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a b s t r a c t

In the present work, gradient-grained Fe was synthesized by means of surface mechani-

cal grinding treatment, and then the compression behaviors of the coarse-grained Fe and

the gradient-grained Fe were investigated under both quasi-static and dynamic loading

conditions over a wide range of strain rates (from 5 × 10−4 to 104 s−1). After surface me-

chanical grinding treatment, equiaxed ultrafine grains, elongated lamellar ultrafine grains,

full-developed sub-grains with dense dislocations walls, non-fully-developed dislocation

cells, and deformed coarse grains are sequentially observed along the depth from the

treated surface. The grain/cell size increases while the measured micro-hardness decreases

along the depth for the gradient-grained Fe. The gradient-grained structure shows appar-

ent strain hardening behaviors at all strain rates up to 104 s−1 although the strain hard-

ening exponent (n) for the gradient-grained Fe is smaller than that of the coarse-grained

Fe at the same strain rate. This apparent hardening behavior is attributed to the hardening

from both the coarse-grained center and the surface gradient layers when the strain local-

ization trend for the ultrafine-grained surface layers is suppressed by the coarse-grained

center. The extra hardening might be due to the back stress hardening associated with the

constraint and mechanical incompatibility between different layers in the gradient-grained

structure. The dynamic strain rate sensitivity of the gradient-grained Fe is observed to be

slightly larger than that of the coarse-grained Fe, which is controversial to the general ob-

servation that strain rate sensitivity should decrease with reduction of grain size for BCC

metals. The geometrically necessary dislocations associated with the back stress harden-

ing and the grain size gradient result in additional increase in dislocation density, which

may be the reason for the enhanced dynamic strain rate sensitivity in the gradient-grained

Fe even it has smaller average grain size compared to the coarse-grained Fe. The present

results should provide insights for the applications of gradient-grained structure under dy-

namic conditions.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, bulk ultrafine-grained (UFG) and nano-

grained (NG) metals, which are commonly produced by
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means of severe plastic deformation (SPD) techniques,

have drawn increasing interests due to their ultra-high

strength (Meyers et al., 2006; Dao et al., 2007). How-

ever, they show limited ductility compared to their coarse-

grained (CG) counterparts due to the reduced strain hard-

ening rate (Valiev, 2004; Zhu and Liao, 2004). Stronger

and tougher metals and alloys are always desired for

the structural applications in modern industry, and such
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demands have been realized recently by several novel

strategies through tailoring microstructures at nano-scale,

such as, bimodal grain size design, nano-precipitate disper-

sion, pre-existing growth nano-twins, and gradient nano-

grained (GNG) structure (Wang et al., 2002; Liddicoat et al.,

2010; Liu et al., 2013; Lu et al., 2009; Suresh, 2011; Fang

et al., 2011; Wu et al., 2014a; Wei et al., 2014).

The GNG/CG hierarchical architecture, consisting of

the CG core sandwiched by two GNG surface layers, can

produce excellent synergy of strength and ductility (Lu

and Lu, 2004; Chen et al., 2008; Fang et al., 2011; Wu

et al., 2014a; Wei et al., 2014). Strain localization can be

suppressed in the NG Cu film when confined by a CG core

with a gradient grain size transition due to a mechanically-

driven and strain-induced growth of nano-grains (Fang

et al., 2011). Our previous work showed that large plastic

strain could also be achieved in NG surface layer of Fe

without apparent grain growth when confined by the CG

core (Wu et al., 2014a). These evidences suggested that the

variant trends for strain instability between different layers

in GNG/CG architecture usually induce stress state change

to suppress the strain localization of the NG surface layers.

The mechanical incompatibility should also produce back

stress hardening associated with a strain process providing

long-range interactions with mobile dislocations (such

as geometrically necessary dislocations, GNDs) (Feaugas,

1999; Elliot et al., 2004). Moreover, the constraint and

mechanical incompatibility between different layers

should also induce the strain gradient, which produces

the extra hardening and the synergic strengthening due

to the grain size gradient (Gao et al., 1999; Wu et al.,

2014a,b).

