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a b s t r a c t 

The high-temperature deformation process of the recrystallized 16CrODS ferritic steel was investigated at 

10 0 0 °C for the stress loading perpendicular to the elongated grain structure. The strain rate was varied 

in the range from 1.0 × 10 −2 to 1.0 × 10 −5 s −1 . At the strain rate over 1.0 × 10 −4 s −1 , deformation is dom- 

inated by the conventional dislocation creep. Decreasing strain rate from 1.0 × 10 −4 s −1 , grain boundary 

sliding becomes prominent. Accommodation process for the localized stress induced by grain boundary 

sliding could be dislocation creep at 1.0 × 10 −4 s −1 , and by diffusional creep at 1.0 × 10 −5 s −1 or less. These 

were verified through the observation of void formation and localized strain accumulation by KAM map. 

© 2016 Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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1. Introduction 

Oxide dispersion strengthened (ODS) ferritic steels are expected

as the candidate materials for the advanced fusion blanket as well

as Generation IV fast reactors claddings [1–3] , since they have su-

perior high-temperature strength and radiation resistance. Their

high-temperature mechanical properties have been mainly evalu-

ated up to around 800 °C, corresponding to the steady state oper-

ational condition. However, the temperature of the reactor mate-

rials may occasionally rise beyond steady state condition, and an

understanding of the deformation mechanism at such higher tem-

perature is substantially limited. In general, grain boundary sliding

(GBS) becomes more prominent at the elevated temperatures, and

accommodation process for the stress induced by GBS could be af-

fected by the strain rate [4] . In this study, deformation process of

the ODS ferritic steels was investigated at 10 0 0 °C, varying with

strain rates. 
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. Material and methods 

16CrODS ferritic steel was produced by mechanical alloying. The

e-base atomized master powder containing Cr, Al and Ti were

echanically alloyed (MAed) together with Y 2 O 3 powder for 48 h

y attrition type ball mill under argon atmosphere. MAed pow-

ers were consolidated by hot-extrusion at 1150 ◦C, then annealed

t 1150 °C for 1 h. The hot-extruded bar was cold-rolled with 85%

eduction in parallel to the hot-extruded direction, and followed

y annealing at 900 °C to make recrystallized grain structure. Yt-

ria was forcibly decomposed during MA, and was finely dispersed

s Y 2 O 3 particles by internal oxidation at the hot-extrusion pro-

ess. The final chemical composition is Fe–16.73Cr–6.28Al–0.49Ti–

.033C–0.47Y 2 O 3 –0.12Ex.O (wt%), which is result of chemical anal-

ses. The tensile specimens were prepared in a gauge length of

 mm, width of 1.2 mm, thickness of 0.5 mm, along with a direc-

ion perpendicular to the cold-rolled and elongated grain struc-

ure. Tensile test was carried out at 10 0 0 °C under argon gas at-

osphere. The strain rate ranges 1 × 10 −5 –1 × 10 −2 s −1 . After ten-

ile test, grain structure was observed by SEM/EBSD. Kernel Aver-

ge Misorientarion (KAM) was analyzed with its step size of 1 μm

o estimate a strain accumulated inside grain interior and grain
oundaries. 
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Fig. 1. Engineering stress–strain curves at 10 0 0 °C and four levels of strain rates; 

1.0 × 10 −2 , 1.0 × 10 −3 , 1.0 × 10 −4 , 1.0 × 10 −5 s −1 . 

Fig. 2. Double logarithm plots of strain rate versus stress: n for creep exponent at 

10 0 0 °C. 
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. Results 

.1. Tensile tests 

Fig. 1 shows the engineering stress–strain curves obtained by

he tensile tests. The ultimate tensile stress (UTS) decreases with

ecreasing the strain rate from 10 −2 to 10 −5 s −1 . Total elongations

re almost constant around 10%. Fig. 2 represents a double log-

rithm plot of stress–strain rate. The relation between stress σ
nd strain rate ˙ ε is described by ˙ ε = A σ n , where n is stress ex-

onent. The plot can be divided into two regions. The stress expo-

ent ( n ) is 6 at the strain rate of 1 × 10 −2 –1 × 10 −4 s −1 , suggesting

hat the dominant deformation mode is dislocation creep. Decreas-

ng strain rate to 1 × 10 −5 from 1 × 10 −4 s −1 , n -value gradually de-

reases to 3 or less. It is well known that the deformation mode by

BS takes n = 2 [4] ; therefore, rate-limiting process at strain rate of

 × 10 −5 s −1 or less could be attributed to the GBS. 

.2. Microstructural observation 

Fig. 3 shows SEM images of tensile specimens after tensile tests.

auge parts of the tensile specimens, where stress was loaded,

ontain small voids, whereas shoulder parts of tensile specimens

ithout loading contain no void. This means that voids were

ormed during deformation. It is obvious that void size becomes

arger as the stain rate decreases; i.e. the voids size is around 3–
 μm at the strain rate of 1 × 10 −3 –1 × 10 −4 s −1 , and it increases to

round 10 μm at 1 × 10 −5 s −1 . 

