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Abstract: The purpose of this study is to relieve the residual stress of Al6061 using cryogenic heat treatment.
Experimental T6 and cryogenic heat treatments were carried out to define the convective heat-transfer coefficient,
which was then applied in the finite-element method (FEM) to predict the residual stress. The predicted residual stress
was compared with the residual stress measured by X-ray diffraction (XRD), and the results were in good agreement.
The mechanical properties were estimated by measuring the electrical conductivity and hardness. In addition, the size
and formation of the precipitations were observed by TEM and XRD analysis for both T6 and cryogenic heat treatments.
The effects of the cryogenic heat treatment on the residual stress, mechanical properties, and precipitation of Al6061
alloys were thus confirmed.
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Table 1 Convective heat transfer coefficient ( /)
according to heat treatment type

Heat Methods of h
treatment heating and coolin W/m?® - K
type. g s (Wim )
Solig  Heating(#1) - Furnace 18.3
solution Cooling(#2) — Water 9,400
Artificial |H1eating(#3) — Furnace P
agemg | Cooling(#4) — Air 1.1
Uphill Cooling(#5) — LN, 122.4
quenching Heating(#6) — Boiling water 1,510

Fig. 5 Icing layer of cylindrical specimen at boiling
water(100C)

e)

_)

x].o]

R

o

) . 7]1:35]13

A= fE h= R

FAE dA2E AEste] anHor AFeH
AAB 7] AeiA = FAZAA 2&8A 7hd ste]
Fo /MESErE dasith g 2 el
AHE B = o] 8% JhAW S Fig 5 9 &
Aol Wl A Tl AdEE

Colek #2 de T A
% 5

Ir
il
S
o
o
1o
[ 12
L
N, et
[o
ol
Ko
=)
~N
oo ol B oX

i oA rlo

-

B

b

)

o

1 rlo

k1

N
o ox
to wt & rlo

|
EZ3= ¥ (Inverse method)

o
i
rlo
2
2
e

i
el
oft e pe
offt
>
)
2,
R
il
mlm F}O [‘IF
k1
E
ot
il
X
19
QL

=
S
e
2
v
)
>
i
&
Lo
>,

TR
o2
i)

z X
i
2y

-

O
c
b
fru
I
e &
9‘L
2
of
>
I
i1t
e
Lo,
>
o
2
H =

o o
e £ 8 2 2 k2

S
Ac)
lo

»—;‘:}:O_\‘l_‘

rE

o

i)

=2
o

i
roh
2y g

o
=

3 b
mR o,

me g

4y I

=
#e 7HHA, BE EE 1,510 WmkK
& @S T sHAY e R H
= Y 92 Ee B vld dude
2 0 3e gf{ ddgATE 7

N
_|>i
)

o ¢ rlo o

el
=N
ro
"
o

A

—

o)

pres

Y

o fo
e I

N

Ach

o

o (o

X

E

e

i

olo

)

tlo

N
rot
Fo
By
i)
rot

oo AL oo il pR 1x fo 2

rlo o
gl_g{

1%
uu)
[
o,
o
fru
N

o o
&
|o
=
Jo
_?1_',
ko
b o
ol

= o o
o
= 0
ik
2 &
%
2 oL
oL

b
2
BN
B

>
%Xi

7_'

@
nyE gstel 4zt 2 ke Fo
QstArk. 53 Azt ne GA

¥ o o
ol
ol
so Tlo
f
o @

280 K oat o
o R~
_llf\

-
=
3
id

O T o V1 e/ . B VA |\
o
okl ok
>
ol foi

o @ My Mr o W opg b ob

Q‘L
32
o



SA Aol o3t Ale06l FF FFSH AA L AAHE 5 Hrt 1149

=
o
2
iE)

