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RATTANAPORN WONGTHONG : ANALYSIS OF FACTORS
AFFECTING Mg2Si PRECIPITATION OF 6061 ALUMINIUM ALLOY BY
LOW-ENERGY ELECTRON MICROSCOPY TECHNIQUE (LEEM).

THESIS ADVISOR : ASSOC. PROF. PORNSIRI JONGKOL, Ph.D.,136 PP.

ALUMINIUM ALLOY 6061/DESIGN OF EXPERIMENT/ARTIFICIAL AGING

This research investigates effects of factors on hardness of aluminum Al6061
which are treated by precipitation hardening or aging hardening. The 32 factorial design
is used, and the main factors are solution temperature (520, 540 and 560°C), aging time
(2, 8 and 14 hours), and aging temperature (175, 200, 225°C). The dependent variable
is hardness. Analysis of variance is used to analyze data. The microstructure and
chemical property are investigated by using Optical Microscope (OM), Scanning
Electron Microscopy (SEM), Energy Dispersive X-ray Spectroscopy (EDS), (X-ray
Photoemission Electron Microscopy, X-PEEM) and Low Energy Electron Microscopy
(LEEM).

The results show that all factors affect hardness significantly. Two factor
interaction which are found significant include solution temperature and aging time,
solution temperature and aging temperature, and aging time and aging temperature. The
relation of hardness and factor. The model shows the significant hardness error is less
than + 2.84 BHN, the 95% confidence intervals were attached to the estimates obtained
from cases, the residual is normal distribution as follow the hypothesis of analysis of
variance. The results of microstructure from Optical Microscope (OM), Scanning

Electron Microscopy (SEM), Energy Dispersive X-ray Spectroscopy (EDS), X-PEEM



and LEEM reveal that Mg,Si particles are distributed all over aluminum, which depend
on precipitation hardening factors. Furthermore, LEEM images indicate a high

temperature and long period can cause grain growth.
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2.6.3 Energy Dispersive X-Ray Spectroscopy (EDS)
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ﬂ1§3lﬂi'l$ﬂﬂ’JHJLL‘]JT]JTJHVI'IV!,@I@ﬂﬂ1§ﬂ1Nﬁi'Jllﬂ'lﬁQﬁ’ﬂ\‘l"UfNﬂ%i]EJWﬁﬂLLagﬂi]i]El

‘il’Jll’(?fHﬂiﬂL%‘(’J’LJﬁlIﬂ?ﬁell’E]\‘lWﬁi?ﬂﬁ?ﬁ\?ﬁﬂ\‘lﬁ\i“ﬁ

SS, =SS, + SS,+ SS.+ SS,; + SS, o+ SSuet SS,ne (3.8)
mﬂﬁllﬂ"liﬁ"liJﬁﬂﬂWNﬂi’JﬁJﬁ1ﬁﬂﬁ@\1ﬂ]i’]\1‘f’1‘1ﬂ31maﬂWfﬂﬂvng{inﬂ

SS, =SS, - SS, - SS;- SS.- SS,5- SS,c- SSpc- SS,ac (3.8)
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1 y2
a b c 2
SSupc = — it 2uj=1 Dukm1 Vg, ~ o ~SS,— 8, =SS5, ~ $5,,- S5,

= SSquptoutstanc) = SSx =SS —8Sc = 88,5 =SS5~ S8, (3.16)
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AU ANTOMIAINAIINAEITDIUDIAIANUAANAIR 1A INANAT

SSg =SS, - SSSubtotals(ABC) (3.17)

Werhamasaesveafadendnuazifadesuvesiladen1115a18 Degree of Freedom
Yo o = 1 o Y o AAa A 1 ' < 1 o W =
vz lamdsaeunasvesunazifade o1fadelalioninasen1nnuuds MMaiaeaunasved

1998 (Mean Squares 139 MS) 32 HA 1NN MM URABVOIAIANNAANAIA (MS,) FaTl

9
v [ Y

9
J o 1 A J v ' ' 1 < [l o
mﬂ‘izmm o ﬁ}'lﬂﬂi'lﬁ")ullﬂ’lll'lﬂllﬁﬂ\i31ﬁi]i]E"Juuﬁ\‘lNﬁ@]@ﬂWﬂﬂ?NllﬂJQ@ﬂ’l\?ﬁHﬂﬁ’l B ANUU

1 @ (% v a 1 J < Il v o
mi‘wﬂﬁaumﬁ%wammzﬂmasmi@ﬁamwamwammﬂ’Jmum@mqﬁuﬂmﬂmmmm

Y o 1 o w A v 9 J a @ {
wldgnnmahmimdiaeunasvesladesieninnuianain (Ms,) asagl13luaisied 3.6

