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1. ֓ཁ (Summary)

தੑ͓ࢠΑͼ์ࣹޫΛར༻ͨ͠ࡐྉͷ෦ͷඇഁյతͻ

ͣΈଌఆ๏ͱͯ͠ɺ0ݕݩ࣍ग़ثΛར༻ͨ͠ͻͣΈεΩϟχ

ϯά๏͕ఏҊ͞Ε͍ͯΔ (1)ɻ͜ͷํ๏ͻͣΈϚοϓΛ࡞

Ͱ͖Δ༏Εͨํ๏ͱͯ͠ɺճં͕࿈ଓͷࡐྉΛରʹ

ར༻͞Ε͍ͯΔɻ͔͠͠ɺͻͣΈεΩϟχϯά๏ɺ

• ʹͰ͋ΔͨΊثग़ݕݩ࣍0 ʹΛଌఆ͢Δͷݩ࣍3

Λཁ͢Δɺؒ࣌

• ૈେཻΛࡐͭ࣋ྉʹద༻Ͱ͖ͳ͍ɺ
ͳͲͷ͕͋ͬͨɻͦͷղܾࡦͱͯ͠ ͱճثग़ݕݩ࣍2

సεϦοτγεςϜΛར༻ͨ͠ճંൗ๏ (DSTM:

Diffraction Spot Trace Method)͕ఏҊ͞Εɺૈେཻͷͻͣ

ΈධՁ͕Մͱͳͬͨ (2)ɻ

ඍখྖҬͷͻͣΈଌఆɺଌఆྖҬͷ݁থ͕ݮগ͢

ΔͷͰɺૈେཻͱಉͳͱݟΔ͜ͱ͕Ͱ͖Δɻຊ

՝ʹ͓͍ͯɺݧࢼยΛૢͣͤ࡞ʹಁա๏ͰಘΒΕΔճ

ં૾Λ 2ΧॴͰଌఆ͠ɺͦͷը૾ղੳ͔Βճં֯ͱճંҐ

ஔΛܾఆͰ͖Δ৽ͨͳଌఆํ๏ͱͯ͠ೋॏ࿐ޫ๏ (DEM:

Double Exposure Method)ΛఏҊ͢ΔͱڞʹɺͦͷՄੑ

Δɻૈେཻͷೋॏ࿐ޫ๏ɺ݁থ͢౼ݕʹతݧ࣮͍ͯͭʹ

ཻͱճંൗͷ 2ʹΑΔճંઢͱ̭ઢϏʔϜͷ 2ઢʹ

ண͠ɺͦͷͱઢͷزԿֶతؔΛղ͘͜ͱͰɺͦͷ݁

থཻͷҐஔͱͻͣΈΛධՁ͢Δํ๏Ͱ͋Δɻຊํ๏Λ࣮ݱ

͢Δʹɺಁաྗͷ͋ΔߴΤωϧΪʔ̭ઢͱੑࢦͷ༏Ε

̭ͨઢϏʔϜ͕ඞཁͱͳΔɻ·ͨɺ2ݕݩ࣍ग़ثɺεςʔδ

ͳͲͷਫ਼ඞཁͱͳΔɻͦͷͨΊɺେޫࣹ์ܕΛར༻͢

Δ͜ͱͰ࣮ݱͰ͖Δ࣮ݧख๏Ͱ͋Δɻ

ॳͷ࠷ճࠓ DEM࣮ݧͰ͋Γɺೋॏ࿐ޫ๏ͷ·Ͱ

ʹଟ͘ͷ՝͕͋Δɻຊ՝ͰɺΞϧϛχϜݧࢼย

Λରʹͯ͠ 30 keVͷ̭ઢΤωϧΪʔͰɺճંஔʹࣗಈ

εςʔδΛͤࡌɺݕग़ثͱͯ͠ PILATUS-300KΛར༻ͯ͠

ೋॏ࿐ޫ๏ͷ࣮ݧΛ࣮ͨ͠ࢪɻຊ࣮ݧʹ͓͍ͯɺطͷͻ

ͣΈΛෛՙͯ͠ೋॏ࿐ޫ๏ͰͻͣΈͱҐஔΛಉఆͨ͠ɻͦ

ͷ݁Ռɺݪཧతʹೋॏ࿐ޫ๏ՄͰ͋Δ͜ͱ͕࣮ূ͞Εɺ

ଌఆਫ਼ͷվળʹΑΓ࣮༻ԽͰ͖Δ͜ͱ͕Θ͔ͬͨɻ

ઢΤωϧΪʔ̭͍ߴͷۭؒղΑΓثग़ݕɺޙࠓ

ͷରԠɺճંൗͷҐஔೋॏ࿐ޫը૾ͷϚονϯάͳͲ

ͷղੳํ๏ʹ͍࣮ͭͯݧͱվળΛॏͶΔ͜ͱ͕ٻΊΒΕΔɻ

ຊํ๏͕͞ΕΔͳΒɺඍখྖҬ·ͨૈେཻΛͭ࣋

ܥྉͷ෦ͻͣΈͱͦͷҐஔ͕ޮతʹΑΓ୯७ͳஔࡐ

Ͱ࣮ݱͰ͖ɺ3D-XRDʹฒͿଌఆٕज़ͱͯ͠ظͰ͖Δɻ

2. ݧ࣮ (Experimental)

