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ABSTRACT

Grain boundary engineering (GBE) based on the control of a low-angle grain

boundary (LAGB) network was investigated to improve the fatigue property in

430 ferritic stainless steel. The development of a subboundary structure during

annealing in a specimen that was cold rolled at a high reduction ratio was

evaluated quantitatively by electron backscatter diffraction measurements. The

fine subgrain structure with a high fraction of LAGBs (FL = 54%) was produced

with the formation of a sharp {100} and {111} texture by cold rolling to 95% with

subsequent annealing at 973 K for 600 s. The LAGBs interconnected to form

networks in the GBEed specimen. The kernel average misorientation maps

suggest that the dislocation density within the LAGB network was higher than

that in the recrystallized grains, particularly near the LAGBs. The high-cycle

fatigue property in specimens with different magnitudes of LAGB networks was

compared with that in the annealed commercial 430 stainless steel. The kernel

average misorientation maps for the post-fatigued GBEed specimen reveal that

the dislocation density decreased during cyclic deformation, whereas the fine-

grained structure and high fraction of LAGBs were maintained. It was con-

cluded that the grain refinement and introduction of a high fraction of LAGBs

can achieve a higher fatigue strength and longer fatigue life for 430 stainless

steel.
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Introduction

Ferritic stainless steels have been applied widely as

structural materials which required a high corrosion

and oxidation resistance, such as in automobile

exhaust system parts. Although ferritic stainless

steels show a lower corrosion and oxidation resis-

tance than austenitic stainless steels, they provide

cost advantages and a low thermal expansion

coefficient.

The fatigue fracture of materials dominates the

structural component lifetime. The control of fatigue

fracture in structural components is important to

prevent accidents and reduces the environmental

burden. Fatigue fracture in 430 ferritic stainless steel

is affected by grain boundaries with a specific char-

acter [1, 2]. Fatigue cracks nucleate preferentially at

random boundaries, whereas cracks never nucleate at

low-angle grain boundaries (LAGBs) [1]. The propa-

gation rate of fatigue cracks decreases when the crack

passes across grain boundaries irrespective of the

grain boundary character; however, the crack prop-

agation rate is accelerated when cracks propagate

along random boundaries [2]. These results suggest

that the introduction of a fine-grained structure with

a high fraction of LAGBs helps to improve the high-

cycle fatigue property in 430 stainless steel.

Many research groups have studied the precise

introduction of a high fraction of R3 boundaries in

face-centered cubic (fcc) metallic materials with a low

stacking fault energy, as related to multiple twinning

by annealing [3–9]. In twinning-related grain

boundary engineering (GBE), the fraction of anneal-

ing twin boundaries, namely {111}/R3 coincidence

site lattice (CSL) boundaries, is increased by cold

rolling at a low reduction ratio and with subsequent

high-temperature annealing. The control of inter-

granular degradation phenomena, such as inter-

granular corrosion [10–14], intergranular stress

corrosion cracking [15–21], grain boundary segrega-

tion embrittlement [22–24] and fatigue cracking

[25–28], has been achieved by twinning-related GBE.

Recently, the more precise thermomechanical pro-

cessing of the GBE was investigated by topological

and geometrical approaches, such as by an evaluation

of grain boundary plane distribution [29–32], perco-

lation of grain boundary connectivity [12, 13, 33–35]

and fractal analysis of grain boundary connectivity

[36, 37], although the GBE has been achieved tradi-

tionally by controlling the grain boundary character

distribution (GBCD) [38–40]. We demonstrated that

intergranular corrosion in SUS316L austenitic stain-

less steel was controlled when specimens had a lower

fractal dimension of random boundary network with

a maximum connectivity in the specimen, namely

maximum random boundary connectivity (MRBC)

[37].

