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ABSTRACT

High strain hardening rate is usually pursued for high ductility. Here we report that moderate strain
hardening rate is desired for producing better ductility and high yield strength, which is demon-
strated in a medium carbon TRIP steel. By adjusting the temperature for bainitic transformation, the
morphology, carbon content and residue stress of retained austenite were tuned to tailor the TRIP
kinetics during tensile tests, which produced moderated but long-lasting strain hardening for high
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ductility while at the same time resulted in high yield strength. This strategy should work well for

most materials, which usually have a limited ultimate strength.

IMPACT STATEMENT

A principle is proposed and verified that an optimized moderate strain hardening rate is desired to

produce the best mechanical properties for metallic materials.

1. Introduction

Metallic materials have been the main materials for
advanced manufacturing and structural applications due
to their good balance of high strength and ductility. How-
ever, these two properties are often mutually exclusive: an
increase in strength is often accompanied by a sacrifice
in ductility, leading to the well-known strength-ductility
tradeoff [1-5]. For instance, bulk nanostructured mate-
rials are usually several times stronger than their coarse-
grained counterparts, but their ductility is typically very
low [3]. This is because the small grains of nanostruc-
tured materials make it difficult to generate Frank-Read
dislocation sources in the grain interior. Consequently,
dislocations are usually nucleated on grain boundaries,
glide across the grains and then annihilated at grain

boundaries on the opposite side without accumulation,
which leads to low or no strain hardening [4]. Therefore,
the key to obtaining good ductility is to improve the strain
hardening rate, which can delay the necking under ten-
sile testing [5]. Many strategies for designing alloys have
been proposed to enhance the strain hardening rate, so
as to achieve good high strength while retaining a rea-
sonable ductility [5-11]. For example, fine second-phase
particles are introduced into nanostructured materials,
which can increase dislocation storage capability and
resist dislocation slip [5]. Another example is the extra
strain hardening in heterogeneous structural materials,
which is responsible for their good ductility [9,10]. High
strain hardening rate is usually pursued for improving the
ductility of metallic materials.
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It is well known from the Considére criterion [12] that
the necking instability will not happen during a tensile

testing if
do
— 1
( de) >0 (1)

where o is true stress, ¢ is true strain, and the ‘é—g is strain
hardening rate (the tangent slope of the true stress—strain
curve). The most direct and common interpretation of
Equation (1) is that higher strain hardening rate is desired
for better ductility. Therefore, in the literature researchers
often report strategies on how to raise the strain harden-
ing rate in order to improve ductility [4,9,10,13,17]. Some
good examples include using TRIP and TWIP effects on
B-Ti alloys to achieve high ductility by stabilizing the
plastic flow as formulated by Considere [15-17]. Mean-
while, the increase of hardening rate is necessary in BCC
alloy systems where the hardening rate is intrinsically
low. A question arises: is the higher the strain hardening
rate, the better?

In this paper we report that the moderate strain hard-
ening rate is beneficial for achieving the best combina-
tion of high Ductility and good yield strength, which
is demonstrated in a medium carbon TRIP steel. The
adjustment of strain hardening rate in TRIP steels can
be realized by tuning the stability of retained austen-
ite (RA). The transformation of RA into martensite is
accompanied by local shear strain and volume expansion,
generating dislocations and compressive stress in the
austenitic matrix, which consequently enhances strain
hardening [18,19]. Moreover, the strain hardening rate
of TRIP steels can be controlled by adjusting the stability
and volume fraction of RA. The moderate strain hard-
ening rate was obtained by adjusting the TRIP kinetics
during tensile tests, which made the moderated strain
hardening rate last longer for high ductility while at the
same time the yield strength can be raised without sig-
nificantly affect the ductility. This strategy is applicable
to materials with a limited ultimate strength or a limited
strain hardening capacity, which are true for most metal-
lic materials. In this study, the RA stability was tuned by
varying the bainite transformation temperature to tailor
the volume fraction, morphology, grain size, and carbon
content of RA.