2.1 ೋॏ࿐ޫ๏ͷݪཧ

ྉΛಁա͢Δͱ͖ɺಁࢼΤωϧΪʔ์ࣹޫ̭ઢϏʔϜ͕ߴ

աϏʔϜʹ͋Δ݁থཻ͔Βճં̭ઢ͕ಘΒΕΔɻࢼྉ͕ૈ

େཻͳΒɺճંʹؔ༩͢Δ݁থཻࢄతͰ͋Γɺ͔ͭ

ճં૾ൗͱͳΔɻ͜ͷΑ͏ͳճંݱΛ͑ߟΔͱɺਤ

1Ͱઆ໌͞ΕΔΑ͏ʹ ͷҙͷ݁থ͔ΒͷճંൗΛݸ1 2

Ͱଌఆ͢Δ͜ͱ͕Ͱ͖Δɻثग़ݕݩ࣍

ਤ 1 ʹࣔ͢Α͏ʹɺಉҰճંൗΛ 2 Λثग़ݕݩ࣍ P1

ͱ P2 ͷ 2 ՕॴʹҠಈͯ͠ɺҐஔ P1 = (x1, y1, z1), P2 =

(x2, y2, z2)Λଌఆ͢Δɻ͜ͷͱ͖ɺ̭ઢϏʔϜͰඳ͔ΕΔ

ઢ ℓX ͱ P1 ͱ P2 Ͱߏ͢Δઢ ℓͷ 2ઢͷ͔ؔΒ

ճં֯ 2 θ͓Αͼճં݁থͷҐஔ PC = (xC , yC , zC)ΛٻΊ

Δ͜ͱ͕Ͱ͖Δɻ3 ͷҐஔܥඪ࠲ࣨݧΔ࣮͚͓ʹۭؒݩ࣍

(x, y, z)͕ߴਫ਼Ͱܾఆ͞Εɺ2ઢͷؔٻ͕ΊΒΕΕɺ

ͦͷ݁থཻͷͻͣΈͱҐஔΛΔ͜ͱ͕Ͱ͖Δɻ͜ͷํ๏
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Fig. 1. Optics for double exposure method.

JAEA施設利用
タイプライターテキスト
利用施設：SPring-8(BL22XU)
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Fig. 2. Intersection between X-ray and diffracted beams.

Λೋॏ࿐ޫ๏ (DEM)ͱ໊͚Δɻ

DEMͷ۩ମతͳख๏ͱͯ͠ɺճંஔͷ ثग़ݕݩ࣍0

ΛऔΓ֎͠ɺ2θ ͷΞʔϜʹ 1࣠ͷࣗಈεςʔδΛ͠ࡌɺ

ͦͷ্ʹ ثग़ݕݩ࣍2 (PLATUS)ΛͤࡌΔɻ̭ઢϏʔϜΛ

४උͨ͠ޙɺಁա̭ઢϏʔϜΛεςʔδΛಈ͔ͯ͠ɺP1ͱ

P2 ͷ 2ΧॴͰଌఆ͠ɺઢ ℓX ΛಘΔɻҰํɺॴఆͷ 2θ1

ʹΞʔϜΛಈ͔ͯ͠ճંൗΛ P1, P2 Ͱଌఆ͠ɺઢ ℓΛ

ಘΔɻ

͜ͷΑ͏ʹͯ͠ಘͨ 2ઢ ℓX ͱ ℓਤ 2ͷΑ͏ʹࣔ͞

Εɺy͕࣠ ℓX ʹ૬͢Δͷͱ͑ߟΔɻ̭ઢճં͕͔Β

ൃੜ͢ΔͷͰ͋Εɺཧతʹ 2ઢͷۙ࠷ PC ͱOX

͕Ұக͢Δ͕ɺ࣮ࡍҰக͠ͳ͍ͷͰɺDEMͰɺઢ ℓ

ͷۙ࠷ PC ΛճંҐஔͱఆٛ͢ΔɻຊใࠂॻͰࣜͷಋग़

ʹׂ͍ͭͯѪ͢Δ͕ɺଌఆʹඞཁͳؔࣜΛҎԼʹࣔ͢ɻ

ճં֯ 2θ

2θ = arctan

(
r2 − r1
y2 − y1

)
(1)

ͨͩ͠ɺ

L = y2 − y1, L0 = y1, LD =
L

cos 2θ
(2)

ͷ͕ؔ͋Δɻ

ૈେཻͷҐஔ PC

PC =

⎛

⎜⎝
xC

yC

zC

⎞

⎟⎠ = P 1 + ℓ1 e =

⎛

⎜⎝
x1 + ℓ1 ex

y1 + ℓ1 ey

z1 + ℓ1 ez

⎞

⎟⎠ (3)

