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Microstrucural Evolution with Cold-Rolling and Annealing in Alloy MA956
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Takashi Hosoda, Kip O. Findley, and John G. Speer

Synopsis: The microstructural developments of MA956 plate in as-hot-rolled condition consisting of a layered and
inhomogeneous microstructure before and after cold-rolling and annealing were investigated using light optical
microscopy (LOM), Vickers hardness testing, and electron backscatter diffraction (EBSD). Locally introduced
misorientations by cold-rolling in each region were evaluated by Kernel Average Misorientation (KAM) maps.
The as-hot-rolled plate contained a layered and inhomogeneous microstructure consisting of thin elogated
grains, coarse elongated grains, and aggregation regions which consisted of fine grains and sub-grains with
{100} <011> texture parallel to the longitudinal direction. The microstructure of the cold-rolled plates contained
deformation bands (DB) and heavily deformed regions (HDR) where the deformation bands were intricately
tangled. The magnitudes of KAM angles varied through the thickness depending on the initial microstructures.
Recrystallization occurred in regions where high KAM angles were dense after annealing, and their nucleation
sites correspond to the aggregation regions, deformation bands, and heavily deformed regions. The shape and
size of the recrystallized grains varied depending on the feature of each nucleation site.

Key words: ODS; MA956; ferritic alloy; body-centered-cubic; BCC; recovery; recrystallization; columnar grain; electron

backscatter diffraction; kernel average misorientation.
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Table 1 Chemical composition of MA956 (mass%)
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Fig.1 Longitudinal plane LOM of the as-hot-rolled plate. Etched with
Villela's solution. Arrows indicate small elongated grains.
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Fig.2 Vickers hardness profile from the top to bottom
surface on the longitudinal plane of the as-hot-
rolled plate.
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Fig.3 IPF maps on the longitudinal plane of Areas 1, 2,
4, and Areas 6 and 7 of the as-hot-rolled plate.
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Fig.4 Texture analysis by IPF mapping and IPF analysis for
coarse elongated grains in (a) IPF map, (b) IPF in ND,
and (c) in LD on Area 2, and (d) IPF map, (e) IPF in
ND, and (f) in LD in Area 4 of the as-hot-rolled plate.

Boundaries
: Rotation Angle

Min  Max

-_— 2 5
15°

5

111

LD

101 oo

— 15" 180°

Fig.5 Microstructure and texture analysis in Area 6 of the
as-hot-rolled plate. (a) IPF and (b) IQ maps, and
(c) IPF in ND and (d) in LD.

Table 2 Characterization of observed microstructures
and textures on the longitudinal plane of
as-hot-rolled plate.

Depth from
Area Top to Bottom Microstructure | Hardness Texture
surface
(mm) | (%)
1 0.0-0.4 | 0-4 TEG 260-280 Hv | Randomly distributed
2 0.4-2.5 |4-26 CEG 260-280 Hv {318} <311>
26- CEG CEG: {318} <311>
3 2.5-52 260-280 H
54 | AG regions Y1 Ac: {100y <110>
54- CEG CEG: {318} <311>
4 5.2-6.6 260-280 H
68 | AG regions V1 AG: {100} <110>
68- CEG CEG: {318} <311>
6.6-8.5 260-280 H
> 84 | AG regions 60-280Hv . {100} <110>
6 8.5-9.4 | 84- AG region 300 Hv {100} <110>
97-
7 9.4-9.7 100 CEG 260 Hv {318} <311>
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Fig.6 Color-coded Map Legend: Kernel Average
Misorientation angles (units: degree).
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Fig.7 Longitudinal plane of (a) the 40%, (b) the 60%,
(c) the 80% cold-rolled condition. Etched with
Villela's solution.
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Fig.8 Vickers hardness from top to bottom surface on the
longitudinal plane of the as-hot-rolled plate and
cold-rolled conditions as a function of percent of
depth from the top surface.
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Fig.9 Example of DBs observed on the longitudinal
plane LOM of Areas 2 in the 40% cold-rolled
condition. Arrows indicate DBs. Etched with
Villela's solution.
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Fig.10 HDRs observed on longitudinal planes LOM in
Area 2 of the 60% and the 80% cold-rolled
condition. Etched with Villela's solution.
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Fig.11 KAM maps of DBs and HDRs observed on
longitudinal planes in Area 2 of the 40%, the
60%, and the 80% cold-rolled condition.
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12 Changes in Vickers hardness, measured on the
longitudinal plane, after annealing the as-hot-
rolled plate.
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Fig.13 IPF, and IQ maps, and IPFs of Areas 6 and 7
of longitudinal planes in the as-hot-rolled plate,
and 1380T annealed as-hot-rolled plate.
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Fig.14 Changes in Vickers hardness, measured on the
longitudinal plane, after annealing the 40%
cold-rolled condition.
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Fig.15 IPF, and IQ, and KAM maps of Area 2 of
longitudinal planes in the 40% cold-rolled
condition, 1000, 1200, and 1380C annealed
40% cold-rolled plates.