h § 308 27
Symmetry line = . ' -
: -18.3 -12.8
B Eae
: h I I
e 428 ] FH -31.6
. . [Mpa] [Mpa]
Fig. 6 FE-model and boundary condition of FEM (a) Uphill quenching (Point B) (b) Ageing 2hr
RS@ | RS@) | ez
120 93.6 52'7< ) — 4;('?(2)
81.9 64.2 i 3
369 & a6 :
435 ' 34.9. i i
21.0 182
5.06 5.50 I '
5.18 372
-33.4 -23.9 H
I 10.7 : éz 10.7 &
718 -53.2 I besicaicei e setietn, I i
[Mpa] [Mpa] -265 R R e T
(a) Water quenching (Point A) (b) Ageing 2hr [Mpa]
(c) Ageing 6hr (d) Ageing 9hr (Point B')

RS(Z) 1 RS(Z)
79.9

Fig. 8 Distributions of residual stress (Z) for cryogenic
heat treatment

55.1

30.2

5.40

-19.4
-44.3

g8t E A, Fdoz s LAE PointA 9
H G F2F-&HS AFAIE 3 Point A'9F WL
SHH 43% 7V Ao 3}%‘”/}. 3k Point A o] HH
S92 84348l ¥ Uphill quenching T+ %83

-17.6
-40.5

Mpa] ! ' (Moa] o Point B ¢} W&} 40%, Uphill quenching 3+ <1
(c) Ageing 6hr (d) Ageing 9hr (Point A") T Al a3 Point B 9 H]I]lﬁ]-‘:ﬂ ETJEH 65%7FA TFAa
;}Oﬂ‘:]' b e A S Fal Te B S A

Fig. 7 Distributions of residual stress (Z) for T6 heat Axe)e] 7+ G AR E:] Ao gjsk Aol
L_ hul O o 71w

Treatment
o Zo] 7hsakaltt.

T6 o A dA o] g FFSH 543

£ Fig. 7% Fig. 8 ol 2t7F Yt d54 3+ 32 AHR3- £d ¢ dHn
-ﬁ(Ax1al) Weke] AR-gHPoR yehgion, o = ATl s AReHS S fls XRD
R ATes ned 95gae] Ade Aty SAWE A8tk XRD SAWE v HAL
o7 = wako A 71H =& BFE2Ho] WAE) 2 A3 RS 54T 7 A7) Wil B
Folr}y, wa 7 AT 2 mE AHFSY 2 ATl HeHAGY
S HJrlely] 98 vl AP AEAH Tl SAERAL dFE AR x4 AMEH
A FA R (om0l T8 ZH2F v Qi) = Cu-Ka(Wave length = 1.5405A)2] X A& 283}
A3 Te oF FAL dxg BE AFTAR ATH Hgk Al6061 o - 137.4°00A4 3H I
Alzro] 7] uhel = 2 Uphill quenching-o/] 7F Ued = B8 3gste] 20 o SA 7 HAE
AEes = dFAE deo AFSHL asl= 1320~14202 AA3IGATE T FRHa AT F
Aoz vebyt £33 Te o FAL ogimpq A F e AFSHS SAsen, 5435
EE QFAE @AM Age FHdAE gHx% HAAE FEessdd LI AR (ool el
ool o= Rl wAsltt Al



1150 IE - B - 29 -

—— FE-simulation
HiH Experiment (XRD) |

1
Measuring
point (Gpyay)

Residual stress - Z (MPa)
&

g

&
30 +—=
'20 T I T T T T T T T

0 200 400 600 800 1000 1200 1400
Ageing time (min)
(a) T6 heat treatment

-80

—— FE-simulation

-70 i Experiment (XRD) |
-60
25mm

50mm

Measuring
20 point (Gmax)
-30 '
\F .
-20 T

0 200 400 600 800 1000 1200 1400

Residual stress - Z (MPa)
&

Ageing time (min)
(b) Cryogenic heat treatment

Fig. 9 Comparison of XRD and FEM for residual stress
according to artificial ageing time

o} A2 dA gl el XRD &
48 AFeY ARel FHaLNNS o
=9 459 Ass 77t vlaste] vt
XRD Z423, 5902 s b e
] A3 Point A ol Ao FHF-SH
5 A& wek oF 33% At
Uphill quenching ?F %83+ Point B ¢ ZH7-3
°F 49%, Uphill quenching ¥~ <1-3-A] &3t Point
redS oF 67%7H4 dEIFEEHS Al
&g AT
| wheh Al6061 °] B¢ o= <ls)
“ oo A

