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Abstract

Effect of solidification rate and aluminum content on microstructure

and mechanical properties of magnesium alloys

By Shin-Wook Kang
Advisor: Prof. Hee-Soo Kim, DPhil.
Dept. of Advanced Materials Engineering,

Graduate School of Chosun University

Recently, development of magnesium alloys have been active in automobile industry due
to their light weight. This study presents changes of microstructure and mechanical
properties according to changes of aluminum content and solidification rate in magnesium
alloy. The magnesium alloys used in the study had 3~9wt.% aluminum with Iwt.% zinc.
The alloys were cast into a step-wide mold to investigate the effect of the cooling rate
during solidification.

Solidification rate increased with increasing of aluminum content and decreasing cast
thickness. The major phases of the alloys were a-Mg, [3-Mg;7Al;,, and eutectic a+[3. The
eutectic morphologies were consist of fully- or partially divorced eutectic phases. The
hardness increased with increasing aluminum content and solidification rate. The effect of
the aluminum content was more effective than solidification rate to increase the hardness.
The changes of [(3-Mg;;Al;; phase fraction was proportional to the hardness. The
compressive strength was not affected by the solidification rate, but by the aluminum
content.

Heat treatment of the as-cast alloy was carried out to improve the mechanical properties
of the as-cast billets. Hardness of billets changed continuously during the heat treatment. At
the initial stage of the heat treatment, the hardness decreased due to the release of the
residual stress of as-cast alloy. Then the hardness increased due to solid solution
strengthening. After the peak, the hardness decreased again as the number of B-Mgi;Al;

phases decreased in both continuous and gravity casting.

— viii -
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Table 1.1 Current and potential application of magnesium alloys in vehicle parts [2].

Engine and Transmission parts (drive train) Interior parts

Gear box

. Steering wheel cores
Intake manifold

Seat components, rear seat
Crankcase

. ) Instrument panel
Cylinder housing

, Steering column components
Oil sump

Brake and clutch pedal brackets
Transfer case

Air bag retainer

Support
Chassis Components Body components
Cast components
Road wheels - Inner bolt lid section
Suspension arms (front and rear) - cast door inner
Engine cradle - cast A/B pillars
Rear support Sheet components

Extruded components
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stoh, Mg-Al-Zn = AldA = A8t A8 E &3t 34 B-MarAldS 71A% a
-Mgeol &3jAIA 7AA BAS EFA, o] A &AYE Fsto] 7AH AHde
Agoka e Aok [7, 17, 45].
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of Wgte dFulyw 9 old dAa7F B-MgrAlpdolAd a-Mgiom a4 o=w &3
He AR 2447 Age A3 YA F2el EAstE dAhEo] Bo] BE ¥
AN, 100A17F F7ell web ql = Hx ZAs glasdnh. A8 Algke] wE v

A2 %ol Wtz B-MgrAlpdel Fe7E 2 ZolA 2L Aoz ZIPA I HFolA
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B-MgiAlip(1¥ % y-phase), 3422 (a+B), 123l AlMn o] EwdstA &2l 5
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Table 2.1 Mechanical properties of pure magnesium(99.9wt.%) [14].

Tensile Ensile yield Compressive . Brinell
. Elongation
strength strength yield stress (%) Hardness
(MPa) (MPa) (MPa) ° (500 kg/10 mm)
Sand cast,
Thickness 90 21 34-55 2-6 30
13mm
Extrusion
Thickness  165-205 69-105 105-115 5-8 35
13mm
Hard rolled
180-220 115-140 69-83 2-10 45-47
sheet
Annealed
160-195 90-105 3-15 40-41
sheet
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AZ61C-T4

2 letters 2 digits 1 letter 1 letter + 1 digit
Alloy elements | | Quantity of Indicating specified || Indicating the
principal alloying| | impurity limits, such || heat treatment
elements as Fe, Mn and Cu. used.
A = Aluminum 6 = 6wt% Al
Z =Zinc 1 =1wt% Zn

Figure 2.1 An example of a magnesium alloy designation [7].
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Table 2.2 Code letters for the designation system of magnesium alloys [17].

