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ABSTRACT

Grain boundary engineering was applied to a 316L stainless steel. The pro-

portion of low-R coincidence site lattice boundaries was increased to more than

70% in the GBE specimen. The effect of grain boundary character distribution

formed through GBE on the mechanical properties at different strain rates

(4 9 10-2, 4 9 10-3, 4 9 10-4, 4 9 10-5 s-1) was studied by tensile test at room

temperature. The results showed that the GBE specimens exhibited higher

uniform elongation than the non-GBE specimens. With the strain rate decreas-

ing, the uniform elongations of GBE specimens had a greater extent of increase.

The local misorientation, average Schmid factor (m) and Taylor factor (M) in

GBE and non-GBE specimens at uniform plastic deformation area were studied

by using electron backscatter diffraction. The results indicate that the micro-

zone strain was more uniformly distributed and the activation process of the

slip system was apt to happen in the GBE specimens.

Introduction

Stainless steels exhibit a combination of good corro-

sion resistance and mechanical properties and thus

have been widely used in many fields, such as

petrochemical industry and nuclear industry. In

response to a steady increase in demand, stainless

steel production has an average annual growth rate

of 5% over the last 10 years [1]. With prolonged ser-

vice life and improved performance being demanded

by industry, the need to further improve the perfor-

mance of stainless steels should be considered. In

polycrystalline materials, the grain boundaries (GBs)

are extremely important and greatly influence prop-

erties of the materials. For instance, the transmission

of dislocations across GBs is an important step in

controlling the deformation behavior of the materials

[2]. In addition, GB segregation [3–5], creep resistance

[6, 7] and corrosion resistance [8–11] are also affected

by the GB structure. Therefore, the characters of GBs
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[12] play a very important role in grain-boundary-

related properties and various properties can be

improved by changing grain boundary character

distribution (GBCD).

Since Watanabe [13] proposed the concept of ‘‘grain

boundary design and control’’ in 1984, the research

field of grain boundary engineering (GBE) has

developed a lot. The proportion of low-RCSL (R B 29,

coincidence site lattice) grain boundaries in the

materials with face-centered cubic (FCC) structure

and low stacking fault energy (SFE) can be signifi-

cantly enhanced by appropriate thermomechanical

processing (TMP) [14–17]. The low-RCSL GBs differ in

properties from random high-angle GBs in terms of

their structure and energy [18]. The important aspects

of the GBE are the proportion of low-RCSL GBs and

the GB network they formed [19].

GBE has been successfully applied to many struc-

tural materials, such as austenitic stainless steels

[20, 21], Ni-based alloys [22] and copper alloys [23].

In recent years, some work has been carried out to

study the effects of GBCD on the mechanical prop-

erties of various austenitic stainless steels. Kobayashi

et al. [24] investigated the fatigue crack propagation

in austenitic stainless steels and found that the

propagation rate of fatigue crack was lower for the

specimen with a higher fraction of low-RCSL GBs

(73%) including R3 GBs (58%) than for the specimen

with a lower fraction of low-RCSL GBs (53%)

including R3 GBs (39%). According to the results

given by Kumar et al. [2], the enhanced proportion of

special GBs would decrease the yield strength and

increase the percent elongation of 304L stainless steel.