(e}
TAE ARSEe B 25

eges!
aQ
\O
=
—
r [@)

ol

MW bE 0 @ I oo of
S rlo ot off v 3@ ot
e
fo r

3

|
QA e g A gste] Al 67%7HA AATL Fhsa
Qoo & 4~ AT} T3 Uphill quenching

A, ARE BE BEO S 7HEE 5 Sle
WAE AHgEE O 58 ied AA &

. o]x%u . 71331:

L= S I ) O o = RS
50 160
—m— Electrical conductivity
48+ | ] Hardness 1260 140
Z‘ —_—
£ 464 116.4 L 120
o | ] -
S5 44 475 44.9) 100 5
g %:) 81.6 ’ 844 % g
S 3 42 2
g 0 =
ool |x x 5
o 39.8 - Lag
M 38
20
36
T T T T 0
Point A Point A' Point B Point B'

Measuring points

Fig. 10 Results of electrical conductivity and hardness
for Al6061 alloy according to heat treatment

conditions
ey s HluAdd, ke ssiAd XRD A
oA LA BT AFA A2 ds] FHFeY
& Ak Te 2 SA42 A g 7F dA
oA bFgHe] AAEE Fdol XRD 9o 38
aEfAlo]l ARGt wEkA freke ks s o]
&3 AR A5Z2%9 AN e g
B3 ¢ duo
4. =M8EIt 2 TEM 2E
41 M7 MEZ 2 4 =X
£ Al M= Te oF A2 EA 2l el A
=& Ao BE VA% 54E 5] ¢
g A7) AEE @ AEE FASGY. AV A=
Lol Arve Y A4y =dd dis) 24z 5 3]
At Hugtoz ArEedith 7] AExe]
A5e & 77 100% 1ACS 4 W 1 A<
#oz Yepglew, HEE Vickers(Hv) 74
= AR&skalth

t} 0419 o)1= ol FAT3FA] &S Point A, B ¢ 7
$-7F Q1FA &S Point A", B' KU} X EEo] XA
= G.P. Zone ©] A7 2] kel Z A A
A EH, o]g3 G P Zone & HAES Ak
(Scattering) Al 71 &= A Z & 7HA7] wjFol ATAE
shA e A7 W AV AEEE R ®
g AdFAagel Wl G P Zone ©EF-E Mg, Si
T BddxEe] AEEHo] A A & (Purification
effect) = 18] H7] AEwE= ZF7hgc) 00



A2 dA g 93k Al606l ol HFsH AA E AAP EA Ht

Fig. 10 © T6 (Point A, AN} =4 <& 2] (Point
B, B)2 Zt7te] dAE tiste] d7] w2
BAEE SAHT ARE 27 JEhgsith SA 49,
Point A ¢} B oA 1FA & do] we} zhzh A7)
AEES} AEe vlg Z7hstglt

T3k To A} FA4E DA diste] @
A= 242t v wsH Point B 7} Point A H.t}
0.3% IACS, Point B'7} Point A' E.t} 0.4% IACS W]
2l EE AV AERE JHHY Ed ARE
4% A3 A= Point B 7} Point A Xt} 2.8 Hy,
Point B'7} Point A' Xt} 9.6 Hv 7} tha =& 3k
S 7T olE FAR dAEY A4S, A7)
A Ysta oA B B2 Jtdske 3ol
o do YA 2 A& HEEo] AAH v =
A7) AEE
3l Point B'7} Point A' Bt} & A7) dxr% 2
=5 7}A+& A= Uphill quenching A &+ &9
Fog o vehd Ayeta ddkE
T6 9F FA42 A 3] 7] A=