Fig. 4 compares KAM maps of shoulder and gauge parts after

ensile test at the strain rate of 1 × 10 −3 , 1 × 10 −4 and 1 × 10 −5 s −1 .

t the strain rate of 1 × 10 −3 s −1 , shown in Fig. 4 (a) and (b), gauge

art has stronger KAM contrast by 0.23 degree than shoulder part.

t the strain rate of 1 × 10 −4 s −1 , as shown in Fig. 4 (c) and (d),

auge part has KAM value of 0.15 degree higher than shoulder

art. These contrasts are the result of intra-grain deformation by

islocation gliding, suggesting that deformation at 1 × 10 −3 and

 ×10 −4 s −1 is dominated by the dislocation creep mode. On the

ontrary, from Fig. 4 (e), (f) KAM value of gauge part is only 0.02

egree higher than shoulder part at the strain rate of 1 × 10 −5 s −1 .

herefore, dislocation creep is not dominant at 1 × 10 −5 s −1 . The

agnified views of specimen at 1 × 10 −5 s −1 is represented in

ig. 5 , where voids are located at grain boundaries and strong KAM

ontrast is localized at near voids, which implies that stress con-

entration induced by GBS gives vacancy diffusional flow, and leads

o the void formation. 

Fig. 6 shows the double logarithm plots with area ratio of void

nd KAM value versus strain rate. Area ratio of void could be re-

ulted from the accumulation of the vacancies to relax the stress

oncentration, and KAM value corresponds to the amount of stress

oncentration. At lower strain rate of 1 × 10 −5 s −1 , KAM value is es-

ecially low and area ratio of voids is high. This trend is evidence

f the deformation mode induced by GBS and vacancy flow as the

ccommodation process. 

. Discussion 

Mass transfer via vacancy diffusional flow [4-6] and disloca-

ion movement [7] are considered as the relaxation processes for

he stress concentration induced by GBS. At the strain rate of

.0 × 10 −4 s −1 , relatively strong KAM contrast is generated, but it

s weaker than that of 1.0 × 10 −3 s −1 where the deformation pro-

eeds through the typical dislocation creep mode because of the

tress exponent, n , is equal to 6.0, as indicated in Fig. 4 . In addi-

ion, void is hardly observed in the case of 1.0 × 10 −4 s −1 . There-

ore, the dominant deformation mode at 1.0 × 10 −4 s −1 is consid-

red to be attributed to GBS and dislocation creep as the accom-

odation process to relieve the stress concentration. Masuda et al.

8] have recently proposed the core–mantle deformation model at

his strain rate of 1.0 × 10 −4 s −1 based on Gifkins work [9] . They

ave observed the regions with much higher dislocation densities

n narrow areas near the grain boundaries (mantles) than the grain

nteriors (cores). The low-angle boundaries have been also found to

merge at the core–mantle boundaries via sloping of dislocations

ithin the mantle region. 

At decreasing strain rate of 1.0 × 10 −5 s −1 , KAM contrast be-

omes weaker and there are many voids at the grain boundaries

s shown in Figs. 4 and 5 . Grain switching event and grain bound-

ry sliding have been previously observed at the similar strain rate

ondition [10–12] . These results suggest that vacancy diffusion be-

omes more active at around grain boundaries. Based on above re-

ults, the high temperature deformation of ODS ferritic steels is

onsidered to proceed in a following process at slow strain rate of

ess than 1.0 × 10 −5 s −1 and at around 10 0 0 °C. At first, GBS occurs,

ut it cannot continue by a restriction from the adjacent grains,

here the stress is locally concentrated. The stress gradient pro-

uces a gradient of vacancy concentration, and thus vacancy flow

nduces diffusional creep, according to the Nabarro–Hering model

13] or grain boundary diffusion by the Coble model [14] . As a re-

ult of vacancy flows and concomitant void formation, a mismatch

f grain boundaries is accommodated and the stress concentration

an be relieved; consequently deformation continues through GBS

nd diffusional creep. 



340 R. Kamikawa et al. / Nuclear Materials and Energy 9 (2016) 338–341 

Fig. 3. SEM images of tensile specimens: 1.0 × 10 −3 s −1 at (a) shoulder part (b) gauge part, 1.0 × 10 −4 s −1 at (c) shoulder part (d) gauge part, and 1.0 × 10 −5 s −1 at (e) shoulder 

part (f) gauge part. 

Fig. 4. KAM maps after tensile test: strain rate of 1.0 × 10 −3 s −1 at (a) shoulder part (b) gauge part, 1.0 × 10 −4 s −1 at (c) shoulder part (d) gauge part, 1.0 × 10 −5 s −1 at (e) 

shoulder part (f) gauge part. (b) and (d) have strong KAM contrast, but (f) shows weak KAM contrast. 
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Fig. 5. Magnified views of Fig. 4 (f); voids are accumulated at grain boundaries, strong KAM contrast is located near voids. 

Fig. 6. Double logarithm plots for area ratio of void and KAM value versus strain 

rate. 
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. Conclusion 

The high-temperature deformation process of the recrystal-

ized 16CrODS ferritic steel was investigated at 10 0 0 °C with vary-

ng strain rates. Tensile stress was loaded along direction per-

endicular to the elongated grain structure. At the strain rate of

.0 × 10 −4 s −1 , dominant deformation is attributed to GBS and dis-

ocation creep as the stress accommodation process. Decreasing

train rate to 1.0 × 10 −5 s −1 or less, stress accommodation pro-
ess could be changed to the diffusional creep, which was veri-

ed through the observation of void formation and localized strain

ccumulation. Conventional dislocation creep is attributed to the

eformation at the strain rate over 1.0 × 10 −4 s −1 . 
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