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ABSTRACT

A Study on the Improvement of Formability in
Wrought Mg Alloys

Cho Moo-Hyun
Advisor : Prof. Jang Woo-Yang Ph.D.
Department of Metallurgical Engineering

Graduate School of Chosun University

In order to clarify the effect of various factors on the formability of
wrought Mg alloys, the influences of thermomechanical treatment conditions
and ECATp(Equal Channel Angular Tensile Deformation) on the
microstructural change, recrystallization behavior, development of texture,
phase change and tensile properties in Mg—-Al-Zn and Mg-Li—-Zn alloys have
been studied.

The results obtained are as follows;

(1) The sheet hot-rolled at lower hot-rolling temperature and higher
reduction rate revels many cracks at the edge of the hot-rolled sheet in
Mg-Al-Zn alloy while hot-rolling process without cracks is possible even at
lower hot-rolling temperature and higher reduction rate in Mg—-Al-Zn alloy

(2) Recrystallization temperature of grains deformed by hot-rolling
depends on hot-rolling temperature; Recrystallization limit temperature of
the sheet hot-rolled at lower hot-rolling temperature is fallen due to
introduction of lattice defects such as deformation twin, dislocation and

lattice distortion but recrystallization limit temperature of the sheet

_|X_



hot-rolled at higher hot-rolling temperature is raisen due to lower driving
force for recrystallization, results in coarser grains.

(3) The yield strength of hot-rolled sheet is increased while the
elongation of that is decreased owing to the formation of deformation twin
and deformed grains with falling hot-rolling temperature.

(4) Comparing tensile strain of the sheets which is hot-rolled at different
temperature with annealing temperature, the largest elongation is obtained
in the sheet hot-rolled at 230 C and then annealed at 200 C and/or the
sheet hot-rolled at 180 C and then annealed at 300 C.

(5) With increasing annealing temperature of the hot-rolled sheet, the
size of dimples on the fracture surface is decreased and is uniformed
throughout fracture surface, but fracture mode is changed to intergranular
fracture by annealing above 400 T.

(6) For optimal ECATp extrusion conditions without fracture, the
temperatures of mold and both ends of the sheet to be ECATp shall be
unifrom and constant. Especially, when temperatures at entrance and exit
sides of the mold for ECATp are not equal, yield strength of the sheet
becomes lower than that of the friction force at oblique point of ECATp
mold, results in unexpected elongation and fracture of sheets.

(7) At lower ECATp mold temperature and higher extrusion rate, the
friction force at oblique point of ECATp mold is increased while the degree
of elongation of grains and the amount of deformation twin are increased.

(8) Recrystallization temperature is fallen with increasing extrusion rate
after ECATp deformation; recrystallization temperature of the sheet which
is ECATp deformed at a speed of 40mm/min is about 250 T, but
recrystallization temperatures of the sheets being ECATp deformed at
speeds of 10 and 20 mm/min are higher than that of the sheet being
ECATp deformed at a speed of 40 mm/min.

(9) By hot-rolling at 130 T, {00-1}<10-0> basal texture being inclined



toward TD is developed, results in double poles of {00-1} basal plane on
the stereographic projection. The slope of basal plane {00-1} is decreased
with increasing hot-rolling temperature.

(10) Comparing annealing texture with hot-rolling and annealing
temperatures, the slope of basal plane {00-1} is decreased with increasing
annealing temperature and the angle of inclination of {00-1} basal plane is
increased in the sheet hot-rolled at lower temperature.

(11) Double poles of {00-1} basal plane being developed by hot-rolling
are changed to single pole by ECATp deformation, the change from double
poles to single pole is dominated with increasing extrusion speed.

(12) With increasing temperature of ECATp deformation, the intensities of
{00-1} and {100} poles are increased and double poles of {00-1} basal
plane are changed to single pole.

(13) In Mg-7%Li-1%Zn alloy, a and B phases deformed by hot-rolling are
recrystallized at different annealing temperature; a phase which is matrix
250 C but B phases
which is precipitated at grain boundary is recrystallized at 300 TC.