The results of Sinha [25] showed that the copper

containing austenitic stainless steel sample with a

high frequency of low-RCSL GBs produced by GBE

processing exhibited higher ductility than the con-

ventionally processed sample. However, the grain

sizes of these samples after TMPs are different. In

these papers, the GBCDs of the materials were

studied with respect to the applied GBE processing

and consequent improvements in mechanical prop-

erties were reported. Grain size is a key factor to

affect mechanical properties of materials following

the well-known Hall–Petch relationship [26]. Schino

et al. [27] showed that the micro-hardness of auste-

nitic steel increases with decreasing grain size, as

does the yield and flow stress. In addition, Wang

et al. [28] studied the effect of GBs on cyclic defor-

mation behavior and showed that large-angle ran-

dom GBs obstructing the passage of persistent slip

bands (PSBs) were common phenomena and thus

showed a strong effect on fatigue damage. In another

study, Detrois et al. [29] found that the strain rate also

influences on stress–strain behavior by changing

GBCD of Ni-based superalloy RR1000. The fraction of

R3 GBs remained nominally unchanged following

compression at the strain rate of 0.001 s-1. While as

the compression strain rates increased to 0.05 s-1, a

larger decrease in the fraction of R3 boundaries was

measured down to 6%. The maximum stress also

increased from 92 MPa at 0.001 s-1 to 252 MPa at

0.05 s-1. In this paper, different TMPs were applied

to a 316L stainless steel (316LSS) to obtain GBE

specimens and non-GBE specimens with similar

average grain sizes. Subsequently, the effect of the

microstructure after GBE processing on the mechan-

ical properties at different strain rates was

investigated.

Experimental procedure

Material and experimental method

The chemical composition of the 316LSS specimens

used in this study is presented in Table 1. The start-

ing condition of the materials was cold rolled with

the thickness reduction of 50% and subsequently

solution annealed at 1150 �C for 30 min followed by

water quenching. The TMPs of GBE were carried out

on some of the solution-annealed specimens with 7%

tensile deformation prior to annealing at 1050 �C for

30 min followed by water quenching. The design of

tensile specimen is shown in Fig. 1. The long axis of

the specimens coincides with the rolling direction.

Table 1 Chemical
composition of 316L stainless
steel (in wt %)

SS C Si Mn P S Cr Ni Mo Fe

316L 0.012 0.22 1.27 0.017 0.001 17.65 13.40 2.30 Balance
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The specimens measuring 20 mm in gauge length,

4 mm in width and 3 mm in thickness were

machined using wire cut electrical discharge

machine. Tensile tests were conducted at room tem-

perature under displacement control at different

strain rates (4 9 10-2, 4 9 10-3, 4 9 10-4,

4 9 10-5 s-1) using the MTS CMT5305 microcom-

puter-controlled electron universal testing machine.

Figure 1 Geometry of tensile specimen (unit: mm).

Figure 2 a, b OM images, c, d distributions of the types of grain
boundaries and e, f orientation distributions of grains in a, c,
e GBE specimens and b, d, f non-GBE specimens (in the GBE

specimen, the formed grain clusters C1, C2 and C3 enclosed by
random boundary (R) consist of grains with R3n orientation
relationships).
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Characterization methods

The specimens for electron backscatter diffraction

(EBSD) experiments were sequentially grinded using

SiC papers to 400, 800, 1000, 1200, 1500 and 2000 grit

and subsequently electro-polished in a solution of

20% HClO4 ? 80% CH3COOH at room temperature

with 40 V direct current for 2–3 min. Metallographic

specimens were etched for 20–30 min in an etching

solution containing 10% HNO3 ? 3% HF ? 87% H2O

and measured with KEYENCE VH-Z100 optical

microscopy (OM). The crystallographic orientation

was characterized with HKL Technology EBSD sys-

tem attached to a CamScan Apollo 300 thermal field

emission gun scanning electron microscope (SEM).

The operation conditions are 20 kV accelerating

voltage, 30 mm working distance and 70� beam

incidence angle. The EBSD analysis was performed

using a step size of 4 lm depending on grain size. An

area of 1200 lm 9 800 lm was scanned on each

specimen. The CSL boundaries were defined

according to the Palumbo–Aust criterion

(Dhmax = 15oR-5/6) [30]. The EBSD data were ana-

lyzed by using the HKL Channel5 and TSL OIM 7.2

softwares. The average grain size and average grain

cluster size of the tested specimens are calculated by

equivalent circle diameter (ECD) in the Channel5

(Annealing twins are also regarded as grains during

calculating the grain size).