The GBE process for body-centered cubic (bcc)

materials has not been established, although some

successful achievements on GB microstructure con-

trol have been reported for bcc materials that were

produced by special processing [41–45]. Watanabe

et al. [41, 42] investigated experimentally the rela-

tionship between the GBCD and texture type in Fe–

6.5 mass% Si polycrystalline ribbons that were pro-

duced by rapid solidification and subsequent

annealing. They revealed that CSL boundaries with

specific R-values occurred preferentially depending

on the texture type and sharpness [41, 42]. We found

that a high fraction of LAGBs was introduced within

the oriented grain clusters, namely the local texture in

molybdenum polycrystals that was produced by

uniaxial compression and subsequent annealing from

single crystals with different initial orientations

[43, 44]. The fraction of LAGBs in the individual

oriented grain cluster depended on their surface

orientation. The highest fraction of LAGBs occurred

in the {001}-oriented grain cluster. Although a few

studies have achieved GBE for bcc materials

[39, 46, 47], the effectiveness of GBE for controlling

the intergranular degradation phenomena should be

demonstrated for many bcc materials.

We evaluated quantitatively the development of a

subboundary network, namely a LAGB network

during annealing after cold rolling at a high reduc-

tion ratio. We aimed to obtain an indication of the

grain boundary microstructure control consisting of a

fine-grained structure with a high fraction of LAGBs

in the 430 ferritic stainless steel. The fatigue property

of the 430 stainless steel specimens with different

magnitudes of the LAGB network was investigated

compared with that in the specimen that was pro-

duced by annealing of commercial hot-rolled 430

stainless steel.
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Experimental procedure

Specimen preparation

Commercial hot-rolled 430 stainless steel sheet with

25 mm thick was subjected to annealing in air at

1273 K for 64.8 ks (18 h) and subsequent cooling. The

annealed 430 stainless steel sheet was cold rolled to

95% in a reduction ratio. The cold-rolled specimens

were annealed at 973 K, 993 K, 1023 K, 1073 K and

1123 K for 600 s in a vacuum to prevent the forma-

tion of a thick oxidation scale on the specimen surface

and then cooled in air.

Specimens for high-cycle fatigue tests were cut

from the thermomechanically processed sheet using a

spark machine. Figure 1 shows the fatigue specimen

shape and dimensions with 10 mm length, 4 mm

width and 1.2 mm thickness. The specimen surface

was polished mechanically by using emery papers of

320–1500 grade and diamond powder slurry of

0.5 lm in particle size. Thereafter, the surface of the

fatigue specimen was polished electrolytically in an

electrolytic solution of 23 vol% perchloric acid and 77

vol% acetic acid at a current density of 2.2 mA/mm2

at 277 K for 20 s.

Evaluation of grain structure and grain
boundary microstructure

An X-ray diffractometer (Rigaku RINT 2000) with

monochromatic Cu-Ka radiation was used to char-

acterize the orientation distribution in the cold-rolled

430 stainless steel specimen. X-ray diffraction (XRD)

measurements (30� B 2h B 100�) were carried out at

a scanning step of 0.02� at an accelerating voltage of

40 kV and a filament current of 100 mA, with a 1 mm

collimator slit.

Scanning electron microscopy (SEM)/electron

backscatter diffraction (EBSD) measurements were

used to evaluate the grain boundary microstructure

in the annealed specimens quantitatively. The SEM/

EBSD measurements were conducted on a FEG-SEM

(HITACHI SU-5000) equipped with a TSL’s orienta-

tion imaging microscopy (OIM) system. The electron

beam was scanned with a 0.2–1.0 lm step size at an

accelerated voltage of 20 kV and an emission current

of 10 lA on a specimen surface. The grain size dis-

tribution, grain orientation distribution, kernel aver-

age misorientation (KAM) and GBCD in the annealed

specimens were determined based on EBSD data. The

KAM indicates an average value of misorientation

between one measured point and all adjacent mea-

sured points. Recent studies have reported that the

KAM reflects the plastic strain that results from the

geometrically necessary dislocation density [48–50].