(14) Yield strength and strain of hot-rolled Mg-7%Li-1%Zn alloy are 15.2

and hcp crystal structure is recrystallized at 200

kgf/mm® and 14.2 %, respectively. However, yield strength is decreased to
1.8 kgf/mm* and 11.15 kgf/mm® and strain is increased to 24.3 % and 36.3
% by annealing at 300 T and 400 T, respectively. In all the specimens,
tensile strength is decreased with increasing strain after yielding due to the

crystallographic characteristics of Mg alloy.
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Table 2. 1. Physical properties of Mg

Crystal Hexagonal Close Packed
Specific gravity 1.74

Melting point (C) 650

Boiling point () 1,107

Specific heat (25T cal/gC) 0.25

Thermal expansion coefficient (40C) 26107
Thermal conductivity (cal/cm?/cmT/s) 0.376

Electric resistance (u&-cm) 4.46

2. 1. 2 Mg &59 ¥+

Mg #tadle 287 7ol om Mg-Al, Mg-Zn, Mg-Al-Zn, Mg-Mn,
Mg-Zn-Zr 2 Mg-Zn-RE(EE)7A &5 5] 3
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Mn, Cu 2 Cd s& 7 =l d=olvh

of Hlstel Fmi AIGE FRI fASE Axel o5
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Table 2. 2. Chemical composition of casting Mg alloys

Chemical Composition(wt%)
Alloys
Al 7n 7r Mn RE Mg
- 0.1070.
AMI00A | 9.37107 <0.30 - . Bal.
- - 0.1570.
AZ63A 5.376.7 | 2573.5 - 6 Bal.
- - 0.1370.
AZ91C [78.179.310.4071.0 - . Bal.
ZK51A - 36755 | 05710 - Bal.
EZ33A - 2073.1 | 0571.0 - 2.574.0 Bal.
Table 2. 3. Mechanical properties of casting Mg alloys
Mechanical Properties
AHOYS Shear
YS(MPa) UTS.(MPa) EL (%) HB
strength(MPa)
AMI100A(F) - 137 - 53 126
AZ63A[F) 69 167 4 50 126
AZ91C([F) 69 126 - 52 126
ZK51A(T5) 137 235 5 70 177
EZ33A(TH) 98 137 2 50 -
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Table 2. 4. Chemical composition of wrought Mg alloys

Chemical Composition(wt%)
Alloys
Al 7n 7r Mn Mg
AZ31B 25735 ] 06714 - 0.271.0 Bal.
AZ61A | 5877.2 |0.04715 - 0.1570.5 Bal.
AZ80 7.879.2 | 0.270.8 - 0.1270.5 Bal.
ZK40 - 3.574.5 0.45 - Bal.
ZK60 - 4.876.2 0.45 - Bal.
Table 2. 5. Mechanical properties of wrought Mg alloys
Mechanical Properties
Alloys
YS(MPa) UTS(MPa) EL(%) HB
AZ31B(F) 200 255 12 49
AZ61A(F) 205 305 16 60
AZ80(T5) 275 380 7 80
ZK40(T5) 255 275 4 -
AK60(T5) 285 350 11 75
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Fig. 2. 11. Schematic diagram of (a) making semi-solid slurry and (b)

high-speed injection molding for Rheo casting.

2. 4. 2 2ATVF 93 AEuy

HAE o] &3t 2y 7MY FEe 1H Fo] A qH Aol Hojur)
ol thol~®olu} tES o] &3 AFALY vudd wf = FHS gF GF
g e FEES VI dA FdstE AS AZ31 es o]&d A A9
Ay 2kol .,

_27_



Mg

-
.

Fig. 2.12

o

e el mhe b naEeE Wirelxn ulzt

1A 9k Aol A7FE A 7ro] Wolx

S

2 7}y

=
=

ol
Gt

B

Fo}b, w) L

I<]

Aol 7bs

-

R

5t

°

7}

=

=

st

KeN
L

=3

A7 7HA]

[e)

2507320 T 7k#] 7}

e

o

=

22
o
=
)
BK
v
Nfo
o
oy

i~

o

_o/]

Hol] 227} el sticking dA}

hyA
ar

gy =

_28_



COBO00 g
+——p

brvd | Q| rerre—

COOGO é

casting hot rolling cutting

3
=

OO0QCOGO0000 @

[—— T
D == 3
i U 1

0000000000 l

4

repetition hot rolling

Fig. 2. 12. Manufacturing process of Mg alloy sheet.