Results and discussion

Microstructure and grain boundary
character distribution

The microstructures and grain boundary characters

obtained from EBSD analysis are given in Fig. 2. Fig-

ure 2a, b shows the optical micrographs for the GBE

and non-GBE specimens, respectively. Many straight

single line or parallel line pairs can be observed as

shown in Fig. 2. Both of them are the annealing twins

(R3 boundaries). Distributions of the types of grain

boundaries of the GBE and non-GBE specimens are

shown in Fig. 2c, d. Different colors are used to show

the different type grain boundaries. As shown in

Fig. 2c, a large number of R3 boundaries (red) appear

in the GBE specimen which is consistent with the

observation of optical microscopy. During recrystal-

lization, annealing twins and its variants were pro-

duced through extensive multiple twinning forming a

large amount of interconnected R3n (n = 1, 2, 3…)

type boundaries. The R3n grain boundaries connected

with each other forming many triple junctions, such

as R3–R3–R9, R3–R9–R27, inside the area encircled by

random grain boundaries (black) [20]. The grain

boundary network (GBN) of GBE specimen was fea-

tured by the formation of large grain clusters pro-

duced by multiple twinning, as shown in Fig. 2c C1,

C2 and C3. The orientation distributions of grains for

the GBE and non-GBE specimens, respectively, as

shown in Fig. 2e, f, reveal a fully recrystallized

microstructure with no obvious texture. The deviation

from ideal CSL misorientations is very important in

affecting the properties of grain boundaries. Figure 3

shows the distribution plot of deviations of R3

Figure 3 Deviation degrees from ideal R3 misorientation of the
GBE specimen.

Table 2 Grain boundary character distribution and grain sizes of the GBE and non-GBE specimens

Specimen Length fraction of grain boundary (%) Average grain size (lm) Average grain cluster size (lm)

R3 R9 ? R27 Overall low-R

GBE 65.0 8.7 73.7 27.6 135.2
non-GBE 42.9 0.6 43.8 28.2 60.6

Annealing twins are also regarded as grains during calculating the grain size
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boundaries from the ideal 60�\111[misorientation

for the GBE specimen where 200 boundaries are

included for the statistical analysis. The peak with a

high number fraction occurring between 0.3� and 0.5�
indicates that R3 boundaries in this specimen have

very low deviations from the ideal misorientation.

Therefore, almost all of the R3 boundaries are ‘‘twin’’

type.

Table 2 presents the low-RCSL grain boundary

proportions, average grain sizes and average grain

cluster sizes as obtained from the EBSD analysis for

the GBE and non-GBE specimens. As shown in

Table 2, the proportion of low-RCSL GBs is enhanced

from 43.8 to 73.7% after GBE processing. In addition,

in the GBE specimen, most of the low-RCSL GBs are

R3 twin boundaries with a length fraction of 65.0%

and the sum of R9 ? R27 fraction is 8.7%. Table 2

also shows that GBE and non-GBE specimens have

similar average grain size: 27.6 and 28.2 lm, respec-

tively. However, average grain cluster size of the GBE

specimen is 135.2 lm and much larger than 60.6 lm
of the non-GBE specimen.

Mechanical properties

The tensile curves showing engineering stress against

engineering strain of GBE and non-GBE specimens at

different strain rates are presented in Fig. 4a, b,

respectively. It can be seen that the strain rate has a

very significant effect on the stress–strain behavior of

both specimens. Figure 5 shows the variation of yield

strength, tensile strength and total elongation with

(a)

(b)

Figure 4 Tensile test curves showing the plot of engineering
stress versus engineering strain for a GBE specimens and b non-
GBE specimens at different strain rates.