The strain hardening behaviors and the observed flow

stresses for resisting plastic deformation of metals and al-

loys also highly depend on the rate associated with loading

(Zener and Hollomon, 1944; Subhash, 1995; Nemat-Nasser

and Guo, 2003; Song et al., 2007; Mishra et al., 2008). Pre-

vious research have indicated that the grain size (especially

down to the UFG or NG regimes) has strong influences on

the strain rate dependent plastic deformation, such as the

strain rate sensitivity (SRS) and the rate-controlling defor-

mation mechanisms (Wei et al., 2004, 2006a,b; Wei, 2007;

Mishra et al., 2008; Suo et al., 2011, 2013a; Yu et al., 2015).

The effect of grain size on SRS has been observed to be

strongly dependent on the lattice structures (Wei, 2007).

The SRS of FCC metal increases with the reduction of grain

size, while the SRS of BCC metals shows opposite behav-

iors. To date, numerous efforts have been undertaken to

investigate the tensile properties and the strain harden-
Fig. 1. (a) Schematic of SMGT; (b) dimensions of the specimens for quasi-static

compression experiments.
ing behaviors of nanostructured metals under quasi-static

conditions (Malow and Koch, 1998; Tsuji et al., 2002; Han

et al., 2003; Conrad, 2004; Han et al., 2004; Valiev, 2004;

Giga et al., 2006; Meyers et al., 2006; Hazra et al., 2011).

There also have been a number of investigations on the

effect of high strain rate on the mechanical behaviors of

UFG or NG metals (Jia et al., 1999; Wei et al., 2004, 2006a;

Mishra et al., 2008; Suo et al., 2011, 2013a; Yu et al., 2015).

However, most of reported research work on dynamic de-

formation of nanostructured metals was based on UFG or

NG metals with relatively homogeneous grain size. There

is clearly a lack of understanding of the effect of strain

rate on the plastic deformation mechanisms for gradient-

grained structure. In this regard, strain hardening behav-

iors and strain rate sensitivity of gradient-grained Fe un-

der compression are systematically examined over a wide

range of strain rates, and the corresponding plastic defor-

mation behaviors are also compared with the CG counter-

part.

2. Experimental procedures

The commercial pure iron used in the present study

was received in the form of rods of 10 mm in diameter.

The as-received materials have a composition, in weight

percentage, of 0.008 C, 0.02 Si, 0.08 Mn, 0.009 P, 0.008 S,

0.01 Cr, 0.01 Ni, 0.01 Cu 0.06 Al, and the balance of Fe. The

as-received rods were first annealed at 900 °C for 2 h to

obtain a CG polycrystalline structure with a single ferrite

phase. After annealing, the rods were processed by surface

mechanical grinding treatment (SMGT) to synthesize a

gradient-grained structure. SMGT is a method adopted

from machining at high strain rates (up to 103–106 s−1).

As shown in Fig. 1(a), a cylindrical WC/Co tool tip repet-

itively slides at a velocity of v1 along the gauge section

of the dog-bone shaped sample (with a diameter of 10

mm for the ends and a diameter of 3 mm for the gauge

section), which rotates at a velocity of v2 with respect to

the tool tip. A high-rate plastic shear deformation zone

with high strain gradient is induced underneath the tip

and is applied to the top surface layer of the sample

when a preset penetration depth (20 μm for each time)

into the sample is applied to the tool tip. The magnitude

of induced plastic strain and the depth of the deformed

layer are closely related to the tip diameter (3 mm) and

the total penetration depth (180 μm), while the shear

deformation rate is determined by the velocities of v1 (3

mm/s) and v2 (600 rpm). Effective cooling system with

liquid nitrogen is applied to the processed material and
compression experiments; (c) dimensions of the specimens for dynamic
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the tool tip during SMGT in order to refine the started

coarse grains into nanoscale regime.

