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Abstract The effect of forging parameters, including different forging stock, strain rate and strain, on the
mechanical properties of hot-forged Al 6061-T6 was investigated. The forging was conducted using either
hydraulic press, crank press or hammer press, respectively, at a forging temperature of 400°C. When using
an extruded bar as a forging stock, the tensile strength was lower for the specimens prepared by hammer
forging than those by crank press forging. It was found that the coarsening of recrystallized grain was
responsible for the decrease in tensile strength with hammer forging. Systematic studies on the effects of strain
and strain rate on the tensile properties of hot-forged Al 6061-T6 products using extruded bar as a forging stock
further suggested that the coarsening of recrystallized grains and Mg,Si precipitates complexed the observed
trends in the tensile behavior. In case of hot forging with continuous cast bar as a forging stock, on the other
hand, the mechanical properties of the specimen were largely improved with hammer press compared to those
with crank press, which appeared to be due to the homogenization of microstructure.
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Fig. 1. Photograph of hot-forged Al 6061-T6 product in the
present study.
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Table 1. Forging rates for the presses used in the present study. olgaled BREAT. AFEAY 2R 95 BAAw
Type of press  Hydraulic Crank Hammer 20mm, 2174 4 mme] 4 IAAHE AF sl A zksh

Forgm/gi rate 0.025~2.5 300 600~1,000 . 5
(mm/sec) sec?] HMBE S22 QGAIES aleh A E +

Table 2. Summary of forging parameters used in the present study.

Forging stock Diameter(mm) Forging shape Strain Strain rate (/sec) Type of press used
Fig. 1 1.1~2.2 50~2646 Hammer, Crank
Extruded bar 60 Upsetting 0.5 0.002, 0.15, 7, 18  Hammer, Crank, Hydraulic
Upsetting 0.8 0.0045, 0.4, 17, 45 Hammer, Crank, Hydraulic
Continuous cast bar 127 Fig. 1 0.6~13 6~170 Hammer, Crank

Table 3. Chemical composition of Al 6061 alloy in weight percent.
Cu Cr Mg Fe Si Mn Al
0.15~0.40 0.04~0.35 0.8~1.2 =07 0.40~0.8 =0.15 Bal.
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Fig. 3. Optical micrographs of as-forged Al 6061-T6 extruded
bar forged with (a) crank press or (b) hammer press,
respectively.
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Table 4. Tensile and impact properties of hot-forged Al 6061-T6 product using an extruded bar as a forging stock.

Type of press YS (MPa) UTS (MPa) Tensile elongation (%) Impact energy (J/em?)
As-received + T6 363 400 16.0 -
Crank 232 263 189 30.0
Hammer 205 255 22.1 32.7
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Fig. 4. Representative optical micrographs of as-forged Al 6061-T6 extruded bar with different strain and strain rates: (a) €=0.5,

£=0.002/sec, (b) £=0.5, £=0.15/sec, (c) £=0.8, £€=0.0045/sec and (d) £=0.8, £=0.4/sec.

Table S. Tensile properties and average grain sizes of hot-forged Al 6061-T6 with different strain and strain rates.

extruded bar as a function of strain rate for each strain value.

Strain rate (/sec) Strain YS (MPa) UTS (MPa) Elongation (%)  Average grain size (Um)
0.002 0.5 274 339 14.1 400
0.0045 0.8 273 337 16.5 40
0.15 0.5 243 301 12.2 450
0.4 0.8 281 331 17.1 100
7 0.5 222 274 13.0 500
17 0.8 234 267 12.7 200
18 0.5 234 266 11.1 900
45 0.8 218 270 134 400
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Fig. 6. Hall-Petch relationships for as-forged Al 6061-T6

extruded bar at two different strain values of 0.5 and 0.8,
respectively.

et Mg, SidEe B2 ZEst AUES
= 1

aAd Ao

& AP ESEYF FUHE] ot AEA S A-Y A
o] dojFo @ 3| 7|AH EAdo] AAs] AslEe A
HEeth wEpa B ApME 4ESA ¥
2l AR YA e AF BAE o8t
Aot T3 2HA0R A7k DRt 2 7|AA
B3I} Table 6& Al 6061 $FEAE Fig.
o2 A7 dx3 T T6 DA ed AJHe A
¥} A2 BolF Yok AFEAe H$-

1 S0l AaAl nls| FFEN oM,
Ao} vt FEHolAM FEEAET -
% LB AEEA A=

o %

o ofg £
— dn =

d 10 o e o2 dlo o A
)

2 ox

2
Lg o oft
BN

>
Lo

;

Fig. 8& Al 6061 S955AE 217 (a
(b) EHE ol&ste] kst Al o] 43
Az ARG vepia vk F Al BF
Z_]o] A} 5 &

s <

Fig. 7. SEM micrographs showing Mg,Si precipitates in the as-forged Al 6061-T6 extruded bar at similar strain rates and with
different strain values of (a) £€=0.5, £€=0.15/sec, (b) £=0.8, £€=0.4/sec, (c) £€=0.5, £€=0.002/sec and (d) £=0.8, £€= 0.0045/

sec, respectively.

Table 6. Tensile and impact properties of hot-forged Al 6061-T6 product using a continuous cast bar as a forging stock.

Type of press YS (MPa) UTS (MPa) Tensile elongation (%)  Impact energy (J/cmz)
As-received + T6 219 282 8.7 -
Crank 246 287 14.7 14.5
Hammer 261 31t 18.0 17.8




Fig. 8. Optical micrographs of as-forged Al 6061-T6
continuous cast bar forged with either (a) crank press or (b)
hammer press, respectively.
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Fig. 9. SEM fractographs of as-forged Al 6061-T6 continuous
cast bar forged with (a) crank press or (b) hammer press,
respectively.
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