The grain boundaries with 3 B R B 29 were defined

as low-R CSL boundaries, according to previous

reports [36–40, 51]. Although the CSL boundaries are

not characterized fully by the R-value (misorientation

angle), experimental evidence has indicated that the

CSL boundaries with a R-value B R29 exhibit a

higher resistance to intergranular fatigue fracture and

grain boundary degradation than random bound-

aries. The LAGBs (R1 boundaries) were distinctively

evaluated from the other low-R CSL boundaries,

because we focus on the LAGBs in this study. The

GBCD was evaluated from the length fraction for

different grain boundary types in individual 430

stainless steel specimens. The magnitude of the

LAGB network was evaluated from the total LAGB

length per unit area.

High-cycle fatigue tests

High-cycle fatigue tests on the 430 stainless steel

specimens were carried out by using a servo-hy-

draulic machine (Shimadzu, Servopulser EHF-

FB10kN-10L) in air at room temperature. The loading

direction was kept parallel to the specimen rolling

direction. A sinusoidal stress that ranged from

190 MPa to 310 MPa in stress amplitude was applied

at a stress ratio of 0.1 and at a frequency of 10 Hz. The

range of stress amplitude was smaller than the yield

stress of the pre-fatigued specimens and fell into the

high-cycle fatigue category.

Figure 1 Fatigue specimen shape and dimensions.
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Results and discussion

Microstructure in initial annealed specimen
and cold-rolled specimen

Figure 2 shows the inverse pole figure (IPF) map and

grain boundary (GB) map for the initial 430 stainless

steel specimen before cold rolling. Hereafter, this

specimen is referred to as the base material (BM)

specimen. In the IPF map, the surface orientation of

individual grains is shown by distinct colors that

correspond to those in the stereo triangle on the right-

hand side of the IPF map. The BM specimen had an

average grain size of 38 lm, and its surface was

weakly oriented to {100}. In the GB map, the grain

boundary types are shown by different colors that

correspond to those in the color bars on the right of

the GB map. The fractions of LAGBs, low-R CSL

boundaries and random boundaries in the BM spec-

imen were 5%, 6% and 89%, respectively.

Figure 3 shows the XRD profile of the specimen

that was cold rolled at a 95% reduction ratio. The

specimen surface was sharply oriented to {100} and

weakly oriented to {211}, compared with the XRD

profile of Fe standard powders. The cold-rolled

specimen was kept at 473 K for 200 h to observe the

cold-rolled structure in more detail by FEG-SEM/

EBSD/OIM analysis. Figure 4 shows the IPF map

with the IPFs and the KAM map of the cold-rolled

specimen kept at 473 K. Annealing at 473 K for 200 h

resulted in a decrease in dislocation density where

the EBSD patterns that could be analyzed were

obtained. Figure 4 shows that the grains were elon-

gated in the rolling direction and their surface was

sharply oriented to {100}. The surface orientation of

the elongated {100}-oriented grains changed

Figure 2 IPF and GB maps for initial 430 stainless steel

specimen before cold rolling (BM specimen).

Figure 3 XRD profile of specimen subjected to cold rolling at

95% strain.

Figure 4 IPF map with IPF and KAM map of cold-rolled

specimen kept at 473 K for 200 h.
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gradually into {112} near the grain boundaries

between the adjoining elongated grains. The KAM

map revealed that the elongated {100}-oriented grains

maintained a high dislocation density that was

introduced by the cold rolling. The areas near the

grain boundary between adjacent elongated grains

were in a highly strained structure. In general, the

{100} plane is one of the final stable orientations of

cold rolling in bcc metallic materials, as well as the

{111} plane [52–54]. The orientation distribution

spread from {112} to {100} is reasonable if we consider

the crystal rotation in bcc materials by cold rolling.

The surface orientation of 430 ferritic stainless steel

can be controlled by the high reduction ratio of cold

rolling.