A a 4
AT NN 3.6 A1519MsAATIEHANMLY U5 (ANOVA)

Source Sum of Squares Degree of Freedom | Mean Squares F,
MS,
A SS -1 MS =—=
A a A Fo MSg
MSg
B SS b-1 MS Fo=——
B B 0 MSE
MS,
C SS -1 MS Fo=—+
c c c 0 = Ms,
MSap
AB SS,s @a-1Db-1) MS, 5 Fy =
MSg
MSac
AC SS,c (@a-1Dc-1) MS,c F, =
MSg
MSgc
BC SSsc b-1D(c-1) MS;c Fy =
MSg
MS
ABC SS, e (a-Db-1)(c-1) MS, ¢ Fp = —a8¢
MSg
Error SS; abe(n—1) MS,
Total SS; aben — 1
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AINAVDIMIUIAUIMUD F WlAwMN Fyp, o, TUMINaaesnieil Avuallys a=0.05,

Y
121 o Degree of Freedom 49411398 1 U, Ao Degree of Freedom U893 Error @41 U f1en F,

18103181 Fypp, 92U A5 H, HON01092 010150059900 UA0871 P-Value 6141
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o

a 4 o
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1 <3 Y @ o { 1 J < ' v o w Y v
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aun1s 3.18

9 = Bo + Prx1 + Baxaz + Paxs + Praxaxy + Praxaixs + PazxaXz + Praxf (3.18)

s o
+P22x5 + Pasx3

o Y A~ 1 3 .
Taoivuald 9 Ao ATz uAIMLAN (Fitted Value)
A A [ < ~ 9 g}.l
Bo Ao MANULIARAIVRITOYANINA
A = [ a a‘f
4 flo dulseansmsnnney
X, Ap gaNUBUAZAIY (Solution Temp, A)
X, D QAN (Aging Time, B)

X A9 178110999 (Aging Temp, C)

d
351  audszansmsaaaula (R)
o J < [ a Q‘f
NNUVUIIAea TaalszuannNuulsEsanaaeudulssansnig

(%

daauls R) ldnnaums

R’ =SS,,.0/SS 1o (3.19)
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A 3’/ 9
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Total
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J 2 a 2 1 o A 9 49! =
Iﬂﬂ?ﬂ R AYTUAIO<R <1 TT3J18Jﬂ’313J’31L!.‘]J‘1JmaENIiJLﬂﬁ“l/lﬁiNslluiJﬂ’NmﬂiﬂgﬁiJ
1 <3 gj o 1 4 1
Tumsdszanamanuuds wennnuusiesanaaauaIua R’y voelumaiiiodnnal R’
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2 _,_ S5e/(n-p) (3.20)
W ssp/(n-1)
N 0 3’,
Tag n f19 VPTHIUNITINAADINNHUA
p Ao Degree of Freedom Y03 luiaa

352  msiszananiannueiu (Confidence Intervals)

1 d‘ J A !
5152 1UFIRNUFNUN 95% (O = 0.05) 31nN15UTENIUAIIN TR

ﬁ'”l‘ll"liﬂ‘l’i”lllﬁﬁ]”lﬂﬁmﬂﬁ

Y £t a,,, VMSE (3.21)

v [l 1 1 Y
NILAVANVAFDIUN 95% (O = 0.05) AU QU2 = 0.025 1azA1 MSE ¥11'14910 Sum of
Squares ¥9919907 13010 d 1Ay 537D Sum of Squares Y04 Error 1824115828 Degree of

Y
Freedom A4 U 1M150%1A1 MSE laanauns 3.22

I@ﬂ MSE = SSRcsiual Errm/dermr (322)