(a)

(b)

(c)

Figure 5 a Variation of yield strength, b tensile strength and
c total elongation with strain rate for GBE specimens and non-
GBE specimens.
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strain rate for GBE specimens and non-GBE speci-

mens. As can be seen from Fig. 5a, the yield strengths

of both GBE and non-GBE specimens are observed to

decrease dramatically as a function of strain rate and

ranged from 365 MPa at 4 9 10-2s-1 to about

275 MPa at 4 9 10-5s-1. This phenomenon is attrib-

uted to the strong influence of strain rate on dislo-

cation motion. As observed previously by Lichtenfeld

et al. [31], the increase in dislocation density leading

to severe work-hardening tendency was attributed to

dislocation tangle at higher strain rate. So, a higher

strain rate results in a higher yield strength. Figure 5b

shows that these two specimens exhibit very strong

dependence of tensile strength on strain rate. When

the strain rate decreases from 4 9 10-2 to

4 9 10-3 s-1, the tensile strength does not change

significantly (about 635 MPa). In this strain rate

region, the tensile strength is not sensitive to strain

rate, which correlates with the occurrence of inho-

mogeneous plastic deformation in most of the grains.

When the strain rate continues to decrease to

4 9 10-5s-1, the tensile strength decreases obviously

from 635 MPa to about 545 MPa due to more and

more uniform plastic deformation of grains showing

a strong strain rate sensitivity [32]. Liu et al. [33] also

studied the strain rate sensitivity and divided the

region of strain rate into insensitive and sensitive

regions. Additionally, as shown in Fig. 5c, the total

elongations of both specimens are also observed to

increase about 30% as strain rate decreases from

4 9 10-2 to 4 9 10-5 s-1. The trend is due to delayed

necking at lower strain rate.

(a)

(b)

(c)

(d)

Figure 6 Comparison of engineering strain–stress curves of GBE
and non-GBE specimens at the strain rates of a 4 9 10-2 s-1,
b 4 9 10-3 s-1, c 4 9 10-4 s-1, d 4 9 10-5 s-1.

Figure 7 Variation of D values of uniform elongation and
D values of post-necking elongation for GBE and non-GBE
specimens with different strain rates.
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Figure 6 shows the comparison of engineering

stress–strain curves at different strain rates of GBE

and non-GBE specimens. As shown in Fig. 6a–d, the

total elongations of GBE specimens are greater than

that of non-GBE specimens at all the tested strain

rates. The total elongation can be divided into two

parts: uniform elongation (UE) and post-necking

elongation (PE) [34]. Therefore, in order to investigate

the difference of elongations between GBE and non-

GBE specimens, D values of uniform elongation

(UEGBE - UEnon-GBE) and D values of post-necking

elongation (PEGBE - PEnon-GBE) in room temperature

tests as a function of strain rate are shown in Fig. 7. It

can be observed that the influence of GBCD on total

elongation is evident with regard to the increased

uniform elongation. In addition, one can see that as

the strain rate decreases from 4 9 10-2 to

4 9 10-5 s-1,D values of uniform elongation increase

from 5 to 10%. The result shows that low-RCSL GBs

are much more effective for improving uniform

plastic deformation of the GBE specimen under the

condition of low strain rate, while the D values of

post-necking elongation keep almost constant with

strain rate.

Local misorientation and Schmid factor

The examinations of local misorientation and Schmid

factor distribution for the GBE and non-GBE speci-

mens in the uniform plastically deforming area were

made in order to study the effect of GBCD on uni-

form elongation. The deformed specimens at the

Figure 8 Local misorientation maps for GBE and non-GBE specimens after different tensile deformations. a GBE-0, b GBE-5%, c GBE-
10%, d GBE-20%, e non-GBE-0, f non-GBE-5%, g non-GBE-10%, h non-GBE-20%.

Figure 9 Local misorientation versus relative frequency for the
GBE and non-GBE specimens under different deformation
conditions.

Figure 10 Vickers hardness of GBE and non-GBE specimens
under different deformation conditions.
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Figure 11 Schmid factor maps for GBE and non-GBE specimens after different tensile deformations. a GBE-0, b non-GBE-0, c GBE-
5%, d non-GBE-5%, e GBE-10%, f non-GBE-10%, g GBE-20%, h non-GBE-20%.
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strain rate of 4 9 10-4 s-1 are designated as GBE-5%,

non-GBE-5%, GBE-10%, non-GBE-10%, GBE-20% and

non-GBE-20% for the microstructure examinations.