Evolution of grain boundary microstructure
by cold rolling and subsequent annealing

Figure 5 shows IPF maps of the 430 stainless steel

specimens that were produced by cold rolling of 95%

in a reduction ratio and subsequent annealing at

973–1123 K for 600 s. Although the average grain size

increased with an increase in annealing temperature,

all specimens possessed a fine-grained structure from

1.4 to 6.7 lm in average grain size. The specimens

that were annealed at less than 993 K were composed

mainly of {100}- and {111}-oriented grains. It appears

that the {100}-oriented grains were finer than those

with the other surface orientations. The orientation

distribution of the specimen surface changed to a

random distribution with grain growth.

Figure 5a, b shows that the {111}-oriented grains

nucleated preferentially, grew near the {100}-oriented

grains and formed a {111} recrystallization texture.

The {111} recrystallized grains most likely nucleated

at grain boundaries between the elongated {100}-ori-

ented grains in the cold-rolled specimen, because the

{111}-oriented grains were observed along the {100}-

oriented grain clusters in Fig. 5a. The preferential

nucleation and growth of the {111}-oriented recrys-

tallized grains from the {100} cold-rolled texture have

been observed also in molybdenum with a bcc

structure, which was produced by uniaxial com-

pressive deformation and subsequent annealing

[43, 44].

Figure 6 shows the KAM maps of the annealed

specimens. The observed areas in these KAM maps

Figure 5 IPF maps of

specimens produced by cold

rolling of 95% in reduction

ratio and subsequent annealing

at 973–1123 K for 600 s.

J Mater Sci (2020) 55:9273–9285 9277



correspond to the areas in the IPF maps in Fig. 5. The

colors that were applied to the KAM values corre-

spond to the KAM color codes on the right of Fig. 6.

The highly strained areas were distributed in speci-

mens that were annealed at 973 K and 993 K. These

strained areas were composed of {100}-oriented

grains and contained a high fraction of LAGBs, as

shown in Fig. 5. These results suggest that the {100}-

oriented grains were subgrains that developed within

the {100} rolling texture. Specimens that were

annealed above 1023 K had a fully recrystallized

structure despite the short annealing time, because

they contained no strained areas.

Figure 7 shows the grain size distribution in the

specimens that were annealed at different tempera-

tures after cold rolling. For specimens that were

annealed at 973 K and 993 K, the grain size distri-

butions for the subgrains and recrystallized grains

were evaluated individually from data that were

obtained from more than 300 grains in each speci-

men. In the specimen that was annealed at 973 K for

600 s, the average grain sizes of the subgrains and the

recrystallized grains were 1.2 lm and 1.5 lm,

respectively. The grain size distribution of the

recrystallized grains was kept in a similar range to

that of the subgrains. The subgrain size distribution

hardly changed with annealing, even at 993 K. The

subgrain structure disappeared in the specimens that

were annealed above 1023 K. The grain size distri-

bution suggests that the recrystallized grains showed

normal grain growth behavior for all annealing

conditions.

Figure 8 shows the GB maps with GBCD and

magnitude of the LAGB network for the specimens

that were annealed at different temperatures after

cold rolling. The specimen with high LAGB fraction

of 54% was produced by cold rolling to 95% and

subsequent annealing at 973 K for 600 s. Here, the

magnitude of the LAGB network in this specimen

was qL = 1335 mm/mm2. Although the introduction

of a high fraction of CSL boundaries with specific R-
values was expected by the formation of a sharp {100}

and {111} texture as shown by the experimental

[41, 42, 55] and theoretical [56–60] studies, the total

fraction of low-R (3 B R B 29) CSL boundaries was

6%. These LAGBs occurred in the {100}-oriented

subgrain structure and in the {111} recrystallization

texture. Although the specimen that was annealed at

1023 K for 600 s possessed a reasonably high fraction

of LAGBs of 16%, the fraction of LAGBs in the fully

annealed specimens decreased with an increase in

annealing temperature.

