ADCI2 4441 /1 A s DBNIEEIFICB T 2 0 FABFHEZD A =X 4 111

53
o
%
s

ADC12 &4 7 1 /1 A b OBILHRFIZ BT 5
OTAHAEEEZDA =X L

=
il
*

OB a5
2ol & s

5 H
S
pmmi
o3
*
*

Research Article
J.JES, Vol. 89, No. 3 (2017) pp. 111 ~118

Strain Behavior of ADC12 Alloy Die Castings during Heat
Treatment and its Mechanism

Shuxin Dong®*, Yasushi Iwata*,
Yoshio Sugiyama* and Hiroaki Iwahori**

To ensure dimensional precision in various service environments, this study investigated the strain variation of JIS
ADC12 aluminum alloy die castings by heat treatment and its relation with the strain (hereinafter, growth) arising from the
precipitation of silicon, copper, and magnesium.

Expansion strain exceeding 0.1% was produced in a JIS ADC12 aluminum alloy die casting by heat treatment. Simultane-
ously, the half-width angles of the X-ray diffraction (XRD) peaks of the aluminum phase in the die casting decreased. Sili-
con, copper, and magnesium concentrated phases appeared in the aluminum phase after heat treatment. Consequently, the
decrease in the half-width angles can be regarded as a result of the improved crystallinity of the aluminum phase because of
the relaxation of the lattice strain by the precipitation of silicon, copper, and magnesium. That is to say, the strain variation
of the ADC12 alloy die casting by the heat treatment is attributable to the precipitation of silicon, copper, and magnesium
from the supersaturated aluminum phase. To verify the above relation quantitatively, growth attributable to the precipita-
tion of silicon, copper, and magnesium from the aluminum phase and the transformation of the precipitated metastable Cu-
Al compounds was estimated theoretically and compared with the measured strain variation yielded by heat treatment of the
ADC12 alloy die casting. Results confirmed that the strain variation of the ADC12 alloy die casting by heat treatment corre-
sponded fairly well to the growth arising from the precipitation of silicon, copper, and magnesium out of the aluminum phase
and the transformation of the precipitated metastable Cu-Al compounds. Results also show that silicon, copper, and magne-
sium precipitated at an early stage of heat treatment and that the silicon precipitation contributed mostly to the growth. The
precipitated metastable Cu-Al compound, 6, was found transformed to another metastable compound, ', and stable com-
pound, 0, sequentially, thereby giving some expansion and contraction growth.
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Fig. 1 Die casting sample for strain measurement.
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Table 1 Die casting conditions used for this research.
AWED 5 4 71 2+ G5

Process parameters Conditions
913(ADC12
Molten metal temperature (K) 943EAI, AI-C)u)
Injection velocity (m+s™") 0.4
Pressure of plunger (MPa) 30
Mold temperature (K) 298

Table 2 Chemical composition of JIS AD12.1 alloy,

pure aluminum and Al-Cu alloys used for this research.
AUFFEICH O 2 JIS AD121 44, #M7v =9 Lk
K T Al-Cu &5 4 DALEHLIK.

Si Cu Mg Fe Mn Zn Ni Sn Al

ADC12 alloy |10.57| 2.04 | 0.22 | 0.76 | 0.22 | 0.81 | 0.05 | 0.02 | Bal.

Pure Al 0.04 - - 0.14 - - - - Bal.
Al-1mass%Cu | 0.04 | 0.99 - 0.14 - - - - Bal.
Al-3mass%Cu | 0.04 | 3.02 - 0.14 - - - - Bal.
Al-6mass%Cu | 0.04 | 5.96 - 0.14 - - - - Bal.
Al-10mass%Cu | 0.05 | 9.94 - 0.13 - - - - Bal.
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Fig. 2 Die casting sample for growth measurement.
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Fig. 3 Heating and cooling pattern for heat treatment