GBE-5% stands for GBE specimens with tensile

deformation of 5%; non-GBE-5% stands for non-GBE

specimens with tensile deformation of 5% and so on.

Figure 8 shows the local misorientation maps for

GBE and non-GBE specimens after different tensile

deformations. Local misorientation is calculated by

taking the average misorientation between each

measurement point and its eight neighbors excluding

grain boundaries, and it highlights local strain vari-

ations independent of grain size [35]. As shown in

Fig. 8, it is obvious that with the increase in defor-

mation, the local misorientation in the specimens

increase. Development of the local misorientation is

due to increased dislocation content during plastic

deformation according to Chakrabarty et al. [36]. The

local misorientation value versus relative frequency

is shown in Fig. 9. Local misorientation is associated

with a misorientation less than 5� in this study. As

seen in Fig. 9, the relative frequency of low local

misorientation values (less than 0.5�) is highest in the

undeformed specimens, while higher local misori-

entation values are more pronounced in the

deformed specimens. In addition, with the increase in

deformation, the peaks of the distribution of GBE and

non-GBE specimens shift to the right gradually and

the peak values of curves appear at 0.45�, 0.55�, 0.75�,
1.35�, which indicated higher misorientation angle

with increasing strain. By comparing the relative

frequency at each deformation, it can be seen that

local misorientation peak values of GBE specimens

are lower than those of non-GBE specimens. This

indicates that the strain distribution in the GBE

specimen is more uniform. On the other hand,

interestingly, in Fig. 9 the peak value differences

between GBE and non-GBE specimens with the same

deformation amount gradually decrease with

increasing deformation,which indicates the local

strain differences decrease. Sinha et al. [35] found

that strain builds up from grain boundaries. At

higher deformation, the strain spreads toward the

interior of grains, which corresponds to the devel-

opment of intragranular misorientation [35]. There-

fore, the local strain differences between GBE and

non-GBE specimens are significant at relative small

deformation. In contrast, the strain spreads to grain

interior as the material undergoes larger plastic

deformation, leading to smaller local strain

differences.

Figure 10 shows that the Vickers hardness tends to

be lower for the GBE specimens than that for the non-

GBE specimens in the cases of 5 and 10% tensile

deformations. This is mainly because the GBE speci-

men has relatively high proportion of low-RCSL GBs

resulting in a more homogeneous strain distribution.

Lu et al. [37] found that the existence of large num-

bers of nanoscale twins may contribute to an increase

Table 3 Average Schmid factor of the GBE and non-GBE
specimens under different deformation conditions

Strain (%) Average Schmid factor m

GBE non-GBE

0 0.453 0.445
5 0.444 0.437
10 0.437 0.431
20 0.427 0.421

(a)

(b)

Figure 12 Distribution of the absolute values of Schmid factor
mismatch (Dm) between the grains on both sides of a R3 twin
GBs and b random GBs.
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Figure 13 Taylor factor map of GBE and non-GBE specimens after different tensile deformations. a GBE-0, b non-GBE-0, c GBE-5%,
d non-GBE-5%, e GBE-10%, f non-GBE-10%, g GBE-20%, h non-GBE-20%.
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in the strength as well as to an improvement in the

ductility of material. In nanocrystalline materials,

nanoscale twin boundaries provide critical energy

barriers, preventing slip transits from one twin to

another, therefore leading to high strength. On the

other hand, nanoscale twin boundaries have great

capacity to accommodate dislocations, which favors

to sustain ductility [37, 38]. However, in the GBE

specimen with much larger grain size which are

normally on the order of several tens micron, the R3
twin boundaries have a weak interaction with dislo-

cation, attributing to intrinsically high boundary

cohesion associated with low energy [39]. In situ TEM

straining also showed that screw dislocations can

directly transmit through a coherent R3 boundary

when the slip planes on either side of the boundary

are exactly aligned and the Burgers vector of the

dislocation is fully preserved during the transmission

[40]. Therefore, it can be deduced that pilling up of

dislocations at random GBs is more pronounced than

that at R3 twin boundaries under the condition of

small amount of deformation. Figure 10 also shows

that the hardness values of both specimens are almost

equivalent in the case of 20% tensile deformation.