Figure 6 KAM maps of

specimens produced by cold

rolling of 95% in reduction

ratio and subsequent annealing

at 973–1123 K for 600 s.
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Figure 7 Grain size distribution in specimens produced by cold rolling of 95% in reduction ratio and subsequent annealing at

973–1123 K for 600 s.

Figure 8 GB maps of 430

stainless steel specimens

produced by cold rolling of

95% in reduction ratio and

subsequent annealing at

973–1123 K for 600 s.
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Figure 9 shows the relationship between the mag-

nitude of the LAGB network and the fraction of

LAGBs. The values of the magnitude of the LAGB

network qL increased in a quadratic function with

increasing fraction of LAGBs regardless of whether a

subgrain or recrystallized structure.

Effect of LAGB-induced GBE on high-cycle
fatigue property in 430 stainless steel

To reveal the effectiveness of the LAGB-induced GBE

on the improvement in a high-cycle fatigue property

in 430 stainless steel, the high-cycle fatigue property

of the specimens with different magnitudes of LAGB

networks was compared with the BM specimen with

a conventional grain boundary microstructure. The

subgrain-structured specimen which possessed a

magnitude of LAGB network of 1335 mm/mm2, an

average grain size of 1.4 lm and a total fraction of

LAGBs and low-R CSL boundaries of 60% was des-

ignated as a Type A specimen. The fully recrystal-

lized specimen which possessed a magnitude of

LAGB network of 150 mm/mm2, an average grain

size of 2.5 lm and a total fraction of LAGBs and low-

R CSL boundaries of 28% was designated as a Type B

specimen. Here, low-R CSL boundaries were evalu-

ated with LAGBs, because low-R CSL boundaries

show a higher resistance to fatigue crack nucleation

and propagation than random boundaries [1, 2].

Figure 10a shows the relationship between the

stress amplitude and the number of cycles to fracture,

namely the S–N curves for the Type A, Type B and

BM specimens. The estimated fatigue limits of the

Type A, Type B and BM specimens were 270 MPa,

185 MPa and 157 MPa, respectively. The Type A

specimen with the largest magnitude of LAGB net-

work (the highest total fraction of low-angle and low-

R CSL boundaries) showed the highest fatigue limit

of all the specimens. Although the effect of average

grain size on the fatigue properties may have not

been fully negligible, it has been reported that the

fatigue property was influenced less by the average

grain size in the materials with a conventional grain

structure [61, 62]. The relationship between the stress

amplitude that was normalized by the ultimate ten-

sile strength (UTS) and the number of cycles to

fracture is shown in Fig. 10b, because the fatigue

limit generally increases with an increase in UTS of

materials. The UTSs of the Type A, Type B and BM

specimens were 753 MPa, 562 MPa and 464 MPa,

respectively. The high tensile strength in the Type A

specimen was most likely caused by the fine-grained

structure and work hardening owing to residual

dislocations in the {100} subgrain structure. The fati-

gue life at a high stress amplitude level of * 0.38

UTS was almost the same as that between the Type A

and Type B specimens. However, the fatigue strength

in the Type A specimen became significantly higherFigure 9 Relationship between magnitude of LAGB network and

fraction of LAGBs.

Figure 10 a S–N curves and b relationship between stress

amplitude normalized by ultimate tensile strength and number of

cycles to fracture for GBEed and BM specimens.
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than that in the Type B specimen at the low stress

amplitude level below 0.36 UTS. Therefore, it can be

concluded that the LAGB-induced GBE was useful

for improving the high-cycle fatigue property in the

430 ferritic stainless steel.