o2 o |8 rlod

ot

42 TEM ZHE 2 XRD & &4

T6 °F =42 dAzlol daf 22t TEM & ¥&a}
o NEFEY #x ¥ =, NEES
g dAe] 212 HaA AEEe] Ao B
ZOF o= Te GA ofF =42 dA
2] 9] Point B'oll theix] 42t #Aedth Almes J
Z=0]2H](Focused ion beam; FIB)S ©]-83}o] F7=
100 zm ©]st= 7hEate] A3

TS Al6061 AEES S A
XRD & o] &% 31d FAS . =
AL AFe8 47 sdg X A5 o] &3}
w, 3 7 20 = 10°~ 100° 7hA] e skl oh
2] 3L Scan speed = 0.2 sec/step, Increment &= 0.0
2 AAsiglon Zhzho] At digh a9 34
¥]Z1& PCPDFWIN S/W & %53 g1&it)

A Fig. 11 o Te B A4 A ot
TEM ##ZA3E5 2424 Yedido. #2343 T6
oF FA AP EF Al-Mg-Si (6XXX)A ol
A dibd o 2 UER 34 (Needle shape) &5
o] AAEANoH, 3 HEFEL 5~10 nm 2] 7|
E 7MA= Ao® AT F I

Fig. 12 7} 13 o T6 ¥ A4 Aol gt
XRD 314 A& 72 YERH AT 100~ 100° 7HA]

£

b}
u
N

i
i)
o
9‘1’,

2
kv
4
e
1

A
o
=
S

g
>

c

BEE 7HAE AoR ddE

1151

. Precipitates

i? cipitéféé
[2-Si)

(b) Cryogenic heat treatment (Point B')

Fig. 11 TEM micrographs of Al6061 alloy for T6 and
cryogenic heat treatment

4% 20 34 ZFxol A dlFEo] Al20: 38.47°,
44.72°, 65.10°, 78.23°) “dito] FE olFi USS
golgd = Ak E3I Al6061 o AEEE oA
= MgSi o I 3d =37} 24100 9F 39.86°
oA F= UeidlE & st T6 2 4=
A QAFAlE /5ol wet e s
St 53] Ad¥AaE A 83 Point A'9F BV}
TA A SHA| 22 Point A 9} B KT} 24° 9} 40°
LA AiAer & 34 IaE gl
AATE A AFAEE T3 MgSi o HEE
of AAEATL & & glom, o]F F3 TEM
1 3429 HEES 45T 5 Adoh
T AEEo] Y &S A9 = e F

KeX

PR

i)
ol
5
=
=
a3
=
2.
<
o
Y
N
N
N
—
(@)
o
1l
R

2 zpol= Eler 4= glYlon, o= TEM o=
MEES BE3 Aol dA§ 3T oo uwEt
TEM #Z3 XRD A¥ £45 3 Ay, 16 9 H]

ek FARL dAYE HEEY A7 ¥ 22X &
o] mM =] Walol] it JIFS A P A
2 goad = A



1152 TRE - v A - 2gy - dEkA - oA"Y - A8

60000 - T o 60000+ 7 o
@ 50000 g % 50000 3 ol
ﬂ 7 8 2000 -0g ] 9’ 2000
c 2 c 2
2 40000 g " 2 40000- 2 10
g f . 8 :
<. 30000 O 3 75 78 % 32 %4 % 3 40 42 . 30000 A m R R R MR R AR
:'5 2 theta (°) ‘ﬁ 2 theta (°)
c  20000- S 20000 -
£ £
= 10000+ = 10000+
0- N W o] ——Al '
T T T T T T T T T T T T T T T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
2 theta (°) 2 theta (°)
(a) Point A (b) Point A'
Fig. 12 Results of XRD analysis for T6 heat treatment
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Fig. 13 Results of XRD analysis for cryogenic heat treatment
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