ͨͩ͠ɺ

ℓ1 =
− cos 2θ

L sin2 2θ

[
(x2 − x1)x1 + (z2 − z1) z1

]
(4)

e =
cos 2θ

L
(x2 − x1, y2 − y1, z2 − z1) (5)

Ͱ༩͑ΒΕΔɻ

2.2 ย͓Αͼ̭ઢ݅ݧࢼ

લड़ͷDEMʹΑΓͻͣΈͷଌఆΛͨͬߦɻݧࢼยࡐྉɺ

Al-Mgܥ߹ۚA5052͓Αͼ७ΞϧϛA1050 (७ 99.8%)Ͱ

͋Γɺ͍ͣΕൢࢢͷฏ൘Λߪೖͨ͠ɻ྆ݧࢼยͱ൘෯ 5

mmɺ൘ް 3 mmͷฏ൘ݧࢼยͱͨ͠ɻՃͻͣΈΛআ͢ڈ

ΔͨΊʹɺ350◦C, 1 hrͷॲཧΛͨ͠ࢪɻ

Fig. 3. Jig for tensile test.

ยʹҰ༷ͳ࣠ҾுՙॏΛෛՙ͢ΔͨΊʹਤݧࢼ 3ʹࣔ

͢Ҿு࣏۩Λͨ͠࡞ɻ͍࢛֯ͷ্ʹ͋ΔϘϧτΛకΊ

ΔͱτϥεߏʹΑΓɺݧࢼยͷ྆ͷϐϯ͕ࠨӈʹ։͖ɺ

ยʹ७ਮͳ࣠Ҿுͷՙॏ͕ෛՙͰ͖ΔɻෛՙͻͣΈݧࢼ

ɺਤதͷͻͣΈήʔδʹͯଌఆ͢Δɻͳ͓ɺॏʹΑΔෛ

ՙݧࢼΛ࣮ͯ͠ࢪɺͻͣΈήʔδͱෛՙԠྗͷݕఆΛͯ͠ɺ

ͦͷʹΑΓෛՙԠྗ σA Λܾఆͨ͠ɻ

ยͷճંύλʔϯΛਤݧࢼ 4ʹࣔ͢ɻຊ࣮ݧʹ͓͍ͯɺ

ͻͣΈଌఆͷײΛྀͯ͠ߟPILATUS-300Kݕग़ثΛࡌ

ͨ͠ճંܭΛ 2θ = 26◦ʹઃఆͨ͠ɻ·ͨɺૈେཻΛྀ͢ߟ

Δͱճંൗ͕ಘΒΕͳ͍͜ͱݒ೦͞ΕΔͷͰɺ2θ = 26◦

ʹͯ͠ɺ331ճં͓Αͼ 420ճંͷ 2ͭͷճં໘͔Βͷൗ

Λಉ࣌ଌఆ͢Δ͜ͱྀͨ͠1ɻ331ճં 2θ = 25.703◦ɺ

420ճં 2θ = 26.383◦ Λಘ͍ͯΔɻ

ͷઐ༻Ϗʔߏػ։ൃڀݚྗࢠݪɺSPring-8ͷݧ࣮ޫࣹ์

ϜϥΠϯ BL22XU Λ༻͍ͨɻ͜ͷϏʔϜϥΠϯɺૠೖ

ًߴΤωϧΪʔ͔ͭߴΒͷ̭ઢΛར༻Ͱ͖ΔͷͰɺ͔ݯޫ

ͷ̭ઢ͕ಘΒΕΔͷͰɺຊڀݚదͨ͠ϏʔϜϥΠϯͰ͋

Δɻ·ͨɺେܕͷճંஔΛඋ͑ɺݕग़ث༻ͷईεςʔ

δΛ͢ࡌΔ͜ͱͰ͖Δɻຊ࣮ݧͷ์ࣹޫ̭ઢͷɺ

λ = 0.4127988 ÅɺೖࣹεϦοτ 0.2× 0.2 mm2ʹઃఆ͠

ͨɻݕग़ثPILATUS-300KͰ͋Γɺ487×619 pixelɺղ૾

 0.172 mm/pixelͰ͋Δɻݕग़ثͷڑʹ͍ͭͯɺ2θ =
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Fig. 4. Powder diffraction for aluminum using Rietveld

method.

1ճંγϛϡϨʔγϣϯʹ७ΞϧϛχϜͷσʔλͱͯ͠ɺa0 =
4.0494 ÅɼS.G.= Fm3̄mɼۭؒ܈ͷςʔϒϧ൪߸ A-225ɼ λ =
0.413267 Å Λ༻͍ͨɻ



(a) Position at P1 (b) Position at P2 (c) Continuous image

Fig. 5. Diffraction images using double exposure method with PILATUS-300K.