of die casting.
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Fig. 5 Strain variation of die castings (insert) during
heat treatment at 473K.
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Fig. 4 Strain variation of die castings (insert) in casting and cooling process.
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Fig. 6 Relation between heating time at 473K and
growth of ADC12 alloy die casting.
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Fig. 7 Effect of heat treatment on half-width angles of
aluminum phase in ADC12 alloy die casting.
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Fig. 8 SEM micrographs of ADC12 die casting before
and after heat treatment.
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Fig. 9 Energy dispersive X-ray spectroscopy of point a)
and point b) in Fig. 8.
Fig. 8D a) &£ b) O T kb F—/43H0E XHE A~
7 b,

mEERRICB W, AlAE AT S;, Mg-Sifbas LT
Cu-Al LMD E AT OB EL L EEZEL SN S,
—77, BRI, Tho oK B, Al
BARP L2 LTVWA T ENbh s, T OBELER
» 5, Fig. 7 @ ALFHO PR > SHEE L 7o@bliEond
O HHR R TE 5. Fig. 10 D E LT, Mgl
Mg-Si LA™Y & LT, Culd ChAlRLam'” &L
L& an s, o & Z@pafiiEis Sih Mg &b
BENE > TWARY, Mg &G LEDAD S IZSiHHE
Ll LcsHiEsn s, £72, $ficCung
HEMNEZL, 473KIcB T % Cu-Al R LAV DO EREICTE L
WS b g s 2 1, W O B 0 BUli B & O EiE
TOBMIIZ LD Cu-AL R LAYIET s LI EH
Z 6N 5, Fig 6 ORI KA EEROIT E Cu-Al
LAY OMHAREOEBIC X 3% % 5h, Cu-AlLaY
DRI RIC Z 5 B TR RET U /e,

Table 2 (\Z/RTHIEKD Al-Cu &4 51 1 2~ DR AEEE
& AVILEREE, WER & OBAR A NI AE R % Fig. 111K 7.
473K T 130h £ CTORWLE 2175 T Lick b, REEIIE

lenm Si K

b) After heat treatment

Fig. 10 Bright field images and distributions of alloying elements observed by TEM-EDS for ADC12

alloy die casting before and after heat treatment.
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Fig. 11 Relation between heating time at 473K and 623K and growth of Al-Cu alloy die castings.
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3) BRI BE VT AIFICEREL TV Si, Mg K&

U Cu 3 xTHthd 3.

4) MgSi HLambARET 2% », WLEHTH 2 B,
B ORERREE R T ERIC OV THT L bR
xR L TwWiELE»®, 2T, Mg ZEEMD
Mg.Si & L THriid 5 LIRTET 5.
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b v, [ Mg, Cu BRI, ThZh, 022 (g), 2.08 (g
Thsd. i, Al DENVIIKRATHAZ 5N 5.
(90.73—1.497 —0.22 —2.08)/Ma + 1.497/Ms; +0.22/
Mg +2.08/Mcu=3.317 (mol) 4
Z T C, Ma, Ms;, Mmg, Mcu (&, Al Si, Mg, Cu @ € v
FHTETHhD, ThEN, 2698, 28.09, 2431, 63.55 (g/
mol) & L7z,

Ala) DERE R, (4) i Table 3 @ € VAR (9.957(cm”/

mol)) ZFL ST LickD, 33.03(em’) ERBELLNS.

[FlRgIc, i St ok, R THES 515,

9.273/Msix 12.06=9.273/28.09 x 12.06 =3.981 (cm”)
(5)
L=, RO &4 # % b 100g DER (V) &
33.03+3.981=37.01(cm’) 735,

Alg) :

Table 3 Crystal systems, lattice constants and number of atoms per unit lattice of phases used

for estimating growth of ADC12 alloy die castings.