Table 2. 6. Rolling conditions of AZ31 Mg alloys

Rolling Reduction rate(%) | Reduction rate(%)
Process (heat) (pass)
temperature(C)
Rough rolling 4257 450 907 95 10720
Hot rolling 3507440 25750 5720

_29_



P 3R] A=

3|
pal

o

N
N

i

.

o

=13
=

}ed 1.476 mm F79

S

™

%

=
o] Fd=A

o] Agfsnz o u

o
=o)

Hag

§}

il Aol Fol o

o o

ouw V& &

141

3]

HE A gl o

=% Al 5

ol
—_

reduction cutting

molten metal nozzle

)

;

£

Q
[¢]

0

runner

13. Manufacturing process of Mg alloy strip.

Fig. 2.

2. 4. 3. BA9 2%

ao

R
0
e
M oz
g
To =
-
=
¥ o

M
ToR

50 el

Mg =9 ZA-727F hep®HA

= o=

/ol A7

HAAL RolA s

=]
-

_30_



F71 wi el v

I<]

=

HAW A5

2~

=

(00-1)7]1 4w 9]

-

R

nire] LEw9lolA

0
el
-

o}
)
of
il

4

A
pjat
)
B

WA 127080 A7) o] WMol oy},

T

ZZ 2007300
2 QG An AARE 227 AL &

aHA etk tigF 200 7300 T bl A HE

9

A7 223d Mg a2 EHA7F 3ol 2=
7}

o

=

PN

=

4=
=

A A

5

1 57019

£

-
R

4

O]

b1 9

<

g7tE AAlEe] v
ANAA FA o] UEpA Hw 1 o]

o

=

—

1791}

°

ol A 43

—_L

td =

°

s ool 7t

T

o vt Mg =< A8l

—_
file)

T

]
n

oV
e

0

&3
dr

_31_

7F sltt.

]_

S

R

|

%217}

3



H AFo = Mg S52 hep
skH(o]3} AZ31B)¥ hep + bcece
.

Zte 8 Mg §=l Mg-Al-Zn7|

Zbs Mg-Li-ZnZl &as AHE3sl

AZ31B Mg &5 A= POSCOONA A3 t=3 mmel 27+t B2 24
as—
received JEjolA HHE AAH F7]+= 5 m WHeolAdY. T Mg-7%Li-1%7Zn
=2 50 torro] Ar #9719 AFHFELAZE o] &ste] Fa& A=xsct #
A 273 em A7)|2 A9E Mg 2 Zng T2
Lis F7H2 FYdsion dAAz

= -
Mg-7%Li-1%7Zn &5 U3t A 23}
3. 2 474

AZ31B Mg &5 IA= 80W X
A2k WA deks 2 ddEEE WA ]
127 mm X L250 mmQl ©& A¢A7|(dsts; ol 2
AAE AA e 2EAA 2087 78S § S FARAER iAo
HAE FA7F 1.67 1.8 mmel ARAE Azt

Bgk Mg-7%Li-1%Zn F+2 ddstAe] $ 200 ColA dirgAstalon
T FARERES 25 %ol HFFAE 1 m

Table. 3.1 47ttd =718 YERdAT

\'1

_32_



Table 3. 1. Hot-rolling schedule of Mg-3%Al-1%Al and Mg-7%Li-1%7Zn

alloys

Rolling Temp. # of Rolling . Reductio
Schedu ) speed(m/min n
Alloys pass ) rate(%)
Mg-3%Al-1%Zn 130, 180, 230, 5 8 50
320
Mg-7%Li-1%Zn 200 10 2 25
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Fig. 3. 3. Photographs of ECATp(Equal-Channel Angular Tensile
Deformation) by using UTM and special mold.
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Fig. 4. 3. Optical Micrographs of AZ31B sheets hot-rolled at 130C with
annealing temperatures; (a) 150C, (b) 200T, (¢c) 250TC, (d) 3007TC, (e) 35
0C and (f) 400C.
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Fig. 4. 4. Optical Micrographs of AZ31B sheets hot-rolled at 180T with
annealing temperatures; (a) 150C, (b) 200T, (¢c) 250TC, (d) 3007TC, (e) 35
0T and (f) 400C.
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Fig. 4. 5. Optical Micrographs of AZ31B sheets hot-rolled at 230C with
annealing temperatures; (a) 150C, (b) 200TC, (c) 250TC, (d) 300TC, (e) 35
0T and (f) 400C.
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Fig. 4. 6. Optical Micrographs of AZ31B sheets hot-rolled at 320C with