Letter Alloying element

Aluminum
Copper
Rare earth metals
Thorium
Zirconium
Lithium
Manganese
Silver
Silicon
Yttrium

NSwWOZrxImob>»

Zinc

_18_
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Table 2.3 Temper designations for magnesium alloys [17].

Designation Expansion
F As fabricated
O Annealed, recrystallized (wrought products only)
H Strain hardened
T Themally treated to product stable tempers other than F, O, or H
w Solution heat treated (unstable temper)
H1, plus one or more digits Strain hardened only
H2, plus one or more digits Strain hardened and then partially annealed
H3, plus one or more digits Strain hardened and then stabilized
T1 Cooled and naturally aged
T2 Annealed (cast product only)
T3 Solution heat treated and then cold worked
T4 Solution heat treated
T5 Cooled and artificially aged
T6 Solution heat treated and artificially aged
T7 Solution heat treated and stabilized
T8 Solution heat treated, cold worked, and artificially aged
T9 Solution heat treated, artificially aged, and cold worked
T10 Cooled, artificially aged, and cold worked
- 19 -
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Atomic percentage of aluminum

200 10 20 30 40 50 60 70 80 90
5 | | | | | | -
650 °C 660 °C

600 - Liquid
S 500} 455°C  64.4
s . 437 °C 450 °C s
2 40l 126 333 (402 Ne3g 829
5 |
2 B £
S 300}
E Y

200 |-

100 | | | | | | | | |

Mg 10 20 30 40 50 60 70 80 90 Al

Weight percentage of aluminum
Figure 2.2 Phase diagram of Mg-Al binary alloy [17].
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Weight percentage of zinc

1020 30 40 50 60 70 80 90 100
700 . II k II . T ; T : T Il 8 L T T
650°C
600 Liquid
500
@) 419.58°C
e 416+2°C
g 400 ‘j/ (Mg) 381°C
*g 2.4 34011"0o 28.1 347i1°(=3_|’ ::
2 300 } 325050 34241°C | |
= 200 | N II T
u CI Nl (=
g 88 g
S| EI Ell =|
| I I
100
| |
| |
0 1 | | | lI I II 1 | I |
Mg 10 20 30 40 50 60 70 80 90 Zn

Atomic percentage of zinc
Figure 2.3 Phase diagram of Mg-Zn binary alloy [17].
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Figure 2.4 Castability of magnesium alloy with percentage of each aluminum and zinc
[23].
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Figure 2.5 Phase diagram of Mg-Al (full line) and Mg-Al-1Zn (dotted line). The ternary
isopleths are plotted at 1wt.%Zn [24].
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Figure 2.6 The as-cast microstructure of the AZ91 alloy [41].
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Figure 2.8 Microstructure image of eutectic morphologies in Mg-Al alloy: (a) lamellar (b)
fibrous in a Mg-33Al alloy, and (c) partially divorced and (d) fully divorced in a Mg-15Al
alloy. In the (a) and (b), the brightest areas are [3-Mgj;Al;; and the darkest areas are a
-Mg. In the (¢) and (d), the brightest areas are [3-Mgj;Al;; and the darkest areas are

eutectic phase of a-Mg and (3-Mg;;Al;,. The gray areas are primary a-Mg dendrites,

showing coring from the low Al content areas near the centers of their arms(light gray) to

the higher Al content areas near the edges of their arms(dark gray) [33, 34].
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Figure 2.10 Schematic diagrams of solidification process of Mg-Al alloy [38].
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Figure 2.11 SEM images of Mg-8%Al-X%Zn alloys; (a) and (b) Owt.%, (c) and (d)
0.5wt.% and (e) and (f) Iwt.% [39].
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CHOSUN UNIVERSITY