ADCI12 544 4 71 Z b OBLORA RIS O 72 &M ORS8O OB O I 1%L

Number of atoms Specifi
Phase :;Zts(:z: Lattice constants (nm) per unit lattice vzz:rlnI:
a b c Al Si Cu Mg (cm*/mol)
Al cubic 0.4044 | 0.4044 | 0.4044 | 3.8852 | 0.0643 | 0.0394 | 0.0111 9.957
Al cubic 0.4043 | 0.4043 | 0.4043 | 3.9014 | 0.0590 | 0.0396 9.951
Al cubic 0.4046 | 0.4046 | 0.4046 | 3.9600 0.0402 9.968
Al cubic 0.4049 | 0.4049 | 0.4049 4 9.994
Si cubic 0.5431 | 0.5431 | 0.5431 8 12.06
Mg,Si cubic 0.6351 | 0.6351 | 0.6351 4 8 38.57
& | tetragonal | 0.4050 | 0.4050 | 0.7680 6 2 37.93
&’ | tetragonal | 0.4050 | 0.4050 | 0.5800 2 28.65
4 tetragonal | 0.6067 | 0.6067 | 0.4874 4 27.01

Note: Alm, AI(Z), AI<3> are the supersaturated aluminum solid solutions with Mg, Si and Cu, with

Siand Cu , and with Cu soluted respectively.

Al is pure aluminum without soluted elements.
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(b) Hrig Dk (Vo) @ Ala) o Mg 234 T Mg.Si &
LTirthd 5 &, 0.22 (9)/Mumg=0.009050 (mol) @ Mg &,
Z D50 IV (0.004525(mol)) @ Si 237D LT, Al
(Table 3B £ 125, Aly D ENVHIZRRTEA SN 5.

3.317—0.009050 — 0.004525 =3.303 (mol) (6)
Al ORREIZ, T UVER AL T, 3.303x9.951=32.87
(em®) &£75 3.

FrHI L 72 MgeSi @ €V 113, 0.004525 (mol) 5D T, %
D AR, 0.004525%3857=0.1745(cm”) T 5. L7zhi-
T, MgSi OffrthE KR (Vo) (d, 32.87+3.981+0.1745=
37.03 (cm®) &75%.

() MgSi OffrHic & 2k ALEE - X O EEBkC, #r
HAiOEEE Vi, FTrHEOREE V. L35 &, kALE
BRxXch5zon3.

AAEER (%) = ((V¥VD—1) x100 @

L7zhi-> T, MgSi Ot & 2k A4LE I, 0.018%
LHELLNS.

3.4.2 Si OffrHic & 2 BRI AKR AL EE

(@ HrihET o KT (V) @ HiE & O Hr th il o K 1,
37.03 (cm”) TH 3.

(b) Hriit DR (Vo) @ mEAFICHEE L TV SioE
VEE, 1.497/Msi=0.05329(mol) TdH 0, MgSi & L T
FrHt L 72 Si i 0.004525 (mol) 75 C, [EiaA L T 5 Si i,
0.04877(mol) TH 5. Al S SiBETHH L 725D Alg)
D EIVEIZ, 3.303—0.04877=3.254(mol), Al DOEFREIZ,
3.254x9.968=32.44 (cm”) £1755.

—75, HrH L 72 Si ORI, 0.04877x12.06=0.5882 (cm®)
ThH5.

L7chi-> T, SifriiikoERE (Vo) (3, 32.44+3.981+
0.1745-+0.5882=37.18(cm’) & 75 5.

(o) Siotric X 2k AEERE VI, V:0fEZR (7
IKRAT B &Ik, SiotrHick 2 kAEEEE L
T 0.135% HHE 51 5.

3.4.3 0 OfHIc X 2R AKALEER

Culd, 2BMNO ELTHET ST 5.

(@ #ribaiodkRE (Vo @ aiEE 0, HriE;o g,
37.18 (cm®) Tk 3.

(b) Hriie Ok (Vo) @ Al KEEL TV 5 Cunid
0 (CuAly) & LTHHILTAlw (BiAD 12725, Bl
4% Cu @ € VI 2.08/Mcu=0.0327(mol), #ritid 2 Al
D EIVEIE, 0.0981(mol) DT, Alw D EIVEIL, 3.254
—0.0327 —0.0981=3.123 (mol), Alwy DAFE 1, 3.123x9.994
=3121(cm®) &75%. HrH L7z Cu (0) @ VEE 0.0327
(mol), AT 2, 0.0327x37.93=1.240(cm”) Tdh 5. L7H-
T, 0 HrBoERE (Vo) 13, 31.21+3.981+0.1745+0.5882
+1.240=37.19(cm’) &£75 5.