26.00◦ Ͱɺy1 = L0 = 707.989 mm, y2 = 1419.735 mm,

L = 711.746mm, LD = 791.89 mm Ͱ͋ΔɻPILATUS-

300Kͷ࿐ޫؒ࣌ 10 sͱͨ͠ɻ

ଟ݁থମͷճંੑఆʹ͍ͭͯɺKrönerϞσϧʹΑΓ

ͨ͠ࢉܭ (3)ɻ331ճંʹ͍ͭͯE331 = 71.39 GPa, ν331 =

0.344ɺ331ճંʹ͍ͭͯE420 = 69.36 GPa, ν420 = 0.348

Λಘ͍ͯΔɻ·ͨɺػցతੑఆʹ͍ͭͯ Em = 70.07

GPa, νm = 0.347Λ༻͍ͨɻͳ͓ɺKrönerϞσϧʹ༻͍Δ

ΞϧϛχϜͷ୯݁থͷεΟϑωε cij ʹ͍ͭͯจݙͷ

ΛҾ༻͠ɺc11 = 106.78, c12 = 60.74, c44 = 28.21 GPaΛ

༻͍ͨ (4)ɻKrönerϞσϧʹΑΔճંੑఆΛ͢ࢉܭΔα

ΠτΛ༻ҙͨ͠ (5)ɻ

3ɽ݁Ռͱߟ (Results and Discussion)

3.1 ೋॏ࿐ޫ๏ʹΑΔ̭ઢ૾ͱॲཧ

લड़ͷೋॏ࿐ޫ๏ʹΑΓଌఆͨ͠ճં૾ͷྫΛਤ 5ʹࣔ

͢ɻਤ (a)ɺલํͷҐஔ P1ʹͯଌఆͨ͠૾Ͱ͋Γɺਤ (b)

ํޙͷҐஔ P2 Ͱଌఆͨ͠ճં૾Ͱ͋ΔɻߟࢀͷͨΊʹɺ

P1 ͔Β P2 ʹҠಈ͢Δͱ͖ʹ࿈ଓͯ͠ࡱӨͨ͠ճં૾͕ਤ

(c)Ͱ͋Δɻਤ (c)Ͱɺճંൗ͕Ҡಈͯ͠ઢͰճં͕

ࣔ͞Ε͍ͯΔɻਤ (a)ʹํܗͷͰࣔ͞ΕͨྖҬ͕ɺํޙ

ͷ P2 Ͱଌఆ͞ΕΔྖҬʹ૬͢Δɻਤ (a)ΛݟΔͱɺ422

ճંൗ͕ଟ͘໌ྎ͔͍ͭߴճં֯Ͱ͋Γɺ311ճં

420ճંΑΓ DEMʹద͍ͯ͠ΔՄੑ͕͋Δɻ

P1ͱ P2ͷൗͷରԠʹ͍ͭͯɺઢ૾ࣸܗͱͯ͠औΓѻ

͏ɻϏʔϜʹΑΔ P1ͱ P2ʹ͓͚ΔϏʔϜηϯλʔɺ

(Ox1, Oy1) = (250.0316, 554.1019)

(Ox2, Oy2) = (264.1488, 545.1944)

ͱͳΓɺP2্ͷݕग़ثҐஔ (x2, y2)͕ɺҎԼͷखଓ͖Ͱ P1

ͷ্ثग़ݕ (x1, y1)ʹࣸ૾͞ΕΔɻ

P1 ͔Β P2 ͷ֦େ αҎԼͱͳΔɻ(mm)

α =
L0 + L

L0
= 2.005307

L0 = 707.989, L0 + L = 1419.7350

P2 ্ͷݕग़ثҐஔ (x2, y2)͕ɺϏʔϜηϯλʔ͔Βͷ૬ର

ҐஔͰॖখ͞ΕΔͷͰɺP1 ͷݕग़ثҐஔ’(x1, y1)ɺҎԼ

ͷࣜʹͯม͢Δɻ
(

x1

y1

)
= α−1

(
x2 −Ox2

y2 −Oy2

)
+

(
Ox1

Oy1

)
(6)