The microstructure after SMGT was examined by op-

tical microscope (OM), electron backscattered diffrac-

tion (EBSD), transmission electron microscope (TEM) and

micro-hardness measurements. The sample surfaces for

OM were polished to 2000 grit and finally polished with

0.25 μm diamond paste. This was followed by etching with

5% Nital. The cross-sectional surfaces of the SMGT samples

for EBSD were first polished to 2000 grit and finally pol-

ished with 0.25 μm diamond paste, and then were electro-

polished with 5% perchloric acid at 37 V voltage and −20

°C for 10–15 s to reveal the microstructure. Using a field

emission gun and the low accelerating voltage, the spatial

resolution of EBSD can be significantly improved, making

it possible to successfully explore the microstructure even

in severely deformed state (Chen et al., 2011a,b; Sun et al.,

2014; Yuan et al., 2015). The cross-sectional disks for TEM

were cut with a thickness of 500 μm and polished down

to 30 μm using 2000 grid SiC papers. Final thinning to

electron transparency was achieved by ion milling at vari-

ous depths from the treated surface. Micro-hardness mea-

surements were also made on the cross-sectional surface

of the SMGT samples before and after dynamic compres-

sion tests using a Vickers diamond indenter at a load of 10

g for 10 s dwell time. The light load is especially suitable

for measurements along the depth for the gradient struc-

ture, in which the indentation size is ∼7 μm and the ver-

tical spacing for indentations is ∼22 μm (the real spacing

for indentations is larger since sawtooth pattern was used)

at the top surface layers.

All SMGT samples for quasi-static and dynamic com-

pression testing were machined from the gauge section of

the processed samples by wire saw with loading direc-

tion parallel to the axis of rods. The dimensions of sam-

ples for quasi-static and dynamic compression testing are

given in Fig. 1(b) and (c), respectively. Quasi-static uniaxial

compression tests were carried out using a MTS 810 test-

ing machine with a maximum load capacity of 25 kN at

a strain rate of 0.0005 s−1. An extensometer was used to

measure the strain during the compression loading.

Dynamic compression tests were performed using

Hopkinson-bar techniques. Details of the Hopkinson-bar

technique and the data analysis for true stress, true strain

and true strain rate can be found elsewhere (Subhash

et al., 1997; Song et al., 2007, Sunny et al., 2009). Grease

was used between the bars and the specimens to ensure

low frictions. A pulse shaper was also placed between

the striker and the input bar to control the shape of the

incident pulse, and thus promote equilibrium conditions

within the specimens. Semiconductor strain gages were

used on both the incident and transmitted bars to obtain a

very high signal-to-noise ratio for the strain measurements

on both bars. Then, the recorded reflected and trans-

mitted signals can be used to calculate the engineering

stress, the engineering strain and the engineering strain

rate

σs = E

(
A

As

)
εT (1)
εs = −2C0

ls

∫ t

0

εRdτ (2)

ε̇s = −2C0

ls
εR (3)

where εT and εR are the transmitted and reflected strain

pulses for the input and output bars, respectively; C0, E and

A are the longitudinal elastic wave velocity, Young’s mod-

ulus and the cross-sectional area of the loading bars, re-

spectively; ls and As are the length and the cross-sectional

area of the specimens, respectively. Finally, the true stress–

true strain curves can be obtained from these engineer-

ing stress–engineering strain curves. For the dynamic com-

pression tests, the strain rates were controlled at ∼1500,

∼6000, ∼10,000 s−1 depending on the striker bar veloc-

ity. At least two experiments for each strain rate were

performed.

3. Experimental results and discussions

The as-annealed structure and the gradient-grained

structure after SMGT by OM are shown in Fig. 2(a) and (b),

respectively. The grain size for the as-annealed sample is

varied from 10 μm to 100 μm, and the average grain size

is about 50 μm. While the SMGT sample shows apparent

deformed band structure at the top surface of about 150

μm, the treated surface is on the right side. The flow di-

rection of the band structure is consistent with the shear

deformation direction.