Change in microstructure in LAGB-induced
GBEed specimen during high-cycle fatigue
test

The change in subgrain structure in the Type A

specimen during cyclic deformation was observed

because detrimental effects of the initial high dislo-

cation density on the fatigue property may be con-

sidered. Figure 11 shows the IPF, KAM and GB maps

of the specimen surface * 500 lm from the fracture

surface. The specimen was subjected to a cyclic

deformation at 279 MPa in stress amplitude and was

fractured at a cycle number of 434,099. The IPF map

showed that the specimen surface was oriented

strongly to {100} and {111}. The surface orientation

distribution was hardly changed by cyclic deforma-

tion. The post-fatigued specimen maintained an

average grain size of 1.4 lm, which is similar to the

pre-fatigued specimen. However, areas that were

composed of coarsened grains that were surrounded

by LAGBs formed in the post-fatigued specimen, as

shown by the area (i) in Fig. 11. These coarsened

grains reached 5–8 lm in grain size. The fine sub-

grain structure with an average grain size of * 1 lm

Figure 11 IPF, KAM and GB

maps of specimen surface

* 500 lm from fracture

surface in post-fatigued

specimen.
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was kept even in the post-fatigued specimen, as

shown in area (ii) of Fig. 11. The KAM map (Fig. 11b)

shows that the coarse subgrains were divided into

some fine subgrains by boundaries with a small

misorientation angle below 2�. Although the pre-fa-

tigued specimen included a high density of disloca-

tions in the subgrain interior (Fig. 6a), highly strained

areas were distributed only around LAGBs in the

post-fatigued specimen.

The GB map (Fig. 11c) reveals that the post-fa-

tigued specimen retained a high fraction of LAGBs

(57%) during cyclic deformation. As shown in

Fig. 12a, b, the misorientation distribution hardly

changed between the pre- and post-fatigued speci-

mens. The post-fatigued specimen included a high

fraction of LAGBs with a low misorientation angle

below 3�. These results suggest that dislocations in

the subgrain interior were not absorbed into LAGBs

but were combined and/or disappeared by their

interaction to form new LAGBs (subboundaries).

Grain coarsening in area (i) seemed to occur by the

disappearance of dislocations during cyclic

deformation. A decrease in dislocation density and

grain coarsening was observed in the area more than

350 lm from the fracture surface. Although the

microstructural changes were significant at the area

close to closer to the fracture surface, they resulted

mainly from plastic deformation at the final fracture

stage rather than from fatigue deformation. It is

possible that the strength decreased locally by grain

coarsening, and fracture occurred in areas that were

composed of coarsened grains.

This work shows that an introduction of a larger-

magnitude LAGB network (higher fraction of low-

angle boundaries and low-R CSL boundaries) resul-

ted in higher fatigue strength in the 430 ferritic

stainless steel, because of an inhibition of fatigue

crack nucleation and propagation by LAGBs.

Conclusions

GBE based on the control of LAGBs in 430 ferritic

stainless steel was investigated by thermomechanical

processing. The effectiveness of the LAGB-induced

GBE to improve the high-cycle fatigue property was

examined by using 430 stainless steel specimens with

different magnitudes of LAGB networks and GBCDs.

The main conclusions are as follows:

(1) A large LAGB network was formed within the

sharp {100} and {111} texture in the specimens

that were produced by 95% cold rolling and

subsequent annealing at 973 K for a short

treatment time of 600 s. LAGB network control

within the subgrain structure was one of the

possible processes for GBE in bcc metallic

materials.

(2) The specimen with a higher fraction of LAGBs

and a larger magnitude of LAGB network

showed a higher fatigue strength and longer

fatigue life. The LAGB-induced GBE can

improve the high-cycle fatigue property in 430

ferritic stainless steel.

(3) The average grain size, texture type, GBCD and

strain distribution in the pre-fatigued 430

stainless steel specimen hardly changed during

the fatigue test. However, areas that were

composed of coarsened grains were formed

by cyclic deformation. A possible fracture

mechanism was proposed based on the
Figure 12 Change in misorientation angle distribution between

pre- and post-fatigued specimens.
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observation results of grain coarsening in the

post-fatigued specimen.
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