͜ͷࣸ૾ʹΑΓɺ(Ox2, Oy2) (Ox1, Oy1)ʹม͞ΕΔɻ

ճંൗͷը૾ʹɺըૉ୯ҐͷεύΠΫɾϊΠζ͕͋Δ

ͷͰɺϝδΞϯϑΟϧλʔΑΔϊΠζআڈΛͨ͠ࢪɻ

1. ΦϦδφϧͷը૾ɺ487× 619ըૉɼ32bitσʔλͰ

͋Δɻଌఆը૾σʔλ (xxx.tiff)Λ ImageJͰಡΈࠐ

Έ¡ ςΩετग़ྗ ( 2.4Mbyte, xxx.txt)ग़ྗ͢Δɻ

2. ҎԼͷ 3× 3ͷϝδΞϯϑΟϧλʔॲཧΛ͏ߦɻB(i−
1, j−1) ∼ B(i+1, j+1)ͷ ηϧͷًΛେ͔Βখݸ9

ͷϥϯΩϯάͰιʔτͯ͠ɺ5ҐͷσʔλΛB(i, j)ͷ

ًʹೖ͢Δ (όϒϧιʔτ+ϝδΞϯϑΟϧλʔ)ɻ

ը૾શମͷϊΠζॲཧޙɺP1 ͓Αͼ P2 ͷը૾͔Βճં

ൗͷҐஔΛݕग़͠ͳ͚ΕͳΒͳ͍ɻ͡Ίʹɺۃେ

Λ༻͍ͯϐʔΫΛݕग़ͯ͠ɺճંൗҐஔΛ͚ͭݟΑ͏ͱ

Έͨɻ͔͠͠ɺͦͷҐஔ͕ɺճંൗͷͱҰக͠ͳࢼ

͍ྫݟΒΕͨͷͰɺຊ࣮ݧʹ͍ͭͯɺྠֲΛར༻ͯ͠

ճંൗΛݕग़͢Δํ๏Λݕ౼ͨ͠ɻ

ྠֲΛநग़͢ΔલʹɺҎԼͷ 2ͭͷϑΟϧλʔΛ༻ҙ͠ɺ

1. Ҡಈฏۉ๏ (3× 3)ʹΑΓฏԽ͢ΔϑΟϧλʔɻ

2. ૬ޓ૬ؔղੳ (CCF: Cross-correlation function, 1, 10,

102)Ͱ x, yͷ ͷɼ2ํޙௐͨ͠ڧͰϐʔΫΛ2ํ

ੵΛ͠ࢉܭɼରॲཧ͢ΔϑΟϧλʔɻ



(a) Original (b) CCF (c) Binary (d) Outline

Fig. 6. Image processing and detecting outline of spots

͜ΕΒͷϑΟϧλʔΛඞཁʹԠͯ͡બͰ͖ΔΑ͏ʹͨ͠ɻ

ͦͷ্ͰɺᮢΛબͯ͠ɺ2Խͯ͠ྠֲΛݕग़ॲཧͯ͠

ൗΛಛఆͨ͠ɻ

લड़ͷॲཧྫΛਤ 6ʹࣔ͢ɻྠֲநग़·ͰͷҰ࿈ͷॲཧ

ΛࣗಈͰ͏ߦΑ͏ʹઐ༻ͷϓϩάϥϜΛ࡞ͨ͠ɻ͞Βʹɺ

P1 ͓Αͼ P2 ͷ֤ը૾ͰྠֲΛநग़ͨ͠ޙɺྠֲͷً

Λ༻͍ͯॏ৺๏ʹͯϐʔΫҐஔ P1(x, y)͓Αͼ P2(x, y)Λ

ܾఆͨ͠ɻ

ճંൗͷϐʔΫҐஔΛܾఆͨ͠ޙɺP2ͷ֤ൗ܈Λ P1

ͷը૾ʹม͠ɺҰఆͷ͍ۙൗΛͬͯϚονϯάͤͨ͞ɻ

ͦͷ݁Ռɺਤ 7ͷ݁ՌΛಘͨɻਤ͔ΒΘ͔ΔΑ͏ʹɺൗҐ

ஔന͍ेࣈͰࣔ͞ΕɺͦͷΈ߹Θ͔ͤΒɺࣜ (1)͔Βճ

ં֯ 2θɺࣜ (6)͔ΒճંҐஔ PC(xC , yC , zC)Λܾఆͨ͠ɻ

ͳ͓ɺը૾ॲཧ͔ΒճંൗͷରΛ͠ࢉܭɺ֤ը૾͔Β

2θ, PC(xC , yC , zC)Λܾఆ͢ΔγεςϜΛࣗͨ͠࡞ɻ

3.2 Al-Mg߹ۚݧࢼย (A5052)ͷͻͣΈଌఆ

աͯͨ͠ճં૾Λಁʹยͷ൘ްํݧࢼ DEMʹΑΓଌ

ఆͨ͠ɻ֤ෛՙԠྗʹ͓͍ͯɺ0.5 mmִؒͰɺ5ՕॴͰಁ

(a) Position at P1 (b) Position at P2

Fig. 7. Processed images. The pair of spots is indicated with a cross mark.
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Fig. 8. Change in diffraction angles measured by DEM

with applied stresses.