The deformed microstructures at the areas close to the

treated surface (up to 70 μm from the treated surface)

were characterized using EBSD. Fig. 3(a) shows the image

quality map by EBSD, in which blue color (>15°) represents

high-angle boundaries, green color (5–15°) and red color

(2–5°) represent low-angle boundaries. Fig. 3(b) shows the

EBSD orientation map. The orientation map shown in the

present study is based on the inverse pole figure coloring

scheme relative to the direction of cross section. The color

codes follow the inserted triangle in Fig. 3(b), in which

red, green and blue colors represent the grains having [0

0 1], [1 0 1] and [1 1 1] directions parallel to the direc-

tion of cross section, respectively. The misorientation an-

gle distribution along the dash line of Fig. 3(b) is shown in

Fig. 3(c), in which the distance of scanning is from the left

to the right. As observed, the outermost layer of ∼5 μm

thickness are nearly equiaxed ultrafine grains with high-

angle boundaries, while the sub-surface layer of ∼20 μm

thickness are elongated lamellar ultrafine grains with high-

angle boundaries. At the depths of 25–50 μm, the mi-

crostructure exhibits strong 〈1 1 0〉 texture, which may be

due to 〈1 1 0〉 texture trend by cold work for BCC metals.

The misorientation angles for various boundaries decrease

with increasing depth from the treated surface due to the

strain gradients induced by SMGT, as shown in Fig. 3(c).

The plastic strain deformation by SMGT can induce

high strain gradients at the surface layers of the samples.

Thus the surface layers of the samples after SMGT also

have characteristic of high gradient microstructures (Li et

al., 2008; Fang et al., 2011; Wu et al., 2014a). Fig. 4(a)–(f )
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Fig. 2. (a) OM of the as-annealed Fe; (b) OM of the gradient-grained Fe.

Fig. 3. (a) EBSD micrograph with misorientation angles for the gradient-grained Fe; (b) EBSD orientation map for the gradient-grained Fe; (c) misorienta-

tion angle distribution along the dash line in Fig. 3(b). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 4. Bright-field TEM micrographs at various depths from the treated surface for the gradient-grained Fe: (a) Close to the surface area; (b) ∼20 μm;

(c) ∼80 μm; (d) ∼130 μm; (e) ∼180 μm; (f ) ∼230 μm. (g) Variation of average grain/cell size along the depth from the treated surface. (For interpretation

of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Vickers micro-hardness distributions along the depth from the treated surface for SMGT Fe: (a) seven groups of measurements; (b) average hardness.
shows bright-field TEM micrographs at various depths

from the treated surface for the gradient-grained Fe. The

corresponding selected area diffraction (SAD) patterns for

Fig. 4(a) and (b) are also shown in the insets. The outer-

most layer of the gradient-grained Fe (Fig. 4(a)) are nearly

equiaxed ultrafine grains with a mean size of ∼100 nm,

and the SAD patterns show random orientations for all

grains. At the depth of 20 μm (Fig. 4(b)), the microstruc-

ture shows elongated lamellar ultrafine grains with a

mean lamellar thickness of ∼200 nm, and high density

dislocations are also observed inside the lamellar grains. At

the depths of 80 and 130 μm (Fig. 4(c) and (d)), the initial

coarse grains are divided into sub-grains with a mean

size of 700–800 nm by dense dislocation walls (DDWs)

or fully-developed dislocation cells. High density of dis-

locations and dislocation tangles are also observed in the

sub-grains. In Fig. 4(d), the boundaries of dislocation cells

are marked by the red dash lines, and DDWs are marked

by the red arrows. At the depths of 180 and 230 μm

(Fig. 4(e) and (f )), the deformed microstructures are the

non-fully-developed dislocation cells and dislocation tan-

gles are mainly concentrated at the boundaries of cells. In

Fig. 4(f ), the areas with high density dislocation tangles

are marked by the red dash lines and the red arrow. Based

on observations from TEM and the statistical analysis,

the variation of average grain/cell size along the depth

from the treated surface is plotted in Fig. 4(g). Up to the

depth of 30 μm, equiaxed ultrafine grains or elongated

lamellar ultrafine grains are observed. Between the depths

of 30 μm and 175 μm, sub-grains and full-developed

dislocations walls are observed. Between the depths of

175 μm and 290 μm, non-fully-developed dislocation

cells are observed. With further increasing depths, the

deformed coarse grains are observed since the dislocation

density further decreases. As we know, Fe is a typical BCC

metal with a high stacking faults energy (SFE) of about

200 mJ/m2. Thus, the grain refinement process during

SMGT can be summarized as the following four steps and
mechanisms: (i) increasing of dislocation density in the

coarse grains; (ii) development of DDWs or dislocation

cells; (iii) transformation of DDWs and dislocation cells

into sub-grains with small misorientations; (iv) evolution

of sub-grains to highly-misoriented grains with equiaxed

shape or lamellar shape.