(© 6 OiFic & 2 kALEER VL, ozR (7
WWRAT BT LD, 0.00896% WiFoh 5.

3.4.4 0'—0 OEFEIC X MR AAEER

(@) ZRERIOKE (Vo @ AiEK 0, a0 &R,

37.19 (cm®) TH 5.

(b) ZRERDOKTE (Vo) 10 (CuAly)—0 (CuAl) D
BEIC X - T, HTHIWIOE VEIIZEL L1V, 0 2R
T5AID1Y3H Al (FLAD IKRRA. L ->7T, Alw
D EIVEZ, 3.123+0.0981/3=3.156(mol), {Af%IZ, 3.156
x9.994=31.54(cm”) TdH 5. 0 ®E LKL 0.0327 (mol),
K13, 0.0327x28.65=0.9369(cm”®) TH 5. Lihi-T,
00 ARE% DIKFE (V) 13, 31.54+3.981+0.1745+0.5882
+0.9369=237.22(cm®) £ 75 %.

(0) 0—0 ZREIC X BAAERER Vi, V2 0fizR (1)
WKRAT BT EITED, 0.0269% 155N 5.

3.4.5 0—0 OEREIC X 2R AKALEER

(a) ZREFIOEFE (V) @ RiIHX b, Hrano EiE i,
37.22 (cm’) TH 5.

(b) ZEBET% D {ATE (V2) 10 (CuAl) ~0(CuAl) DZFET I,
Triv o e VERED A PENT 5. 0D E VI 0.0327
(mol), 1&F&IE, 0.0327x27.01=0.883(cm”) TH 3. L
5T, 0 =0 ZEREBOMERE (Vo) (3, 31.54+3.98140.1745
+0.5882+0.883=37.17(cm®) & 755,

() 0—=0ZREIC L B RAEER 1V, V,ofiz2R (1)
WWRAT BT EITED, —0.0448% HEEN 5.

3.5 Pk AERE & FEBERE O i

A THALCHGKAEEREOMK R KB L T
Table 4 I2 773, MgSi, Si, 6 OWrih, KU, 0 —0 £fE
BIEETHD, =21 T019% FEEKET 2. —4, 6
—0 ZZRETIZ 0.045% FEFEINHE 9 5 729, BAXIIIC S, 0.144%
Dligsk & 125, C OFMHEAER & EBREER L RT3,

Table 4 Estimated growth of ADC12 alloy die castings
by precipitation of Mg, Si, Cu and transformation of Cu-
Al compounds.
Mg, Si&kU Cud#riti &Hrili U7z Cu- AL &Y D2
2 & B AR B 0 B ET RS R

Precipitaiton or Individual Accumulative
transformaion growth (%) growth (%)
Mg,Si 0.018 0.018
Si 0.135 0.153
& ”(CuAl,) 0.009 0.162
&= &’ (CuAl,) 0.027 0.189
g’ = ¢ (CuAly) -0.045 0.144

Fig. 1212, ADC12 &4 & Al-3mass%Cu &4 5 1 /1 2
M D AT3KIT B T B RF ] S kA E R OBIGRERT .

5%, Kficid, 230h, 254h INER DY v 7V E, S 51T
623K T 5h, 91h NZAL 745 & bbb TRT.