աͨ͠ճં૾Λ DEMͰଌఆͨ͠ɻͦͷ݁ՌΛϓϩοτ͠

ͨͷ͕ɺਤ 8 (a)ͱͳΔɻ

ਤ͔ΒΘ͔ΔΑ͏ʹɺDEMͰଌఆ͞Εͨճં֯ 2θɺେ

͖͘Β͍͍ͭͯΔɻ1ΧॴͷଌఆͰෆेͰ͋Γɺ5Χ

ॴͷಁաճં૾Λଌఆ͢Δ͜ͱ͕ඞཁͰ͋ͬͨɻਤதʹന

ؙɺؙࠇͰআՙ͓ΑͼෛՙͷฏۉΛ͍ࣔͯ͠Δɻ͜ͷΑ͏

ʹճં֯ 2 θ͕େ͖͘͢ࢄΔͷɺຊ࣭తͳϝΧχζϜʹ

ΑΔͷͳͷ͔ɺͦΕͱଌఆܥͷࠩޡʹΑΔͷ͔ɺ໌

֬ͳஅ͚ͭʹ͍͘ɻݸʑͷ݁থཻ͕ճંΛͯ͜͠ىɺൗ

Λܗ͢ΔͷͰ͋Γɺ֤݁থཻͷԠྗঢ়ଶҰ༷Ͱͳ͘ɺ

͔ͳΓΒ͍͍ͭͯΔ͜ͱɺ༰қʹ૾Ͱ͖Δɻ·ͨɺൗ

ͷେ͖͞খ͘͞ɺճં֯ΛΑΓਖ਼֬ʹܾఆ͢Δʹɺ2

ͷղ૾͕ඞཁͱͳΔɻثग़ݕݩ࣍

ਤ 8 (b)ɺਤ (a)ͷճં֯σʔλͷฏ͓ۉΑͼඪ४ภࠩ

Λࣔͨ͠ͷͰ͋ΔɻෛՙԠྗͷϨϕϧʹରԠͯ͠ճં֯
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Fig. 9. Strain measurement by DEM

2θ͕มԽ͠ɺෛՙͱআՙʹରԠ͍ͯ͠Δ͕ɺෛՙʹΑΔ

ճં֯ͷมԽΑΓɺඪ४ภࠩ΄͏͕େ͖͍ɻΑΓෛՙԠ

ྗͷେ͖͍ࡐྉʹม͢ߋΔ͜ͱɺଌఆਫ਼ͷ্͢Δ͜ͱ

ͳͲΛݕ౼͢Δඞཁ͕͋Δɻ

ਤ 9ʹෛՙԠྗ σAͱDEMʹΑΔଌఆͻͣΈ εψΛࣔ͢ɻ

ෛՙԠྗ σAʹରԠͯ͠ ࢠ໘ͷͻͣΈ͕มԽ͢Δ༷ࢠ331֨

͕Θ͔ΔɻෛՙԠྗ σAʹରͯ͠ɺͲΕ͘Β͍֨ࢠ໘ͻͣΈ

͕ੜ͡Δ͔ΛɺཧతʹٻΊΔʹҎԼͷࣜʹΑΓಋ͘͜

ͱ͕Ͱ͖Δɻݧࢼย࣠ํʹ୯࣠ҾுԠྗ σAΛෛՙͨ͠ͱ

͖ɺओԠྗ σ1, σ2 ͓Αͼ σ3 ɺҎԼͷΑ͏ʹͳΔ (6)ɻ

ε1 =
1

E
σA

ε2 = − ν

E
σA

ε3 = − ν

E
σA

⎫
⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎭

(7)

ҰํɺͻͣΈͷଌఆํ φψͷͻͣΈ εφψɺ֤ํͷओͻ

ͣΈͰҎԼͷΑ͏ʹද͞ΕΔɻ

εφψ = ε1 cos2 φ sin2 ψ + ε2 sin2 φ sin2 ψ + ε3 cos2 ψ (8)

ͷԠྗΛଌఆ͍ͯ͠ΔͷͰɺφͰɺσ1ํݧճͷ࣮ࠓ = 0◦

ΑΓ

εψ = ε1 sin2 ψ + ε3 cos2 ψ (9)

ͱͳΔɻ͞Βʹɺψ = π/2− θͷؔΛೖͯ͠

εψ =
σA
Ehkl

(cos2 θ − νhkl sin
2 θ) (10)

ͷ͕ؔಘΒΕΔɻ

ճં֯ θΛೖͯ͠ɺͻͣΈ εψ Λ݁ͨ͠ࢉܭՌΛਤ 9ʹ

ઢͰࣔͨ͠ɻཧͱશʹҰக͠ͳ͍͕ɺ͓͓Αͦͷ

Ұக͍ͯ͠Δ͜ͱ͔Βɺଌఆͷਫ਼Λվળ͢Δ͜ͱͰɺ

ԠྗධՁͰ͖ΔՄੑ͕͋Δɻ
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Fig. 10. Positions of crystal grains.