Fig. 5 shows Vickers micro-hardness distributions along

the depth from the treated surface for the gradient-grained

Fe. Seven groups of measurements along the depths were

made, and the average value was taken for reducing the

physical errors. The standard deviations for seven group

measurements are plotted as error bars in Fig. 5(b). The

hardness for the as-annealed Fe is also plotted as a straight

line in Fig. 5(b) for comparison. As shown, the micro-

hardness decreases from 180 Hv at the top surface (10 μm

from the treated surface) to 110 Hv at the center (slightly

higher than the 105 Hv for un-deformed coarse grains) for

SMGT Fe. The continuously decreasing hardness along the

depth is consistent with the increasing grain/cell size, as

shown in Fig. 4(g).

The mechanical responses of the as-annealed Fe and the

gradient-grained Fe under quasi-static compression (strain

rate of 0.0005 s−1) are presented here. Fig. 6(a) shows the

engineering stress–strain curves, Fig. 6(b) shows the true

stress–strain curves, while Fig. 6(c) shows the hardening

rate (� = dσ
dε

) curves as a function of the true strain. The

yield strength of the gradient-grained Fe is estimated to

be ∼300 MPa, which is almost two times of that for the

as-annealed Fe. Although both the as-annealed Fe and the

gradient-grained Fe show apparent strain hardening behav-

iors up to strain of 60%, the strain hardening ability of the

gradient-grained Fe is observed to be smaller compared to

that of the as-annealed Fe. As shown in Fig. 6(b), the dif-

ference of the flow stress between the as-annealed Fe and

the gradient-grained Fe decreases with increasing strain.

The as-annealed Fe also shows a larger strain hardening

rate compared to the gradient-grained Fe, as shown in

Fig. 6(c). This enhanced strength and the reduced strain
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Fig. 6. (a) Engineering compressive stress–strain curves under quasi-static condition for as-annealed Fe and SMGT Fe; (b) true compressive stress–strain

curves under quasi-static condition for as-annealed Fe and SMGT Fe; (c) strain hardening rate vs. true strain curves for as-annealed Fe and SMGT Fe.
hardening rate should be attributed to the refined strain

size and the increased dislocation density at the surface

layer of the gradient-grained Fe.

Fig. 7(a) and (b) shows typical true stress–true strain

curves under dynamic compression at various strain rates

(∼1500, ∼6000, ∼10,000 s−1) for the as-annealed Fe and

the gradient-grained Fe, respectively. In order to further

show the strain hardening behaviors of the as-annealed

Fe and the gradient-grained Fe under various strain rates,

Ludwik–Hollomon equation was used to fit the true stress–

true strain curves as follows:

σ = σ0 + Kεn (4)

where σ0 is the yield strength, K is the strain hardening

factor and n is the strain hardening exponent which typ-

ically reflects the stain hardening ability. According to the

Ludwik–Hollomon equation, double logarithm true stress–
true strain curves at various strain rates are plotted in

Fig. 8(a) and (b) in order to obtain the strain harden-

ing exponents for the as-annealed Fe and the gradient-

grained Fe. Typically, the CG metals exhibit relatively small

yield stresses and apparent strain hardening behaviors

even under dynamic compression, while much higher yield

stresses but reduced strain hardening behaviors, some-

times even strain softening behaviors due to the thermal

effect can be observed in UFG or NG metals under dy-

namic compression (Wei et al., 2004, 2006a; Mishra et

al., 2008; Suo et al., 2011, 2013a). For the as-annealed Fe

(Fig. 7(a)), apparent hardening behaviors are observed at

all strain rates like other CG metals and the strain hard-

ening ability (strain hardening exponent, n) decreases with

increasing strain rate (Fig. 8(a)). Although the strain hard-

ening exponent (n) for the gradient-grained Fe is smaller

than that of the CG Fe at the same strain rate, it is
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Fig. 7. True stress–true strain curves under dynamic compression: (a) as-annealed Fe; (b) SMGT Fe.