ADC12 &4 & Al-3mass%Cu &4 DK ALEREEE) 1Z, i@
SHES SR8 5 & D D[E R D H]A % 7897, Al-3mass%Cu &
S DKRALEEG Cu-Al RLEWIDOHTH EARBIC K - THET
TWw3, ADC12 &£4&H® Cu #iZ 2.04mass% T O (Table
2), Cu-Al R bABHIONr &£ X 2k ALEERIZ, Al-
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Heating at 473K [+ Mg,Si+Si+ 6’
0.16 Cu-Al phase transformation Mg, Si+Si+ 6°
e ; [-Mg,Si+Si
g g o ___8_ _ _» [“Mg,Si+Si+ §
& S
- ()]
5 ADC12 alloy L=
o S
5 0.08 5
o 623Kx91h g
* [0}
<
'_
_ 0,
cf. Al-3mass%Cu alloy 623Kx91h Mg, ]
0 | | <. d
0 100 200
Heating time, h
Fig. 12 Relation between heat treatment conditions

and growth of ADC12 alloy and Al-Cu alloy die castings.
BILE S & ADC1I2 58 R A-Cu “i&&F 1 A
Z b ORAMR & OB,

3mass%Cu 54D 2B3RETHh B EEZ oM D, FinkhR
IZBOVT, KRAEEENR S KE 12 - 7 130h IO
ADC12 &4 Dk AEE R 0.12%, Al-3mass%Cu &4 D
KAFEEBD 2/313 0.032% 15 DT, Mg, Si DHHic & 3
KA ERZ0.088% & 150, KD 733% &155.

—7, HERALERROFRICBVWT, Kb RkALER
MREL L BDIE, MeSi Si, 0 BHHL, 0 —0 ZZhEN
HEUREEZD0.189% TH Y, ZDOHD Mg, Si OffrHic &
Bk AR 0.153%, 2D 81% TH 5. KALE
Xt % Mg, Si O tHOEGHIG1E, FEEED boPKR
Z0WHoo, BFIF—HLTVAS.

% 72, 623K - 91h @ fnEic & v, ADCI2 &4 D Kk
SRR, 012% 25, 0.06% & 50% %~ L 7. Bk
JEEBROFETIE, 0 0812 X D, 0.189% 7 5 0.144%
EH24% KN4 5. EBIcB T 3 kALEEDO KRS BED
i, 00LMEILEbDEELZONS.

TokIi, FMEICk D E LN ERRKAERBRO W
13, EBERE IS —HLTVE., kALERICROAKEL
FELTOVADIE SO (B Thbh, TokE, 0
—0ZRE (M) THBEEEZOLNS.

B, KALESEOHGFRMEE, FllEL O K&
WMot ERROENICLE EEZOND,

KRAL R OHEGTI T, SEE L CEIRE TR
Lic& =TS, CuBL P Mg Wgn s rIkER O &
KEAR F CHEafIEAST 2 SGELE. LrL, FEEOD
EEE - LB T, W& Al th o [EliE R ES ZonikER
DIKREER L 0 /D0, F 72, Mg-Si L&y o uEZeiE
P Fe R EDILROEELAMB L/ T & bilid DA IC e
LTV arafetnid 5.

4 % =

ADCI2 &4 54 # 2 bSO B IT B 5 0§ ALK
L& R AEERFI IOV, FEER, HimiT 8 & Ol AT
HofEt L, DITofkREE .

D EJFIT kv ADCI12 5451 /1 2 + 13 0.1% LIk
DRALEEDEL 5.

2) BWEhic kv, AUFHOFARIEEED L, Fi, Al
hic Si, Mg RO Cu @ b EE S e, BULelic
L0 AL EEFIE R LT\ 7z Si, Mg MU Cu A5
HL, ALHOKTOFA0ED Lickb LHEES 3.

3) ADCI2 &4 454 # Z b OKkALEEL, AlfHTICE
FIEELTW3 Mg, Si, Cu O & Cu-Al L&D
KRk bDTHE, COPTSiHFHICL20TA
FALDPIROREL, KAERICRE LB ERITT.

4) ADCI12 A48 0 BWLENC B VT, w@iafc
LTWwsc#k Mg, Si, Cuofffti3RfTAL 5.
L L, #rih L7 Cu-Al LY oA REIC 1L, iy
EWMz28d 2. COMEYEEDO M, 01, »o%k
B OMICERET 2RfE Tlgnk, WAL, $o
KAAEES COMER-EIC Lichi-> T LT 5.
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