ͯ͞ɺແͻͣΈͷ࣌ͷଌఆ݁Ռ͔Βɺճંൗͷ݁থҐஔ

ΛٻΊͨ݁ՌΛਤ 10ʹࣔ͢ɻਤͷԣ͕࣠ yͰ͋Γɺ̭ ઢϏʔ

Ϝͷ௨աͨ͠൘ͷް͞ํͱͳΔɻഁ ઢͰࣔͨ͠ yC = −0.15

mm͕̭ઢೖࣹଆɺyC = 0.15 mm͕̭ઢͷൈ͚ଆʹ૬͢

Δɻ·ͨɺ̭ઢরࣹྖҬͷਫฏଆҐஔ͕ xC Ͱ͋Γɺਨଆ

Ґஔ͕ zC ʹͳΔɻ

൘ް͞ํͷҐஔਫ਼ yC ΛݟΔͱ̭ઢͷ্ྲྀʹ

0.5 mm΄ͲͣΕ͍ͯΔɻਫฏଆҐஔ xC ʹ͍ͭͯɺ΄΅

রࣹҬ (±0.1 mm)ʹ͋Δ͜ͱ͔Βਫ਼Α݁͘থҐஔΛଊ

͍͑ͯΔɻ݁থཻͷਨํͷҐஔ zC ʹ͍ͭͯɺ±0.1

mm ͔Βେ͖͘֎Ε͓ͯΓɺਫ਼͕ಘΒΕͳ͔ͬͨɻ͜Ε

ɺݕग़ثҐஔ͕ਫฏΰχΦϝʔλΛར༻͍ͯ͠Δ͜ͱ͔

Βɺxͱ y ͷਫฏํͷަࠩ͢Δ 2ઢΛར༻ͯ݁͠থͷ

ҐஔΛܾఆ͍ͯ͠ΔͨΊʹਫ਼͕ಘΒΕ͍ͯΔɻਨํ

ͷަࠩ֯ඇৗʹখ͍ͨ͞Ίʹਫ਼͕ಘΒΕͳ͍݁Ռͱͳͬ

ͨɻ͜ͷ͜ͱɺ3࣠ํͰͷଌఆਫ਼ΛಘΔͨΊʹɺ2

Λਫฏͱਨͷثग़ݕݩ࣍ ઃஔ͢Δ͜ͱ͕ඞཁͰʹ2ํ

͋Δ͜ͱΛ͍ࣔࠦͯ͠Δɻ݁থཻͷҐஔʹ͍ͭͯɺҰఆ

ͷਫ਼ͰܾఆͰ͖ΔՄੑ͕े͋Δ͜ͱ͕Θ͔Δɻ

3.3 ७ΞϧϛχϜݧࢼย (A1050)ͷͻͣΈଌఆ

ͯ͞ɺલड़ͷ A5052ݧࢼยͱಉ༷ͷҾுෛՙɾআՙʹ͓

͚Δ DEMʹΑΔͻͣΈଌఆͷ࣮ݧΛ७ΞϧϛχϜݧࢼ

ย (A1050)Λ༻͍࣮ͯͨ͠ࢪɻ

Ҿுෛՙɾআՙʹ͏ճં֯ 2θͷมԽΛਤ 11ʹࣔ͢ɻਤ

(a)ɺ0.5 mmִؒͰ 5Χॴͷճં૾͔Β DEMʹΑΓಘ

ΒΕͨશσʔλͷ 2θͱ σA ͷؔΛϓϩοτ͍ͯ͠Δɻ·

ͨɺਤ (b)ɺ֤ෛՙԠྗͰͷճં֯ͷฏۉͱඪ४ภࠩΛࣔ

͍ͯ͠Δɻ७AlɺAl-Mg߹ۚͱҟͳΓ͍ෛՙԠྗͰ߱

෬͢ΔͷͰɺ७ AlݧࢼยͰෛՙԠྗ σAΛ 10 MPaҎԼ

ʹͨ͠ɻඇৗʹখ͍͞ԠྗൣғͷͨΊʹɺෛՙԠྗʹର͢

Δճં֯ͷԠ͕ݟΒΕΔ͔൱͔͕৺͞Εͨɻਤ (a), (b)

ΛݟΔͱɺෛՙԠྗʹରԠ͢Δճં֯ͷมԽڍಈΛଊ͑Δ
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Fig. 11. Change in diffraction angles measured by DEM in

loading and unloading for A1050.

͜ͱͰ͖Δɻ͔͠͠ɺ֤ൗͷճં֯ͷΒ͖͕ͭɺճ

ં֯ͷมԽΑΓେ͖͍͜ͱ࣮ࣄͰ͋ΔɻͦͷͨΊɺݸʑ

ͷճંൗΛ͢Δͱɺճં֯ͷมԽ∆ 2θෛՙԠྗͷ

มԽʹରԠͤͣɺؔͷͳ͍ৼΔ͍Λͨ͠ɻ

ͯ͞ɺ͜ͷΑ͏ͳڍಈ͕֤݁থཻͷຊ࣭తڍಈͰ͋Δͷ

͔ɺଌఆͷࠩޡʹΑΔͷ͔ɺஅ͕͔ͭͳ͍͕ɺૈେ

ཻͷͻͣΈධՁͰॏཁͳʹͳΔ͜ͱؒҧ͍ͳ͍ɻͦ

ͷղܾͷͨΊʹɺ݁থཻͷڍಈΛଊ͑ΒΕΔଌఆਫ਼Λ

ཱ͓֬ͯ͘͜͠ͱ͕ԿΑΓେͰ͋Δɻ·ͨɺ߱෬ͷ

େ͖͍ࡐྉΛར༻͢Δ͜ͱඞཁͰ͋Δɻ઼ੑ͠ʹ͍͘

ํথͷ݁থΛࡐͭ࣋ྉͰ࣮͢ݧΔ͜ͱҰҊͰ͋Δɻ

ਤ 12ʹɺෛՙԠྗͱଌఆͻͣΈͷؔΛࣔ͢ɻઢͰࣔ

ͨ͠Ԡྗͱ֨ࢠ໘ͻͣΈͷؔɺલઅ 3.1Ͱࣔͨࣜ͠ (10)