annealing temperatures; (a) 1507C, (b) 200TC, (c) 250TC, (d) 300TC, (e) 35

0T and (f) 4007C.
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Fig. 4. 7. Change in grain size of AZ31B sheets hot-rolled at 130T with
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Fig. 4. 12. Stress-strain curves of AZ31B sheets hot-rolled at 180T with

annealing temperatures.
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Fig. 4. 13. Stress-strain curves of AZ31B sheets hot-rolled at 230C with

annealing temperatures.
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Fig. 4. 14. Stress-strain curves of AZ31B sheets hot-rolled at 320C with

annealing temperatures.
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Fig. 4. 15. Fractographs showing tensile fracture surface of AZ31B sheets
hot-rolled at 180C with annealing temperatures; (a) as-rolled, (b) 200C, (c)
300C and (d) 400TC.



Fig. 4. 16. Fractographs showing tensile fracture surface of AZ31B sheets
hot-rolled at 320C with annealing temperatures; (a) as-rolled, (b) 200C, (c)
300C and (d) 400TC.
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Fig. 4. 17. Shape of the sheet ECATp-deformed at different temperature;
(a) 240TC, 20mm/min, (b) 260C, 20mm/min, (c) 270C, 20mm/min and (d)
290C, 20mm/min.
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Fig. 4. 18. Shape of the sheet ECATp-deformed at different temperature;
(a) 200, 10mm/min, (b) 200C, 20mm/min, (c) 200C, 40mm/min, (d) 250TC,
20mm/min and (e) 300C, 20mm/min.
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Fig. 4. 19. Optical micrographs of hot-rolled sheet with annealing
temperature; (a) 150C, (b) 200TC, (¢) 250TC, (d) 300TC, (e) 350C and (d)
400TC.
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Fig. 4. 20. Optical micrographs of the sheet ECATp(200C, 10mm/min) with
annealing temperature; (a) as—ECATp, (b) 150TC, (c) 2007TC, (d) 250TC, (e)
300C, (f) 350C and (g) 400C.
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Fig. 4. 22. Optical micrographs of the sheet ECATp(200C, 40mm/min) with
annealing temperature; (a) as—ECATp, (b) 150TC, (c) 200C, (d) 250C, (e)
300C, (f) 350C and (g) 400C.
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Fig. 4. 23. Optical micrographs of the sheet ECATp(250C, 20mm/min) with
annealing temperature; (a) as—ECATp, (b) 150TC, (¢c) 2007TC, (d) 250TC, (e)
300C, (f) 350C and (g) 400TC.
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Fig. 4. 24. Optical micrographs of the sheet ECATp(300C, 20mm/min) with
annealing temperature; (a) as—ECATp, (b) 150TC, (c) 2007TC, (d) 250TC, (e)
300C, (f) 350C and (g) 400C.
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Fig. 4. 25. (00-1) pole figures for annealing texture of the sheet hot-rolled

at 130C with annealing temperature.
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Fig. 4. 26. (00-1) pole figures for annealing texture of the sheet hot-rolled

at 180C with annealing temperature.
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Fig. 4. 27. (00-1) pole figures for annealing texture of the sheet hot-rolled

at 320C with annealing temperature.
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130T

Fig. 4. 28. (10-0) pole figures for annealing texture of the sheet hot-rolled

at 130C with annealing temperature.
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180 T

Fig. 4. 29. (10-0) pole figures for annealing texture of the sheet hot-rolled

at 180T with annealing temperature.
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Fig. 4. 30. (10-0) pole figures for annealing texture of the sheet hot-rolled

at 320C with annealing temperature.
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Fig. 4. 31. (00-1) stereographic projection being normal to ND of pure Mg.
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{010)

Fig. 4. 32. (00-1) stereographic projection being inclined to TD of pure Mg.
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Fig. 4. 33. (00-1) stereographic projection being normal to ND of pure Mg.
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Fig. 4. 34. (00-1) stereographic projection inclined to TD of pure Mg.