Fig. 8. True stress–true strain curves with double logarithm forms at various strain rates under compression: (a) as-annealed Fe; (b) SMGT Fe. The solid

lines are the linear fit for the data.
interesting to note that the gradient-grained Fe still shows

apparent strain hardening behaviors at all strain rates even

when the thermal softening effect exists under dynamic

compression.

The apparent hardening behavior under dynamic com-

pression for the gradient-grained Fe raises a critical issue:

where is the strain hardening generated? To answer this

question, we measured the micro-hardness (Hv) along the

depth from the treated surface for the gradient-grained

Fe before and after dynamic compression. As shown in

Fig. 9(a), the micro-hardness values increase at all depths

after dynamic compression. The hardness increment (�H)

along the depth after dynamic compression is also shown

in Fig. 9(a), and �H is an indicator on the magnitude

of hardening retained after unloading. It should be noted

that the first indentation is at the depth of 10 μm from
the treated surface and the indentation size is about

7 μm, thus the hardness contribution for the first indenta-

tion should come from both the equiaxed ultrafine grains

(with grain size of ∼100 nm) and the elongated lamellar

ultrafine grains (with grain size of ∼200 nm). It is not

surprised that strong hardness increment (about 60 Hv)

occurs in the CG center since the coarse grains have the

abilities for strain hardening. However, it is interesting to

note that the surface layer with equiaxed/lamellar ultra-

fine grains (100–200 nm) also shows large hardness incre-

ment (about 60 Hv) after dynamic compression, which is

completely different to the general observations that disap-

peared strain hardening behaviors, sometimes even strain

softening behaviors should be observed in UFG or NG met-

als under dynamic compression (Wei et al., 2004, 2006a;

Mishra et al., 2008; Suo et al., 2011, 2013a). The strain
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Fig. 9. (a) Vickers micro-hardness distributions for SMGT Fe before and after dynamic compression (strain rate of ∼1500 s−1), the symbols are the measured

data points and the solid lines are the fitting curves; (b) OM of the gradient-grained Fe after dynamic compression.

Fig. 10. Energy absorption up to a true strain of 0.25 vs. strain rate: (a)

as-annealed Fe; (b) SMGT Fe.
softening behaviors in UFG or NG metals under dynamic

compression were explained due to the thermal soft-

ening and the formation of adiabatic shear band (Wei

et al., 2004, 2006a; Mishra et al., 2008), however this

strain localization trend for the surface layer of the

gradient-grained Fe would be suppressed by the CG cen-

ter and the mechanical constraint would be generated be-

tween different layers in the gradient-grained Fe. Our opti-

cal micrograph after dynamic compression confirmed this

suggestion and no adiabatic shear band was observed for

the surface layer of the gradient-grained Fe (as shown in

Fig. 9(b)). Thus, based on these observations mentioned

above, the apparent strain hardening behaviors under dy-

namic compression for the gradient-grained Fe could be

understood as three-fold: (1) first, the CG center provides

the important part of the strain hardening ability for the

gradient-grained Fe; (2) second, the constraint and me-

chanical incompatibility between different layers should

produce extra hardening for the surface gradient layers due

to back stress hardening (Feaugas, 1999; Elliot et al., 2004;

Wu et al., 2015) and the GNDs induced by the grain size

gradient (Gao et al., 1999; Wu et al., 2014a,b); (3) the re-

strain of dynamic recovery of dislocations at high strain

rates (Suo et al., 2011) may also contribute to the strain

hardening under dynamic conditions.