Figure 2.12 (a) Continuous and (b) discontinuous precipitation in alloy AZ91E [32].
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Increasing Aluminium Content

Fully Divorced
Partially Divorced
Granular
Fibrous
Lamellar

Increasing Cooling Rate

Increasing Zinc Content

Figure 2.13 The effect of aluminum content, zinc content and cooling rate on eutectic

morphology in permanent mold cast Mg-Al-Zn alloys [32].
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Figure 2.14 Schematic of gravity casting method using permanent mold [7].
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Figure 2.15 Schematic of continuous casting with electro magnetic method [42].
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eutectic F
phase

Figure 2.16 SEM images of AZO91 alloy with different solution treatment time; (a) and
(b) as-cast, (¢) and (d) 24hr and (e) and (f) 100hr [46].
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Figure 2.17 Backscattered electron (BSE) images and electron probe micro analysis
(EPMA) line profiles of Al and Zn contents in (a) as-cast, (b) 24hr treated and (c)
100hr treated samples [46].
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(a) As-cast (b) Solution heat treated

Figure 2.18 Microstructure and elemental distribution of (a) AZ61 as cast, (b) AZ61
solution heat treated [47].
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Figure 2.19 Effect of annealing(Solution heat treatment) time (a) on stress

characteristics of alloy AZ61, (b) on hardness of alloy AZ61 [47].
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Table 3.1 Compositions of magnesium alloys cast with step-wise mold used in this study.

| A Zn Mn Si Ca Fe Mg
AZ31 3.085  0.991 0.308 0.025 - - Bal.
AZ61 6.362 1.062 0.308 0.031 - - Bal.
AZ91 8.578 1.124 0.299 0.032 0.003 0.003 Bal.

Table 3.2 Compositions of AZ61 alloy cast with different methods used in this study.

| A Zn Mn Si Ca Fe Mg
Continuous | 5790 0676 0227  0.015  0.247 - Bal.
Gravity | 6362 1062 0308  0.031 - - Bal.

— 41 —

Collection @ chosun



(a) Y (b)
%

| 65mm

55mm

200mm

45mm

/
\
30mm 30mm 30mm 30mm 30mm

35mm

25mm &
< N

Figure 3.1 Schematic drawings of (a) permanent mold and (b) the resultant cast product

used in this study.
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Figure 3.2 Heat treatment process for AZ61 alloy at 415C for 0~64 hours.
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Figure 3.3 Schematic of cooling curve for the solidification of alloy.
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Figure 3.4 (a) Schematic drawing of a specimen and (b) photograph for compressive

test.
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Figure 4.1 Graph showing cooling curves of (a) AZ31, (b) AZ61, and (c) AZ91. The

result of cooling rate calculated from (a) to (c) are showing in (d).
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Figure 4.2 Graph showing the micro-Vickers hardness of AZ31, AZ61 and AZ91 alloys

with different cooling rates during solidification.
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Table 4.1 Chemical compositions of the phases numbered in Fig. 4.1.3.
(Wt.%)
(a) AZ31 (b) AZ61 (c) AZ91

Element | 1 2 3 1 2 3 4 1 2 3 4
Mg 9258 | 70.31 | 75.65 | 86.84 | 5453 | 69.64 | 81.29 | 9429 | 5819 | 8129 | 77.2
Al 6.76 | 25.31 | 20.82 | 12.37 | 43.35 | 2892 | 18.34 | 5.05 | 39.56 | 18.34 | 21.57
Zn 032 | 1.28 | 0.6 0.7 19 | 0.8 | 0.29 | 056 | 225 | 0.29 | 0.86
Mn 0.34 | 252 | 261 | 0.09 | 0.13 | 0.08 | 0.08 0 0 0.08 | 0.26
Si 0 0.22 | 0.26 0 0.07 | 0.36 0 0 0 0 0
Fe 0 0.36 | 0.06 0 0.02 | 0.2 0 0.1 0 0 0.11