2. Materials and methods

A steel with a nominal composition of Fe-0.51C-0.49Si-
1.78Mn-1.60A1-1.46Cu-0.12Ti-0.21Mo0-0.037V  (wt.%)
was used in this study. The cast ingot was forged and
homogenized at 1200°C for 2 h, hot rolled by 93% from
80mm to 6 mm via 6 passes, and warm rolled to a

thickness of 1.5 mm at 750°C by 6 passes. Phase transfor-
mation temperatures A; and Aj of the studied steel were
obtained by JMatPro-v10as 735.1°C and 844.1°C, respec-
tively. The specimens were annealed at 820°C for 5 min,
followed by an isothermal holding in a salt bath at 360°C,
400°C, or 450°C for 30 min. Finally, the specimens were
cooled in air to room temperature. The uniaxial tensile
specimens with a gage dimension of 15 x 5 x 1.5 mm?
were machined along the rolled direction, and tensile
tests were performed on a 100kN AG-X plus testing
system at a strain rate of 2 x 1073 s~!. The volume frac-
tion and carbon content of RA were measured by XRD
equipped with a graphite bent crystal monochromator
using Cu Ko radiation. The scanning range was 45-94°
and the scan step was 0.03° per second. The carbon con-
tent in RA can be calculated from Equation (2) [20],
assuming that the diffusion effect of substitutional ele-
ments can be ignored during heat treatment process [21],

a, = 3.578 + 0.033C, + 0.00095Mn + 0.00157Si
+ 0.0056Al1 + 0.0015Cu + 0.0031Mo
+0.0039Ti + 0.0018V (2)

where C, Mn, Si, Al, Cu, Mo, Ti, and V are the cor-
responding concentration of element (wt.%) in studied
steel [21, 22]. a, is the average lattice parameters of
(200),/, (220),,and (311),, in A. C, is the average carbon
content in RA.

The a,, can be calculated by the followed equation:

a, = dpgvh? + k2 + 12 (3)

where h, k, [ are the Miller indices of the crystal plane,
and dpy is the corresponding interplanar spacing.

The volume fraction of RA was calculated by the fol-
lowing equation [23, 24]:

V, =141, /(I + 1.41,) (4)

where V, is the volume fraction of RA, I,, and I, are the
average integral intensity of (200),, (220),, and (311) ,,
austenite peaks as well as the (200) ,, and (211),, ferrite
peaks, respectively.

The microstructures were characterized by using a
JSM-7001F scanning electron microscope (SEM) at a
voltage of 20 kV. The samples for SEM observation were
etched in 4% nital solution after mechanical grinding
and polishing. Electron-backscatter-diffraction (EBSD)
analyses were performed on an SEM (Zeiss crossbeam
550) equipped with an EBSD detector, operating at 20 kV
with a step size of 50 nm, and the EBSD data were ana-
lyzed by HKL Channel 5. The specimens were prepared
via mechanical polishing and electro-polishing using 10
vol% perchloric acid and 90% alcohol solution. TEM



studies were performed in a field emission gun (FEG)
JEM 2100F at 200kV. The TEM specimens were pre-
pared by electro-polishing in a solution of 8% perchlo-
ric and 92% acid-alcohol solution by using a twin jet
electron-polisher operated at 26 V and —25°C.

3. Results and discussion

The engineering stress—strain curves of three steel spec-
imens treated at various bainitic transformation temper-
atures are shown in Figure 1(a), and the corresponding
mechanical properties are listed in Table 1. For simplic-
ity, the specimens treated at 360°C, 400°C and 450°C
are here after referred to as the 360°C specimen, 400°C
specimen, and 450°C specimen, respectively. As shown in
Figure 1(a), the ultimate strength (o yTs) increased from
1200 to 1430 MPa with increasing treatment tempera-
ture, while the yield strength (oy) decreased remarkably
from 1010 to 510 MPa.
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Here we define a new terminology, strain hardening
capacity, as the difference between the true stress (o)
at the point of necking onset point and the yield true
strength (o), to be used in the following discussion. The
true stress at the point of necking onset point can be
calculated aso; = o, (6+1), where o, and § are the ulti-
mate (tensile) strength and ductility, respectively, from
the engineering stress—strain curve. Figure 1(b) shows
that the strain hardening capacity dramatically increased
with increasing bainitic holding temperature. Table 1
reveals that although the strain hardening capacity of the
450°C specimen (the blue curve) is 1.7 times of that of
the 400°C specimen (the red curve), the uniform elon-
gation of the 450°C specimen is only 74% of that of the
400°C specimen. This is because the 400°C specimen has
a moderate strain hardening rate that lasted longer before
consuming its lower strain hardening capacity. For the
same reason, the 360°C specimen has a good ductility of
25% although its total strain hardening capability is only
37% of that of the 450°C specimen.
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Figure 1. (a) Engineering stress - strain curves of the medium carbon TRIP steels after bainitic holding at 360°C, 400°C and 450°C. (b)
Increasing strain hardening capacity with increasing bainitic holding temperature. (c, d) Comparison of mechanical properties in this
study with the previously reported TRIP assisted steels in literatures [21, 25-35]. |A: intercritical annealing, FA: full austenitized, BH: bainitic

holding.