HAZAT Sy pre, M1 AN
SSResiual Error SSTotali SsModel

353 N3ATIVAOUANNGNABIVBIVDFIA0Y (Model Adequacy Checking)
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a . . . a I a " v Y 1 A [ o =\
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A 1 ] Ay Y
113190 4.2 ﬂ'lﬂ'l'lmlléll\jﬂulﬂﬂ']ﬂﬂ']ﬁﬂﬂa@\i (BHN)

Aging Time Aging Temp Solution Temp (°C), A
(hr), B (°O), C 520 540 560

175 72.5 71.28 85.73 84 93.2 96.33

2 200 84.43 81.93 98.6 100.4 108.75 108
225 85.08 83.68 100.75 102.25 111.75 110.75
175 86.38 88.38 101 99.75 107 106.5

8 200 93.3 94.03 107.75 105.75 115.5 118
225 85.88 85.73 101.25 102.75 112.75 111.75
175 94.03 95.55 105.75 106.75 113.75 112.5

14 200 94.78 933 108 105.5 114 113.5
225 80.9 81.93 95.55 96.48 107 104.5
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d' a Jd o [ = 3
A5 19N 4.3 151 evanulsUsiudmsunsnaasuuuaneisea 3 (ANOVA)

Mean of
Source DF Sum of Squares F, P-Value
Squares
A 2 4813.03 2406.51 1826.51 0.000
2 770.14 385.07 292.26 0.000
C 2 453.29 226.64 172.02 0.000
AB 4 26.78 6.69 5.08 0.003
AC 4 49.69 12.42 9.43 0.000
BC 4 982.47 245.62 186.42 0.000
ABC 8 9.92 1.24 0.94 0.500
error 27 35.57 1.32
total 53 7140.87
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Main Effects Plot for Hardness
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Interaction Plot for Hardness
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Interaction Plot for Hardness
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Interaction Plot for Hardness
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2 A 9 <3 1 A A Y <3 [ ~
ANULTIN TRIZaRaT MINMIALIIM TN 225°C 92 ¥ AIANULTUNIND 100.02 BHN 91
a @ 1 <3 @ a @
NANBIIUIY 8 F21ue nazAarnuuIsanasiuul lduanaanadueadanuiu 14 $11ug
1 . H o ° 4 1
iesnnle B’ (Mg,Si) nag B'Mg,Si) taswiluanaalai lfusurenszarusenin

[ 9 ,i’ zij a A A A 4 .
mﬂ@uﬂﬂmmﬁmuewuaxgmuawm"lﬂmemﬂﬂﬁmgmﬁm Over Aging

o v <
4.4 !!‘U‘U%"Iﬁﬁﬂi%!ﬂﬁﬂi$ﬂ1mﬂ1ﬂ'ﬂu!ﬂl\‘l
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UUVIFUTUNNIT U UN9T 81 anaz 85 IuNUINTNadIHan oA AN NLYUNDLT A

v o J J 1 (<Y Y v dy
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§ = Bo + Brxs + Baxy + Baxz 4 Prox1 Xy + Pr3Xi X3 + PozkoXz + PraxF 4 Porx

+B33%3 4.1)

~ ' = .

Tag y Ao AUTEIUANULAN (Fitted Value)
1 < ~ g}.z
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B o duilszansmsonnse

X, Ao qmwgﬁauazmﬂ (Solution Temp, A)

X, Ap  QUKQNIOII (Aging Time, B)

X4 A 122110939 (Aging Temp, C)

NNAUNITN 4.1 ﬁnﬂﬁﬂﬁ%NLL’]J‘]J“tﬁ”lflﬁ]\iﬂﬁﬂﬂﬂ@ﬂu‘um,%\‘lL’Lgf)u"lﬁjﬁlﬂﬁiJﬂﬁ 4.2 Tay

@T’;afinmiﬁ%’mmmi’waawauﬁm"li’“lumﬂwum fl

Y =-2368+7.379A + 15.66B + 2.581C - 0.00872AB + 0.002845AC - 0.04255BC 4.2)

-0.006764 A>- 0.11090 B* - 0.009330 C°

1 < Yy 1 [ 1 o A
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9 v
mvuatitenvuuaneseunyy 3° ﬁfﬂiﬂﬁﬂﬁ%)'NLL‘UUﬂﬁa@\?ﬂ']ﬁﬂﬂﬂ@ﬂlﬁ@uﬁﬂq
(% R4 1 1 S o o 2 a 4
ﬂ'NNﬁ'ﬂJW1!'ﬁ33W'J'l\1ﬂ1ﬂ'NNLLGUQﬂﬂﬂjllﬂﬁﬂﬂllﬂﬂlsﬁﬂlﬁuﬁﬁﬂ (Linear) Lﬁ@ﬂLLH?TﬁNﬂJ@Q