Due to the suppression of adiabatic shear band by the

CG center, the dynamic homogeneous compression strain

can be much improved in the gradient-grained Fe. The en-

ergy absorption under dynamic compression up to a spe-

cific strain can be calculated as the areas under the true

stress–strain curves in Fig. 7(a). Driven by the need to

retain impact toughness while reaping the strengthening

benefits from the gradient-grained structure, the gradient-

grained structure reported here can be used to design

components of energy absorbers for the automotive indus-

try, which is illustrated in Fig. 10. In Fig. 10, the energy ab-
sorption under dynamic compression is plotted against the

strain rate for the as-annealed Fe and the gradient-grained

Fe. As indicated, besides with higher yield strength, the

gradient-grained Fe also has higher energy absorption un-

der dynamic compression at all strain rates, when com-

pared to the as-annealed Fe.

Fig. 11(a)–(c) shows the flow stress as a function of the

strain rate with double logarithmic coordinates for both

the as-annealed Fe and the gradient-grained Fe at fixed

true strains of 10%, 15% and 20%, respectively. At all fixed

true strains, the flow stress of the gradient-grained Fe is

clearly observed to increase slightly faster than that of

the as-annealed Fe with increasing strain rate. Both the
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Fig. 11. Flow stress vs. strain rate for as-annealed Fe and SMGT Fe: (a) at 10% true strain; (b) at 15% true strain; (c) at 20% true strain. Double logarithm

coordinates are used in Fig. 11(a)–(c), and the solid lines are the linear fit for the data. (d) Strain rate sensitivity vs. true strain for as-annealed Fe and

SMGT Fe.
as-annealed Fe and the gradient-grained Fe show positive

SRS under dynamic compression.

In general, the plastic deformation of metals and alloys

depends on the strain, the strain rate and the deformation

temperature, thus the flow stress can be written as:

σ = f (ε, ε̇, T ) (5)

where ε is the true strain, ε̇ is the true strain rate, and T is

the environment temperature associated with the loading.

Based on Eq. (5), the SRS of flow stress can be defined as:

m =
(

∂ ln σ

∂ ln ε̇

)
ε,T

(6)

In practice, the SRS is often calculated at certain fixed

temperature and at several fixed strains. Under quasi-static

conditions, the SRS is generally determined using the strain
rate jump tests or stress relaxation tests. However, these

two experiments are hard to employ under dynamic con-

ditions. Alternatively, the SRS can also be obtained approx-

imately by using the true stress–strain curves with double

logarithmic form at a fixed true strain, where the SRS is

derived as the slope of a linear regression fit for the curves.

By using this method, the dynamic SRS as a function of the

true strain is plotted in Fig. 11(d) for both the as-annealed

Fe and the gradient-grained Fe. The dynamic SRS is ob-

served to decrease from 0.107 to 0.08 when the true strain

is changed from 10% to 20% for the as-annealed Fe, and the

average dynamic SRS is about 0.097. While, the dynamic

SRS decreases from 0.136 to 0.109 when the true strain is

changed from 10% to 20% for the gradient-grained Fe, and

the average dynamic SRS is about 0.125. It is interesting to

note that the dynamic SRS in our experiments are much

higher than those from the literature (<0.04) (Wei, 2007).



F. Yuan et al. / Mechanics of Materials 95 (2016) 71–82 81

V

The SRS values from previous research for UFG or NG

metals (Wei, 2007) are mostly obtained from quasi-static

loading (nanoindentation, strain rate jump tests or stress

relaxation tests), and the SRS values under quasi-static

conditions are typically lower than those under dynamic

conditions due to possibly different deformation mecha-

nisms (Meyers, 1994; Suo et al., 2013b). According to the

previous research (Wei, 2007), the SRS of BCC metal is ob-

served generally to decrease with the reduction of grain

size. The gradient-grained Fe has smaller average grain size

and should have smaller SRS according to previous work

(Wei, 2007), when compared to the as-annealed Fe. How-

ever, the results in the present study show different trends

for SRS of BCC metals with reduction of grain size com-

pared to previous work (Wei, 2007), and the possible rea-

sons will be two-fold: (1) first, the SRS values are obtained

from different strain rate regimes for our data and the data

from previous work (Wei, 2007); (2) more importantly, the

other possible reason is the reduced activation volume by

the gradient structure, and will be presented in details in

the following discussion.