Table 1. Mechanical properties of medium carbon TRIP steels after bainitic holding.

Bainite holding (ot-ay) Uniform Total Toughness
temperature °C YS MPa UTS MPa MPa elongation % elongation % MPa
360 1010 1200 490 25 32 377
400 890 1220 793 38 44 495
450 510 1430 1320 28 29 339
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As shown in Figure 1 and Table 1, the 450°C specimen
has the highest strain hardening rate, lowest ductility,
lowest yield strength and lowest toughness, while the
400°C specimen has a moderate strain hardening rate,
the highest ductility, a high yield strength and the high-
est toughness (Figure 1(c,d)). The toughness, which is the
area under the stress—strain curve, can be considered as
a good indicator of the comprehensive mechanical prop-
erty because it takes both high strength and high ductility
to produce high toughness. Therefore, there exists an
optimum moderate strain hardening rate that produces
the best comprehensive mechanical property. If the strain
hardening rate is too high, the total strain hardening
capacity will be exhausted quickly, leading to low duc-
tility. Furthermore, if the yield strength is very high, the
strain hardening capacity may be reduced, also leading to
lower ductility at the same strain hardening rate.

The related mechanical properties of the three spec-
imens are summarized in Figure 1(c,d), and compared
with the reported TRIP steels [21,25-35]. As shown,
using the moderate strain hardening rate strategy we
have produced mechanical properties that are much
superior to those reported in the literature for TRIP
steels.

Figure 2(a—c) shows the SEM micrographs of the three
specimens. The microstructures consist of ferrite, bai-
nite, RA, and martensite. It is clear that the martensitic
blocks increase gradually with increasing transformation
temperature. The carbon content and volume fraction of
RA was measured by XRD (Figure 2(d)). As shown, the
peak position of (200),, gradually shifts to the right with
increasing isothermal temperatures from 360°C to 450°C.
This indicates that spacing of (200)y planes decreased
and the corresponding carbon content in RA decreased
with increasing temperature. The calculated RA volume
fractions are comparable, 29%, 31%, and 31% for the
360°C specimen, 400°C specimen and 450°C specimen.
However, the corresponding carbon content decreased,
which are 1.6%, 1.4%, and 1.1%, respectively. It is known
that the RA becomes less stable with decreasing carbon
content [26].

Figure 3(a-c) shows deviation angle from the K-S
relationship across the interface between RA and sur-
rounding phases in the 360°C specimen, 400°C speci-
men and 450°C specimen. In the micrograph, FCC and
BCC phases are indicated in white and gray. The bound-
aries with a deviation angle of 6 < 10°, 10°< 6 < 20°,
20° < 0 < 30° and 30° < O are indicated in red, green,

70
2 Theta, °

Figure 2. SEM images of medium carbon TRIP steels. (a) 360°C specimen, (b) 400°C specimen and (c) 450°C specimen. (d) The
corresponding XRD patterns, and inset showing the magnified (200)y peak. RA: retained austenite, B: bainite, F: ferrite, M: martensite.
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Average grain size of RA
Il 350°C 320 +200m
I 400°C 380 +20nm
I 450°c 410 £20nm

Percentage

Grain size, pm

CIRA
CJa

a/y interface K-S relationship deviation
— <10°,—10°-20°, — 20°-30°,

LAGB (2-15°)

>30° 1 ——HAGB (>15°)

Figure 3. Interface characterization of medium carbon TRIP steels. (a) 360°C specimen, (b) 400°C specimen, and (c) 450°C specimen. (d)
The corresponding average grain sizes of RA (d). LAGB: low angle grain boundary, HAGB: high angle grain boundary.

blue and cyan, respectively. As shown, the blocky RA
(in the blue rectangle) are mostly located along the
grain boundaries of primary austenite while film-like
RA (in the yellow rectangle) are always located at the
boundaries of bainitic ferrite. Moreover, the RA lamel-
lae show a near K-S orientation relationship with the
bainitic ferrite. However, blocky RAs exhibit a slight devi-
ation with the parent phase. In fact, it was reported that
blocky RA with a larger size always distributes along
high-angle grain boundaries. In contrast, small film-
like RAs are often observed near the low-angle grain
boundaries [14].