ʹΑΓͨ͠ࢉܭͷͰ͋Δɻཧʹൺֱ͕ͯ͋ࠩ͠ޡΔ

ͷͷɺճં֯ͷฏۉͷڍಈෛՙԠྗʹରԠͨ͠มԽΛࣔ

͍ͯ͠ΔɻฏۉΛར༻͢Δ͜ͱͰɺෛՙɾআՙͷڍಈ͕ଊ͑

ΒΕ͍ͯΔ͕ɺݸʑͷଌఆͻͣΈɺͦΕͱҰக͍ͯ͠ͳ



-50

0

50

100

150

200

0 2 4 6 8 10

A1050, uniaxial tension
Al 331 by 30.034 keV

Measured strain

Theoretical

M
e

a
s
u

re
d

 s
tr

a
in

, 
, 
μ

Applied stress a
, MPa

DEM

Fig. 12. Strain measurement by DEM for A1050.

͍ɻͨͩ͠ɺ0∼10 MPaͷൣғΛ͑ߟΔͱɺDEMʹΑΔͻ

ͣΈଌఆेʹظͰ͖Δɻ

ਤ 13ʹଌఆ͞ΕͨճંൗͷҐஔΛࣔ͢ɻx࠲ඪͷҐஔ

ਫ਼Α͘ଌఆ͞ΕɺϏʔϜͷরࣹҬͷ±0.1 mmͷൣғʹ

ೖ͍ͬͯΔ͕ɺx࠲ඪͷҐஔେ͖ͳࠩޡΛؚΜͰ͍Δɻ͜

ͷ͜ͱɺલड़ͷΑ͏ʹݕग़ثΛਫฏΰχΦϝʔλͷ 2θ࣠

ʹஔ͍ͯ͋ΔͨΊʹɺਨํͷ͕֯ 0◦ʹ͍ۙͨΊʹɺz

ͷҐஔඪͷܾఆਫ਼͕Լ͢ΔͨΊͰ͋ΔɻҰํɺyํ࠲

͕ɺ−3.0 ∼ 0 mmͷൣғʹ͍ͯ͠Δɻݧࢼยͷް͕͞

3 mmͰ͋Δ͜ͱΛྀ͢ߟΔͱɺݧࢼยͷઃஔ͕ݕग़ثͷଌ

ఆ͔ܥΒ 1.5mm ΄Ͳೖࣹଆʹ͋ͬͨ͜ͱΛ͍ࣔͯ͠Δɻ

ຊ DEMʹ͓͍ͯɺࢼྉͷҐஔ͕ͣΕ͍ͯͯ֯ଌ

ఆʹӨڹͳ͍ɻ͜ͷ͜ͱɺࢼྉͷҐஔܾΊ͕ࠔͰ͋ͬ

ͨΓɺࢼྉͷܗঢ়͕ෳࡶͰଌఆʹࠔΛཁ͢ΔͷͰ͋ͬͯ

ɺDEM๏Ͱ͋ΕɺͦΕΒͷӨڹΛड͚ͣʹଌఆͰ͖Δ

ϝϦοτ͕͋ΔɻࢼྉҐஔɺܗঢ়ʹର͢Δϩόετੑͷ͍ߴ
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Fig. 13. Positions of crystal grains for A1050 sample in

loading.

ଌఆख๏ͱ͍͑ΔɻΰχΦϝʔλΛར༻͠ͳ͍ɺճંத৺

ΛΘͳ͍DEM๏ɺࢼྉ͕ৼಈͨ͠Γɺܗঢ়͕มԽ͢Δ

ͳͲͷಈతଌఆʹద͍ͯ͠Δɻ

3.4 ݁

ຊ՝Λ࣮݁ͨ͠ࢪՌɺҎԼͷ݁Λಘͨɻ

1. ೋॏ࿐ޫ๏ (DEM)ɺૈେཻ·ͨඍখྖҬͷ෦

ͻͣΈ͓ΑͼճંҐஔͷଌఆํ๏ͱͯ͠ेͳՄੑ

Λ͍ͯͬ࣋Δɻ

2. ୡͰ͖Εɺ্࣮͕ͷਫ਼ͷܥΑͼଌఆ͓ثग़ݕ

༻ٕज़ͱͯ͠׆༻͢Δ͜ͱ͕Ͱ͖Δɻ

3. ೋॏ࿐ޫ๏ (DEM)ճંத৺Λඞཁͱ͠ͳ͍ͻͣΈ

ଌఆํ๏Ͱ͋Δ͜ͱ͔Βɺෳܗࡶঢ়ΏҐஔܾΊࠔɺ

ৼಈมܗͷ͋Δଌఆରʹద༻Ͱ͖Δɻ
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