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PRECIPITATION OF TRANSITION ELEMENTS
DURING HOMOGENIZATION OF Al-Mg-Si-Cu ALLOY BILLETS
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ABSTRACT The precipitation behavior of transition elements in Al-Mg-Si-Cu alloy ingot
was investigated by electrical conductivity measurement and chemical analysis of the element com-
position in solid solution. The increase of the addition of one transition element reduced other
transition elements' solid solubility in the homogenized billets. The increase of Si addition also
reduced the solid solubility of transition elements in the homogenized state. Dispersoids in the
homogenized ingots with a diameter between 0.2 to 0.5 u m were estimated to be Al(Fe, M)Si and
Al,Cu,Mg,Si,.
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1. INTRODUCTION

6XXX alloys are commonly used for structural purposes in the form of sheets, plates or extru-
sions.  Cu is one of the most common elements added to Al-Mg-Si alloys to improve their strength.
For structural applications, controlling the grain structure of materials is another important factor to
achieve the required performance[1]. It is usual to add some amount of transition elements in or-
der to generate fine second phase particles (dispersoids) and to control the grain structure. Mn
and Cr are the most common elements added to Al-Mg-Si alloys for the purpose of grain structure
control. ~ Furthermore, some amount of Fe also contained in material severely affects the structure
of second phase particles[2]. The effect of the transition element bearing dispersoids on the struc-
ture control depends on the size and distribution of these particles. Though the state of these ele-
ments is changing during the whole production process, homogenization heat treatment takes the
most important part of the process to control the size distribution of dispersoids. These transition
elements precipitate or remain in solid solution in an as cast ingot and elements remain as super-
saturated solid solution precipitate during the homogenization heat treatment. These elements
interact with each other during precipitation, and therefore the behavior of elements should be
cleared quantitatively for the effective control of the distribution of dispersoids and, in it turn, grain
structure and the properties of  Al-Mg-Si alloys. So the investigation on the precipitation behavior
of Mn, Cr and Fe in Al-Mg-Si-Cu alloys with a different level of Mn and Cr addition was carried

out.

2.EXPERIMENTAL PROCEDURE

The billets (extrusion ingots) of Al-Mg-Si-Cu alloys, with a diameter of 96mm and a different
level of Mg,Si and excess Si and a different content of Mn, Cr content were DC cast.  The chemi-
cal composition of samples is shown in Tablel (hereafter mass% represented by %). The compo-
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sition of Mg,Si and Table 1 Chemical composition of specimens(mass%s)
excess Si calculated Si | Fe | Cu [ Mg | Mn | Cr | Ti Excess?iNqu;
from the composition 0.38 [0.18 [ 0.37 [ 0.56 [<0.01] 0.20 | 0.01 | 0.06 53

068018036056 |<0.01]021]001] 036 Pree
1.00 [ 0.18 [ 0.36 | 0.58 [<0.01] 0.21 | 0.01 | 0.66 T35 |
053018037082 [<0.01]0.21 [0.01| 005 T3
085[0.19]038 081 [<0.01[0.21 [0.01| 038 75|
1.16 | 0.18 | 037 | 0.83 |[<0.01] 020001 ] 068 757
0.73]0.19 ] 0.41 | 1.09 [<0.01[<0.01] 0.01 | 0.10 :
071]0.19]039]1.08[<0.01]0.11[0.01] 008 771
0.71[0.19]039 [ 1.10 |<0.01[0.21 | 0.01f 0.07 T774
0.69]0.18[037]1.06]0.20[<001]0.01| 0.08 T75
0.7110.18[038[1.06[0.19]0.10]001| 0.10 T747
0.7010.18 [ 038 ]1.09]0.20[020]001| 007 T772
0.70 [ 0.19] 038 | 1.10 | 0.38 [<0.01] 001 | 006 1774
070|018 [ 038 | 1.11 [ 040|010 0.01 [ 006 T775
0.71 020039 [1.12 040020001 | 006 777
0.87 019|038 1.10 [<0.01] 0.21 | 0.01 023 773
1.01 [ 0.18| 037 | 1.09 |<0.01] 021 [0.01 [ 038 777
1.18 | 0.18 | 0.38 | 1.10 [<0.01] 0.21 | 0.01 | 0.54

of Mg and Si is also
listed in Tablel. If
the precipitation of

AlFeSi intermetallic

compound during

DC casting is take

into consideration, the

estimated quantity of

excess Si in as cast
billet will be reduced
by 0.06% from the
value in  Tablel.