As shown in Figure 3(d), the proportion of large-sized
RA gradually increases with increasing bainitic trans-
formation temperature. Statistical results show that the
average grain size of RA increased from 320 £ 20 nm to
410 =+ 20 nm with increasing temperatures from 360°C to
450°C. It is known that RA with larger grain size and
lower carbon content becomes less stable [26]. This led
to the decrease of RA stability with increasing bainitic
temperature from 360°C to 450°C.

To verify and understand the adjustment of RA stabil-
ity and its effect on strain hardening rate during tensile
testing, the evolution of RA volume fraction under dif-
ferent interrupted tensile strain were analyzed by XRD
(Figure 4). It is revealed that the RA fraction gradually
decreased with increasing applied strain. RA stability can
be used to estimate the martensite transformation rate, as
described by [36]:

f = foexp(—ke) (5)

where f is the volume fraction of RA before tensile defor-
mation, f is the volume fraction of RA at a specific true
strain (¢). In general, a higher k value represents faster
transformation to martensite, i.e. lower RA stability. The
k value of TRIP and Q&P steels usually lies in the range of
1-20 [37]. Based on the exponential fitting, the k values
of the 360°C specimen, 400°C specimen and 450°C speci-
men were calculated as 6.42, 6.35, and 13.58, respectively.
This indicates that the 360°C specimen, 400°C specimen
were clearly more stable than 450°C specimen, which can
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Figure 4. Evolution of RA volume fraction as a function of true
strain for medium carbon TRIP steels after bainitic holding at
360°C, 400°C, and 450°C.

be attributed to the lower carbon content and larger grain
size of the 450°C specimen.

The three specimens have the similar initial frac-
tion RA (29-31%) and the similar average grain size
of RA. Thus, evolution of the RA volume fraction with
tensile straining led to the distinct differences in their
strain hardening behaviors, yield strengths, and ten-
sile strengths. Due to the high RA stability of 360°C
specimen, the transformation from RA into marten-
site is suppressed, and the transformed RA is only 23%
after fracture, so its strain hardening capacity is lim-
ited, which led to the lowest strain hardening rate but
the highest yield strength of 1010 MPa. In contrast, a
large fraction of RA was transformed into martensite
in the beginning of deformation in the 450°C speci-
men, which subsequently promotes rapid multiplication
of dislocations and enhancing strain hardening rate. The
transformed RA is largest (29%) in the 450°C speci-
men, giving it the highest strain hardening rate, which
resulted in the highest tensile strength of 1430 MPa,
but the lowest yield strength of 510 MPa and the low-
est ductility of 29%, which was caused by its lowest
RA stability. Consequently, the strain hardening capac-
ity was consumed quickly in the early stage of ten-
sile deformation despite of its highest strain hardening
capacity.

As mentioned earlier, the strain hardening capacity of
a material is related to both its yield strength and ulti-
mate strength [38]. If the strain hardening capacity of a
material is too high, it will inevitably lead to low yield
strength. In turn, if the yield strength is too high, it will
lead to insufficient strain hardening capacity, resulting in
limited ductility. In this study, the strain hardening capac-
ity of the 450°C specimen is 920 MPa, which is higher

than that the 360°C specimen. As a result, the 450°C
specimen has the lowest yield strength of 510 MPa, and
the 360°C specimen has the highest yield strength of
1010 MPa. Compared with the 360°C specimen and
450°C specimen, the TRIP kinetic of the 400°C speci-
mens has an optimum strain hardening rate, which made
it last to high tensile strains while at the same time
produced a high yield strength of 890 MPa.

4. Summary

In summary, we have proposed and verified a princi-
ple in designing the strain hardening rate for the best
mechanical properties of metallic materials. Very high
strain hardening rate is often associated with low yield
strength and/or low ductility. Very low strain hardening
rate leads to low ductility. A moderate optimized strain
hardening rate would produce the best combination of
yield strength and ductility. We also proposed a new
concept of strain hardening capacity, which is the differ-
ence between the ultimate strength and yield strength.
Metallic materials with high yield strength usually have
low strain hardening capacity, making it more critical to
moderate the strain hardening rate, making it just high
enough to prevent early necking. The proposed principle
is verified using a medium carbon TRIP steel as a model
material, whose strain hardening rate was adjusted by
tuning the stability of retained austenite. Superior com-
binations of yield strengths and high uniform elonga-
tions were obtained using the moderate strain hardening
rate strategy. This strategy should be applicable to most
metallic materials.
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