited the two stage hardening behavior, as similar
to the present CG-DP steel as well as conventional dual phase steels [14]. At the
first stage with the low slope, ferrite matrix deforms plastically but martensite remains
elastic. At the second stage with the high slope, both phases deform plastically.
Second, the m value of UFG-DP steel was higher than that of CG- DP steel at
the first stage, but it became comparable at the second stage. The higher m value
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of UFG-DP steel at the first stage would be attributed to the fact that plastic
deformation of ferite of UFG-DP steel was more restrained by uniformly distributed
martensite islands having smaller interspacing compared to CG-DP steel. Third, the
transition strain (e,) between the first and second stages was lower in UFG-DP steel,
2.8 %, than that of CG-DP steel, 3.7 %. That is, plastic deformation of martensite
in UFG-DP steel started earlier than in CG-DP steel, implying that load transfer from

ferrite to martensite in the former was more pronounced than that in the latter [18].
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steels.
Table 1 Tensile properties of the present DP steels with their microstructural
parameters
steels V., dn, ds Ovys €y € YS/UTS
(%) (um) (um) (MPa) (MPa) (%) (%)
UFG-DP | 28.2 1.3 1.4 581 9.3 17.6 0.59
CG-DP 22.1 9.8 19.4 510 9.8 13.5 0.60

Table 2 The values of strain hardening exponent of the Swift equation estimated

by the modified C-J analysis

steels first stage second stage
UFG-DP 6.5 8.8
CG-DP 4.4 8.0
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4. SUMMARY

UFG fenite/peariite low carbon steels with or without vanadium fabricated by
ECAP exhibited ultrahigh strength and disappointingly low ductiity and strain
hardenabilty, compared to their coarse grained counterparts. But an addition of a
smal amount of vanadium improved thermal stabilty of UFG ferrite/peariite low
carbon steel by creating a unique microstructure consisting of UFG ferrite grains with
homogeneously distributed nanosized cementite particles. A combined process of
ECAP and intercritical annealing resulted in UFG ferite/martensite dual phase steel
exhibithng an excellent combination of ulirahigh strength, enhanced ductility and
extensive strain hardenability.
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