_87_



Fig. 4.35% ¢l
2 {100}d9] =
== 4555 10 mm/min®.2 ECAT, 7F&g #A(E200-10)2]
79-oll= ECATy 7holzlel Al #Al(E-as)ell Hlste] {001} 2 {1001H ] 53]
A= Askskaler {001 S3e] TDWFe= ti=f 5° A= Hlojy . o]
g Sl FEASE ECATy 7Fe 5 7Fdel ol A2A 9 AAHol Al 71:lst

7F 20 2 40 mm/mine.® =7k {00-1} = {10-0}He] =4 o]
7 53] Q&4 % 40 mm/minelA ECATy 783t HA(E200-40)
A= {001} 2 {100}He] FHe Fwrt ul$ A8 YeEltor v d&sEw
oA Yeht= {00118 o]F ZHo] NDEYE HhHor HA Uit Jdu=
vk Aot

A JEEE 20 mm/minolA ECATy 718 %5 717} 250 92 300 CT= £ &
AN(E250-20 E E250-20)¢] A-$elx= {001} 2 {10019 4 A= 7243
Rom {00119 4ol NDEFH Foyow HA yYrks ez Weqlnh

U O 2 hep HHS a9 Fig. 4.3501A¢F o] bl x2S Aol

T — == ?:1
A el Gele] AgzAe] was oleld

I
&
i
rO
e
A
o K

m{ru

o 2 grEHgol Zgahs ¢tdvbEol M A WElelA] ¥ Aew B
u¥ 3 9k 23y ECAP L+ ECAR 7Hg 5ol o8 Aebide] 9|4 hep
v Hol= Aoz oz gl

B Ago)| A ECATy 7} ECAP % ECAR 7ha3bs g7 BXo 93 dAg
TVEA Ao A8 tEWUHogA EFeE 200 T 2 QL% 40 mm/
minel A {001} 53 2 {100}We] 539 Fwrt Wg 2 JRx o] s
Gt olek ol ECATy 7FeAlel vehes 553 Agzze] vas
= ECAP 9 ECAR 7hs #Aob= 2 7144 A4S yed 5 s o=
ek

Lo,
N,
e
N
»
rlo
v
o2
Ol
r&
mlm

_88_



“Gallen| Drgariser | Dptions |

Orgariser | Options |
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(a)
Fig. 4. 35. (00-1) and (10-0) pole figures for the sheet ECATp at different

extrusion rate and temperature; (a) as-rolled, (b) 200C, 10m/min, (c) 2007,
20m/min, (d) 200C, 40m/min (e) 250C, 20m/min and (f) 300°C, 20m/min.
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(2)
Fig. 4. 36. Optical micrographs of hot-rolled Mg-7%Li-1%Zn alloy with
annealing temperature; (a) as-rolled, (b) 150C, (¢) 200C (d) 250T (e) 300T
(f) 350C and (g) 400C(*<200).
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(c) (d

(e) | €3]

(2)
Fig. 4. 37. Optical micrographs of hot-rolled Mg-7%Li-1%Zn alloy with
annealing temperature; (a) as-rolled, (b) 150C, (c) 200T (d) 250C (e) 300
(f) 350C and (g) 400C(<1000).
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Fig. 4. 38. X-ray diffraction patterns of hot-rolled Mg-7%Li—-1%Zn alloy.
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Fig. 4. 39. Change in Vickers hardness values of hot-rolled Mg-7%Li-1%Zn

alloy with annealing temperature.
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Fig. 4. 41. Fractographs showing tensile fracture surface of hot-rolled
Mg-7%Li-1%Zn alloy with annealing temperature; (a) as-rolled, (b) 150TC,
(c) 200C, (@) 2507, (e) 300TC, (f) 350TC and (g) 400TC.
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