Total 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 100

Phase | a B B a B B B a B B B
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Figure 4.4 Optical images of AZ31((a) and (b)), AZ61((c) and (d)) and AZ91((e) and
(f)) with different thicknesses(25 and 55mm) of the as-cast specimen.
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Figure 4.5 Optical images of AZ31, AZ61 and AZ91 with different thickness(25 to

55mm) of the as-cast specimen.
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Figure 4.6 Graph showing the [3-phase fraction of (a) the different solidification rate

and (b) aluminum composition.
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AZ91.
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Figure 4.8 Graph showing the compressive strength of each alloy and solidification rate.

The effect of aluminum content on compressive strength was clear, but the effect of

solidification rate was not clear.
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Figure 4.9 Graph showing the result of the micro-Vickers hardness after heat treatment

on two different casting method; continuous and gravity casting.
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Figure 4.10 SEM images of specimens with heat treatment for (a) 0 (as-cast), (b) 2, (c)
16 and (d) 32 hours on AZ61 cast by continuous method. Up to 16 hours, the large [3

-phase became thinner, and the small particles disappeared. After 16 hours, the remaining

particles divided into the smaller ones, and shrank to disappear.
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(f) BSE image

Figure 4.11 The EPMA elements distribution of as-cast AZ61 with continuous casting.

_64_

Collection @ chosun



(f) BSE image

Figure 4.12 The EPMA elements distribution of 16 hours heat treatment of AZ61 with

continuous casting.

_65_

Collection @ chosun



(f) BSE image

Figure 4.13 The EPMA elements distribution of 32 hours heat treatment of AZ61 with

continuous casting.

_66_

Collection @ chosun



Figure 4.14 The EPMA results showing the distribution of Al and Zn in the
continuous-cast specimens during the heat treatment time. The continuous-cast specimen
showed fully-divorced eutectic [3-phase particles. Al dissolved into the matrix as [3-phase
particles were divided into smaller one and disappear with increasing heat treatment time.
Zn existed with the [3-phase in the as-cast state, but quickly dissolved into the matrix at

the initial stage of the heat treatment.
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Figure 4.15 SEM images of specimens with heat treatment for (a) 0 (as-cast), (b) 8, (c)
32 and (d) 64 hours on AZ61 cast by gravity method. The morphologies of [3-phase after

heat treatment were similar to continuous cast specimens.
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Figure 4.16 The EPMA elements distribution of as-cast AZ61 cast by gravity method.
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Figure 4.17 The EPMA elements distribution
AZ61 cast by gravity method.

_70_

Collection @ chosun

of 8 hours

heat

treatment specimen

of



Figure 4.18 The EPMA elements distribution of 32 hours heat
AZ61 cast by gravity method.
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.(f) BSE image

Figure 4.19 The EPMA celements distribution of 64 hours
AZ61 cast by gravity method.
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Figure 4.20 The EPMA results showing the distribution of Al and Zn in the gravity-cast
specimens during the heat treatment time. The gravity-cast specimen had partially-divorced
eutectic structure. Al dissolved into the matrix as [3-phase particles were divided into
smaller one and disappear with increasing heat treatment time. Zn existed with the [3-phase
in the as-cast state, but quickly dissolved into the matrix at the initial stage of the heat

treatment like continuous specimens.
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(a) (b)

a-Mg

(c) (d)
0 O

Figure 4.21 Schematic of dissolved process of [3-phase by increasing heat treatment time

((a) to (d)).
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Figure 4.22 Graph showing the changes of hardness by increasing of the heat treatment
time. At the first, the hardness decreased due to the stress relief process. Second, the
hardness increased due to solid solution hardening. The dissolution of small [3-phase
particles seemed not to affect the hardening. After the peak, the hardness decreased again
due to division and subsequent dissolution of large eutectic particles/ It is likely that the (3
-phase particles supported dispersion hardening of the alloy up to the peak of the hardness

after heat treatment.
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