Almost all of the special structure boundaries lost the

original ‘‘speciality’’ under the condition of 20% ten-

sile deformation. In this case, a high density of dis-

locations is accumulated in both of the specimens

leading to a similar hardness.

Schmid factor maps for GBE and non-GBE speci-

mens after different tensile deformations are shown

in Fig. 11. The Schmid factor (m) is calculated for the

orientation at each point and the date displayed as a

color in the map. As shown in Fig. 11, with the

increase in deformation the areas of green (0.32–0.36)

and blue (0.36–0.41) increase gradually, indicating

that the values of m decrease in most of the grains.

The Schmid factor gives an indication of how easy

it is for slip to occur for a particular slip system in

single-crystal materials. Therefore, the concept of

average Schmid factor (m) is proposed, which can

characterize the difficulty of slip for the plastic

deformation of polycrystalline materials. In addition,

Cui et al. [41] found that m can measure the elonga-

tion to failure of Mg–Zn–Y alloy. The higher value of

m, the easier the slip, leads to the better plasticity. The

formula of m is as follows:

m ¼
X

i

1

2
mMin þmMaxð Þ � fi ¼

1

2

X

i

mMin þmMaxð Þ � fi

ð1Þ

where i stands for the number of intervals divided by

the values of m;mMin and mMax indicate the minimum

and maximum values of m, respectively; fi represents

proportion of each interval; 1
2 is the size of each

interval which is calculated by using the average

value of mMin and mMax. The calculated m of GBE and

non-GBE specimens after different deformations

according to Fig. 11 and Eq. (1), are shown in Table 3.

Comparison of the m, Table 3, shows evidence that

the values of m in GBE specimens are higher than

those of non-GBE specimens. Therefore, this obser-

vation would tend to suggest that the slip of GBE

specimens is easier to carry out.

The absolute values of Schmid factor mismatch

(Dm) between the grains on both sides of GBs are

analyzed for a large number of GBs including 105

random GBs and 202 R3 twin GBs. As shown in

Fig. 12a, b, it can be seen that the distribution of the

Dm for the R3 twin GBs is obviously different from

that of the random GBs. The Dm values for the R3
twin GBs are mainly in the range of 0\Dm\ 0.02,

whereas random GBs have larger values of the

Dm. Fukuya et al. [42] found that local high stress

field occurred more frequently at the GBs where the

difference in Schmid factor was larger between two

adjacent grains. Therefore, it can be deduced that the

grains on both sides of the random GBs have more

obvious deformation incompatibility. Dislocation

motion or deformation spread can be impeded when

Figure 14 Distribution of Taylor factor for the GBE and non-
GBE specimens under different deformation conditions.
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random GBs are encountered, which leads to stress

concentration. The transmission of dislocations across

the R3 twin boundaries is easier due to the better

deformation compatibility between the adjacent twin

grains. So the GBE specimen with high proportion of

R3 twin boundaries has a more homogenous strain

distribution and hence a higher uniform elongation

and a lower hardness compared to the non-GBE

specimen.