RD
40% cold-rolled condition

1000°C annealing

ND

200pm ® i
1380°C annealing

200pum
1200°C annealing

200pum

200pum

Fig.16 1Q maps of Area 2-3 of longitudinal planes in
the 40% cold-rolled condition, 1000, 1200,
and 1380T annealed cold-rolled plates.
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Fig.17 Changes in Vickers hardness, measured on the
longitudinal plane, after annealing the 60%
cold-rolled condition.
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Fig.18 IPF, and IQ, and KAM maps of Area 2 of
longitudinal planes in the 60% cold-rolled
condition, 1000, 1200, and 1380C annealed
60% cold-rolled plates.

35

Alloy MAQS6MSENMIEH L UREA & LICH DEBZEL

RD
60% cold-rolled condition
ND -

1200°C annealing

1000°C annealing 1380°C annealing

. = e |
e ——

IPF map

1Q map

Fig.19 IPF, and IQ, and KAM maps of Area 6 of
longitudinal planes in the 60% cold-rolled
condition, 1000, 1200, and 1380TC annealed
60% cold-rolled plates.
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Fig.20 Changes in Vickers hardness, measured on the
longitudinal plane, after annealing the 80%
cold-rolled condition.
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Fig.21 1Q maps of Area 2, 3, and 5-6 in the 80%
cold-rolled condition, and after annealing at
1000, 1200, and 1380TC.
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Table 3 The predominant microstructure (MS), the texture, and morphology of recrystallized grains (Rx grains)

on the longitudinal plane of as-hot-rolled plate with annealing

Area as-hot-rolled 1000°C-1hr 1200°C-1hr 1380°C-1hr
MS Texture MS Texture MS Texture MS Texture

U] T | et | PO | bt | S | dsasd | O | Diibwed
2 CEG {318} <311> CEG {318} <311> CEG {103} <311>
3 CEG {318} <311> CEG {318} <311> CEG {318} <311>

AG grains | {100} <110> | AG grains | {100} <110> | AG grains | {100} <110>
4 CEG {318} <311> CEG {318} <311> CEG {318} <311>

AG grains | {100} <110> | AG grains | {100} <110> | AG grains | {100} <110> CEG {318} <311>
S CEG (318} <311> CEG 318 311> CEG (318} 311>

AG grains | {100} <110> | AG grains | {100} <110> | AG grains | {100} <110>
6 AGband | {100} <110> | AGband | {100} <110> [ AGband | {100} <110>
7 CEG (318} <311> CEG 3181 311> CEG (318} 311>