1 <
MUsznuaNULAg

A 1 2 A 9 T I
Q13199 4.4 MANULUIN 18910 TuaadlsZunaaInuLaa (BHN)

Aging Time Aging Temp Solution Temp (°C), A
(hr), B (°O), C 520 540 560

175 71.87 71.87 85.66 85.66 94.03 94.03

2 200 83.78 83.78 98.99 98.99 108.79 108.79
225 84.03 84.03 100.66 100.66 111.88 111.88
175 87.30 87.30 100.04 100.04 107.37 107.37

8 200 92.83 92.83 106.99 106.99 115.75 115.75
225 86.70 86.70 102.28 102.28 112.46 112.46
175 94.75 94.75 106.44 106.44 112.72 112.72

14 200 93.90 93.90 107.01 107.01 114.72 114.72
225 81.38 81.38 95.92 95.92 105.05 105.05

d
441 dudszansminaaula (R)
[ < ~ [ a £
nnluaallszlszamanuuieadanmsi 4.2 annsanaasuduilszans
msdaaula R 1danaunis

2 (4.3)
R = SSModcl/SSTotal

Tas  SSy.u A0 wWasumasaesvedlumg

A g.}l 9
SS o ANulslsunaruavesvoya

Total

unuanin T luaunsi 4.3

SSy0q =SS, + S5+ SSc + S8, + SS,5+ SSap+ SSan + SSpot SSen
=7089.11
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SS1o = 7140.87

Total

v
b 2

91T R =7089.11/7140.87

=0.9928

1 24 1 1w = 1 2 A 2 @ 3’; o A v daf =
Iﬂﬂf’n R UAUNIND 99.28 HIAT R AITUAT0 S R S I AUU LUUIADINT I 19VUY
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A1519N 4.6 ﬂl'lﬂﬂ'lllﬁﬂWﬁWﬂ‘ﬁulfsljmﬂﬂTiVlﬂaﬂ\‘] (Error W30 Residual)

Aging Time Aging Temp Solution Temp (°C), A
(hr), B ©C), C 520 540 560
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225 1.05 -0.35 0.09 1.59 -0.13 -1.13
175 -0.92 1.08 0.96 -0.29 -0.37 -0.87
8 200 0.47 1.20 0.76 -1.24 -0.25 2.25
225 -0.82 -0.97 -1.03 0.47 0.29 -0.71
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Normal Probability Plot

(response is Hardness)
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Residuals Versus Aging Temp

(response is Hardness)
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Residuals Versus Hardness
(response is Hardness)
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Diameter of

Indentation, mm

Brinell Hardness
Number

500 — kgf Load

Diameter of

Indentation, mm

Brinell Hardness
Number

500 — kgf Load

Diameter of

Indentation, mm

Brinell Hardness
Number

500 — kgf Load

2.00 158 2.36 113 2.72 84.4
2.01 156 2.37 112 2.73 83.8
2.02 154 2.38 111 2.74 83.2
2.03 153 2.39 110 2.75 82.6
2.04 151 240 109 2.76 81.9
2.05 150 2.41 108 2.77 81.3
2.06 148 2.42 107 2.78 80.8
2.07 147 2.43 106 2.79 80.2
2.08 146 2.44 105 2.80 79.6
2.09 144 2.45 104 2.81 79

2.10 143 2.46 104 2.82 78.4
2.11 141 2.47 103 2.83 71.9
2.12 140 2.48 102 2.84 71.3
2.13 139 2.49 101 2.85 76.8
2.14 137 2.50 100 2.86 76.2
2.15 136 2.51 99.4 2.87 75.7
2.16 135 2.52 98.6 2.88 75.1
2.17 134 2.53 97.8 2.89 74.6
2.18 132 2.54 97.1 2.90 74.1
2.19 131 2.55 96.3 291 73.6
2.20 130 2.56 95.5 2.92 73