The Taylor factor (M) is also calculated in order to

show the plastic deformation capacity of the GBE

and non-GBE specimens as shown in Fig. 13. In

Figure 15 Fracture surfaces
of a, c, e, g GBE specimens
and b, d, f, h non-GBE
specimens at the strain rates of
a, b 4 9 10-2 s-1, c,
d 4 9 10-3 s-1, e,
f 4 9 10-4 s-1, g,
h 4 9 10-5 s-1.
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general, a higher value of Taylor factor indicates that

macroscopic deformation requires larger slip shear

strain and stress. Therefore, if a grain has a low Taylor

factor, its deformation proceeds easier. Figure 13

shows that most of the grains of the GBE specimen

have lower Taylor factor (yellow), while most of grains

in the non-GBE specimen have higher Taylor factor

values (red). Hence, the GBE specimen is initially

softer. This can also be seen from the distribution of

Taylor factors (Fig. 14): A higher relative frequency

appears at low Taylor factor values (M\ 3) for the

GBE specimen, whereas the frequency of high value of

Taylor factor (M[ 3) is higher in the non-GBE speci-

men under all of the plastic deformation conditions.

Fractographs

Figure 15 shows the micro-appearances of the fibrous

zones in the fractures of GBE and non-GBE specimens

with different strain rates. The fracture surface mor-

phologies indicate ductile fracture by the mechanisms

of void nucleation. As shown in Fig. 15, the frac-

tographs of the two specimens reveal dimpled rupture

at all strain rates. The SEM micrographs in Fig. 15a–d

show non-uniformly distributed dimples at the fibrous

zones of the specimens which were tensile ruptured at

relative high strain rates (4 9 10-2 and 4 9 10-3 s-1).

In contrast, for the specimens ruptured at lower strain

rates (4 9 10-4 and 4 9 10-5 s-1), the fractures have

many smaller equiaxial dimples, as shown in Fig. 15e–

h. The non-uniformly distributed dimples of the two

specimens are due to the accelerated growth rate of

micropores and cracks in the condition of high strain

rate, resulting in higher fracture velocity. In addition,

the dimples in GBE specimens are larger and deeper

as compared to the non-GBE specimens. The phe-

nomenon can be easily found in all conditions, espe-

cially at low strain rates. It has been reported [43] that

the large and deep dimple structure corresponds to

great plastic deformation ability and high fracture

toughness. Therefore, the distribution of dimples also

indicates improvement of plasticity by GBE

processing.

Conclusions

The present investigation is aimed at applying GBE

processing to 316L austenitic stainless steel and

evaluating the associated mechanical properties. The

different thermomechanical processings (TMPs) were

carried out to attain GBE and non-GBE specimens

with a similar average grain size. The mechanical

properties were evaluated by tensile tests at different

strain rates, and the microstructures were character-

ized with SEM and EBSD to show the effects of

GBCD on the deformation behaviors. Based on the

results and observations presented in this study, the

following conclusions can be reached:

1. Enhancing the proportion of low-RCSL GBs for

GBE of 316LSS can be accomplished via 7%

tensile deformation followed by annealing at

1050 �C for 30 min, and simultaneously the large

size highly twinned grain cluster microstructure

is formed.

2. The GBE specimens display increased uniform

elongation during tensile tests at room tempera-

ture, and the differences in uniform elongations

between the GBE and non-GBE specimens

(UEGBE - UEnon-GBE) increase with the decreas-

ing of strain rate.

3. The GBE specimen with high proportion of R3
twin boundaries has a more homogenous strain

distribution during deformation as indicated by

the local misorientation, Schmid factor and Tay-

lor factor analysis.
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[43] Gärtner F, Stoltenhoff T, Voyer J (2006) Mechanical prop-

erties of cold-sprayed and thermally sprayed copper coat-

ings. Surf Coat Technol 200(24):6770–6782

2858 J Mater Sci (2018) 53:2844–2858


	The effect of grain boundary character distribution on the mechanical properties at different strain rates of a 316L stainless steel
	Abstract
	Introduction
	Experimental procedure
	Material and experimental method
	Characterization methods

	Results and discussion
	Microstructure and grain boundary character distribution
	Mechanical properties
	Local misorientation and Schmid factor
	Fractographs

	Conclusions
	Acknowledgements
	References