Table 4 The predominant microstructure (MS), the texture, and morphology of recrystallized grains (Rx grains)

on the longitudinal plane of 40% cold-rolled plate with annealing

40% cold-rolled 1000°C-1hr 1200°C-1hr 1380°C-1hr
Area Texture Texture Texture Texture
MS / Morphology MS / Morphology MS / Morphology MS / Morphology
of Rx grains of Rx grains of Rx grains of Rx grains
TEG (001)//Rollig Plane TEG (001)//Rollig Plane TEG (001)//Rollig Plane TEG (001)//Rollig Plane
tilt 40°
1 i o i o i ° DB
DB . tilt 40 DB ) tilt 40 DB ) tilt 40 with respect to RD
with respect to RD with respect to RD with respect to RD
Rx grains //DB
CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane
tilt 40° tilt 40° tilt 40°
2 i DB DB DB
DB . tIta02 with respect to RD with respect to RD with respect to RD
with respect to RD
Rx grains // DB Rx grains // DB Rx grains //DB
CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane
tilt 40° tilt 40° tilt 40° tilt 40°
DB DB DB DB
3 with respect to RD with respect to RD with respect to RD with respect to RD
. . AG grains {100} <110>
AG grains {100} <110> AG grains {100} <110> Rx grains // RD
Rx grains //RD
CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane
tilt 40° tilt 40° tilt 40° tilt 40°
4 DB DB DB DB
with respect to RD with respect to RD with respect to RD with respect to RD
AG grains {100} <110> AG grains {100} <110> Rx grains // RD Rx grains // RD
CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane
tilt 40° tilt 40° tilt 40° tilt 40°
5 DB with respect to RD DB with respect to RD DB with respect to RD DB with respect to RD
AG grains {100} <110> AG grains {100} <110> Rx grains //RD Rx grains //RD
CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane
tilt 40° tilt 40° tilt 40° tilt 40°
DB DB DB DB
8 with respect to RD with respect to RD with respect to RD with respect to RD
AG bands {100} <110> AG bands {100} <110> Rx grains // RD Rx grains // RD
CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane
tilt 40° tilt 40° tilt 40° tilt 40°
DB DB DB DB
7 with respect to RD with respect to RD with respect to RD with respect to RD
AG grains {100} <110> AG grains {100} <110> Rx grains //RD Rx grains //RD
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Table 5 The predominant microstructure (MS), the texture, and morphology of recrystallized grains (Rx grains)

on the longitudinal plane of 60% cold-rolled plate with annealing

60% cold-rolled 1000°C-1hr 1200°C-1hr 1380°C-1hr
Area Texture Texture Texture Texture
MS / Morphology MS / Morphology MS / Morphology MS / Morphology
of Rx grains of Rx grains of Rx grains of Rx grains
TEG (001)//Rollig Plane TEG (001)//Rollig Plane TEG (001)//Rollig Plane TEG (001)//Rollig Plane
1 tilt 40° tilt 40° tilt 40° . tilt 40°
DB with respect to RD DB with respect to RD DB with respect to RD Ra pruins with respect to RD
2 CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane
HDR (001)//Rollig Plane | Rx grains // DB Rx grains // DB Rx grains // DB
CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane
{1t 40° ¢ 40° {1 40° i1t 40°
3 DB . tilt 40 DB ) tilt 40 DB . tilt 40° DB . tilt 40
with respect to RD with respect to RD with respect to RD with respect to RD
AG grains {100} <110> Rx grains //RD Rx grains // RD Rx grains //RD
CEG (001)//Rollig Plane HDR (001)//Rollig Plane HDR (001)//Rollig Plane HDR (001)//Rollig Plane
e e
4 DB . tilt 40 DB ] tilt 40
with respect to RD with respect to RD | Rx grains /I Rx grains //RD + // DB
AG grains {100} <110> AG grains {100} <110>
CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane
{1t 40° ¢ 40° {1t 40° i1t 40°
5 DB . tilt 40 DB ) tilt 40 DB . tilt 40 DB . tilt 40
with respect to RD with respect to RD with respect to RD with respect to RD
AG grains {100} <110> AG grains {100} <110> AG grains {100} <110> Rx grains //RD
AG bands 100} <110> AG bands 100} <110> Rx grains //RD
6 | AG bands {100} <110> {100} - {100} - -
CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane
HDR (001)//Rollig Plane HDR (001)//Rollig Plane HDR (001)//Rollig Plane
7 - Rx grains //RD
AG grains {100} <110> Rx grains //RD Rx grains //RD +// DB