2.21 129 2.57 94.8 2.93 72.5
2.22 128 2.58 94 2.94 72

2.23 126 2.59 93.3 2.95 71.5
2.24 28 2.60 92.6 2.96 71

2.25 124 2.61 91.8 2.97 70.5
2.26 123 2.62 91.1 2.98 70.1
2.27 122 2.63 90.4 2.99 69.6
2.28 121 2.64 89.7 3.00 69.1
2.29 120 2.65 89 3.01 68.6
2.30 119 2.66 88.4 3.02 68.2
231 118 2.67 87.7 3.03 67.7
2.32 117 2.68 87 3.04 67.3
2.33 116 2.69 86.4 3.05 66.8
2.34 115 2.70 85.7 3.06 66.4
2.35 114 2.71 85.1 3.07 65.9
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Diameter of

Indentation, mm

Brinell Hardness
Number

500 — kgf Load

Diameter of

Indentation, mm

Brinell Hardness
Number

500 — kgf Load

Diameter of

Indentation, mm

Brinell Hardness
Number

500 — kgf Load

3.08 65.5 3.40 53.4 3.72 44.4
3.09 65 3.41 53.1 3.73 44.1
3.10 64.6 3.42 52.8 3.74 43.9
3.11 64.2 3.43 52.5 3.75 43.6
3.12 63.8 3.44 522 3.76 434
3.13 63.3 3.45 51.8 3.77 43.1
3.14 62.9 3.46 515 3.78 42.9
3.15 62.5 3.47 51.2 3.79 42.7
3.16 62.1 3.48 50.9 3.80 424
3.17 61.7 3.49 50.6 3.81 422
3.18 61.3 3.50 50.3 3.82 42
3.19 60.9 3.51 50 3.83 41.7
3.20 60.5 3.52 49.7 3.84 41.5
3.21 60.1 3.53 49.4 3.85 413
3.22 59.8 3.54 49.2 3.86 41.1
3.23 59.4 3.55 48.9 3.87 40.9
3.24 59 3.56 48.6 3.88 40.6
3.25 58.6 3.57 48.3 3.89 40.4
3.26 58.3 3.58 48 3.90 40.2
3.27 59 3.59 47.7 3.91 40
3.28 57.5 3.60 47.5 3.92 39.8
3.29 57.2 3.61 47.2 3.93 39.6
3.30 56.8 3.62 46.9 3.94 39.4
3.31 56.5 3.63 46.7 3.95 39.1
3.32 56.1 3.04 46.4 3.96 389
3.33 55.8 3.65 46.1 3.97 38.7
3.34 55.4 3.66 45.9 3.98 38.5
3.35 55.1 3.67 45.6 3.99 383
3.36 54.6 3.68 45.4 3.72 44.4
3.37 54.4 3.69 45.1 3.73 44.1
3.38 54.1 3.70 44.9 3.74 43.9
3.39 53.8 3.71 44.6 3.75 43.6
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Model Surmary

R-sq R-sqladj) R-sq(pred)

s
1.08468 99.28% 99,138

98.90%

Cosfficients
Term Goef
Constant -2368
Solution Temp 7.378
Aging Time 15.68
Aging Temp 2.581
Solution Temp*Solution Temp -0.006764
Lging Time'Aging Time -0.11090

Aging Terp*Aging Temp -0.008330
Solution Temp*Aging Time -0.00872
Solution Temp*Aging Temp 0.002845
Aging Time*Aging Temp -0.04255
Regression Equation

Hardness = -2368 + 7.379 Solution Temp + 15.66 Aging Time + 2.581 Aging Temp
- 0.006764 Solution Temp*Solution Temp - 0.11090 Aging Time*Aging Time
- 0.009330 Aging Terp*Aging Temp - 0.00872 Solution Temp*Aging Time
+ 0.002845 Solution Temp'Aging Temp - 0.04255 Aging Time*Aging Temp

SE Coef T-Value

1 -10.12

0.850 2.62

1.05  14.93

0.312 8.26
0.000783

-8.64
0.00870  -12.75
0.000501  -18.62
0.00185  -4.73
0.000443 6.42
0.00148  -28.83

I

Valus VIF
0.000

0.000 £847.67
0.000 1211.83
0.000 1865.17
0.000 £749.00
0.000 22,33
0.000 769,00
0.000 1087.17
0.000 1150.50
0.000  99.67
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