Base on the concept of thermal-activation theory, the

apparent activation volume (V ∗) can be estimated

∗ =
√

3kT

σm
(7)

where k is Boltzmann’s constant, T is the absolute temper-

ature associated with loading, m is the SRS, and σ is the

flow stress.

Thus, the SRS can written as

m =
√

3kT

σV ∗ (8)

Typically, the physical activation volume is highly de-

pendent on the dislocation density. The higher the dislo-

cation density, the lower is the activation volume (Wei,

2007).

According to the previous research (Wei, 2007), the ac-

tivation volume decreases to nearly a constant when the

stress is increased to a moderate level for BCC metals,

however the stress is still following the Hall–Petch rela-

tion when the grain size is refined. Thus, the SRS should

decrease with reduced grain size for BCC metals based on

Eq. (8).

However, the dislocation density could be further in-

creased by the additional dislocations from the GNDs as-

sociated with the back stress hardening (Feaugas, 1999;

Elliot et al., 2004; Wu et al., 2015) and the grain size gra-

dient (Gao et al., 1999; Wu et al., 2014a,b) when the con-

straint and mechanical incompatibility between different

layers are produced in the gradient-grained structure. This

additional increase in dislocation density could possibly re-

sult in lower activation volume, thus larger SRS (m), which

may be the reason why the gradient-grained Fe has slightly

higher SRS even it has smaller average grain size compared

to the as-annealed Fe.

4. Conclusions

In the present work, gradient-grained Fe was synthe-

sized using SMGT, and then the microstructure after SMGT
was examined by OM, EBSD, TEM and micro-hardness

measurements. The strain hardening behaviors and strain

rate sensitivity of the as-annealed Fe and the gradient-

grained Fe under compression were then studied over a

wide range of strain rates (from 5 × 10−4 to 104 s−1). The

main findings are summarized as follows:

(1) From the treated surface to the center, equiaxed

ultrafine grains, elongated lamellar ultrafine grains,

sub-grains and full-developed dislocations walls,

non-fully-developed dislocation cells, and deformed

coarse grains are sequentially observed for the

gradient-grained Fe. The grain/cell size increases

while the measured micro-hardness decreases along

the depth for the gradient-grained Fe.

(2) Although the strain hardening exponent (n) for the

gradient-grained Fe is smaller than that of the as-

annealed Fe at the same strain rate, the gradient-

grained structure still shows apparent strain hard-

ening behaviors at all strain rates up to 104 s−1.

Based on the micro-hardness measurements before

and after dynamic compression, this apparent hard-

ening behavior could be attributed to both hard-

ening from the CG center and the surface gradi-

ent layers. The constraint and mechanical incompat-

ibility between different layers in gradient-grained

structure should be produced when the strain local-

ization trend for the surface layer of the gradient-

grained Fe is suppressed by the CG center. The con-

straint and mechanical incompatibility between dif-

ferent layers in gradient-grained structure should

produce extra hardening for the surface gradient lay-

ers due to back stress hardening (Feaugas, 1999; El-

liot et al., 2004; Wu et al., 2015).

(3) The dynamic SRS of the gradient-grained Fe is

slightly larger than that of the as-annealed Fe, which

is controversial to the general observations from

previous work (Wei, 2007) that SRS should decrease

with reduction of grain size for BCC metals. The

GNDs associated with the back stress hardening and

the grain size gradient can result in additional in-

crease of dislocation density, which may be the rea-

son why the gradient-grained Fe has slightly higher

SRS even it has smaller average grain size compared

to the as-annealed Fe.

The present results should advance our understanding

of compression behaviors for the gradient-grained struc-

ture under extreme conditions. The gradient structure

should also have promising applications for structural ma-

terials and energy absorption due to the high strength, the

apparent strain hardening behaviors at all strain rates up

to 104 s−1 and the enhanced dynamic strain rate sensitiv-

ity.
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