Table 6 The predominant microstructure (MS), the texture, and morphology of recrystallized grains (Rx grains)

on the longitudinal plane of 80% cold-rolled plate with annealing

80% cold-rolled 1000°C-1hr 1200°C-1hr 1380°C-1hr
Arca Texture Texture Texture Texture
MS / Morphology MS / Morphology MS / Morphology MS / Morphology
of Rx grains of Rx grains of Rx grains of Rx grains
TEG (001)//Rollig Plane TEG (001)//Rollig Plane TEG (001)//Rollig Plane TEG (001)//Rollig Plane
1 tilt 40°
DB q q q
with respect to RD Rx grains //RD Rx grains //RD Rx grains //RD
CEG (001)//Rollig Plane
2 - Rx grains fine. low GAR Rx grains fine. low GAR Rx grains fine, low GAR
HDR (001)//Rollig Plane
CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane
tilt 40° tilt 40° tilt 40°
DB DB DB i
3 with respect to RD with respect to RD with respect to RD Ry grains LLRD
AG bands {100} <110> Rx grains //RD Rx grains //RD
CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane
tilt 40°
4 DB . Rx grains /i
with respect to RD | Ry grains //RD Rx grains //RD
AG grains {100} <110>
CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane
tilt 40° tilt 40° tilt 40° tilt 40°
5 DB with respect to RD DB with respect to RD DB with respect to RD DB with respect to RD
AG grains {100} <110> Rx grains //RD Rx grains //RD Rx grains // RD
6 | AG bands {100} <110> AG bands {100} <110> Rx grains // RD Rx grains //RD
HDR (001)//Rollig Plane HDR (001)//Rollig Plane HDR (001)//Rollig Plane
7 AG grains 100} <110> AG grains 100} <110> Rx grains //RD
AG grains {100} <110> & {100} & 100}
Rx grains //RD Rx grains //RD
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1380°C annealing
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Fig.22 IPF and IQ maps, and IPFs on the longitudinal

plane of Areas 3 in the as-hot-rolled plate and
1380TC annealed plates.

38

BDOBRESBERY 1 MIDBTH D, KAMY Y 7TH
SEHEAOHELDICDBERIIEEIXIILF—EBL TN
B, TIhOERLEBHENEBTHODBEEHKICE
EFHEICTLTL0" BEMM LIABICBRLEE LR
'E)o H535ADBEENBRRET A ME L THRET DD

IIETABEIXRINF—HIEBEINTNWDIBELNH D,
Fig.24(240% % BEEM DAreal. Area?2. HLUAreab
DIPFY Y TELUOKAMY Y T7%7Rd, £9CECDAHTIHE
BENTLVEArea2llIIBEIEEICE > T, BKAMAEZE
I2DBAFER NS, —FH. TEGTERIN T \/=Areal
IIHARENTRYBEIDBLHERTEDHDD. KAMAIS
Area2CEAlENIEE DDLU EEN D=, /. CEGE
AGH' 575 DAreablc EDBISRHONI=H. TBESEKAM
Bl3ERMN Dz, ZOHER. 1000CHELEZLE. DBhroD
BitRIIArea2 TRHOHN., Areal BLUBTIIRH SN
B ofco SO EIFEMDBERNDESTHLUOAGCDS

80% cold-rolled conditi

Fig.23 IPF and KAM maps on the longitudinal plane of
a region containing AG band in the as-hot-
rolled plate and 80% cold-rolling condition.

Area 1

Area 2

Area 5

Fig.24 IPF and KAM maps of Area 1, 2, and 5 on the
longitudinal plane of regions containing DB in
the 40% cold-rolling condition.
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