So the range of excess

Si composition is es-
timated to be O

G;SEGE;S:SOOO\IO\M&L,JNH

(Balance) to 0.6%. 134018037 | 1.07 |<0.01]<001] 0.01 | 072 [ 769
The compositions of  [20[134[0.19]0.37 ] 1.10 [<0.01] 0.10 | 0.01 | 070 [ 774
Cu and Fe were cho- 2111341019 0.38 ] 1.10 |<0.01] 0.21 | 0.01 070 7174
sen at a constant level 221126019038 | 1.11 ] 0.20 [<0.01| 0.01 0.62 ’I_T(
of ~ 0.4mass¥% and 23[1.37]0.19]036 [ 1.11[020[0.10] 001 ] 073 [7175

241 131]0.18]0.37|1.09|0.20|0.20 | 0.01 0.68 1.72
251133]0.19]038|1.11 041 [<0.01] 0.01 0.69 175
2611.30]0.19]038|1.10]|0.39[0.11]0.01 0.66 174

ment  added —was 15717 3907018 [ 038 | 109041020001 066 [ 172
0.01% of Ti for the L

purpose of grain re-

finement of the ingot. The casting temperature of the billets was about 963 to 973K, Hom
genization heat treatment was carried out at 813K for 4h. Here the heating rate wag kept

100K/h and after the heat treatment the billets were cooled faster than the cooling rate of 200K
with the cooling fan.

The electrical conductivity at 293K, in the unit of %IACS, was measured using a digll
conductivity meter, AUTOSIGMA 2000 of Hocking NDT Ltd., to estimate the change of the ¢
ments in solid solution. The average of the five different data on the longitudinal cross section
billets was adopted.

The compositions of Mn, Cr and Fe in solid solution were measured directly with ICP ana!
sis of the filtrate of hot phenol dissolution.

EDX analysis was carried out for the residues of hot phenol dissolution extracted from sary
27, which contains Mn, Cr, Cu and Fe at the same time, in transmission electron microscopy
characterize the dispersoids’ chemical composition without the influence of aluminum matrix.

~0.18mass% respec-
tively. Another ele-




Aluminum Alloys, Vol. 2 723

3. RESULTS AND DISCUSSION 48

The effects of Mg,Si and excess Si 16 | B —g————
content on the electrical conductivity are 44 | e | s
shown in Fig.1. In as cast billets, electrical 3 42 | [~ |
conductivity o decreases by 3% with in- & 40 [ O—— |~ ]
creasing Mg,Si content from 0.9% to 1.7%. & °° | EQ%Q\O
It also decrease with the increase of excess e e \Q
Si from 0%(balance) to 0.6%. After the zz 77 | 7
homogenization, on the contrary, electrical -
conductivity increases with increasing ex- 08 1 1.2 14 16 1.8

cess Si content and the difference in electri- Cmgzsi/ massh

cal conductivity between the samples with a  Fig.1 The effect of Mg,Si and excess Si on the electrical con-
different level of Mg,Si content becomes ductivity of Al-Mg-Si-Cu alloy billets.
smaller as Compared to that of the as cast Ascast: O Balance [0:0.3%cexcessSi A:0.6%excessS
billets. So the electrical conductivity Homogenized: @:Balance M:0.3%excessSi A:0.6%excessSi
changes during homogenization and A o
becomes larger with increasing Mg,Si and excess Si content.

Fig.2 shows the effect of transition elements’ composition Cy,,, that is, the sum of C,, and
C., , on the electrical conductivity of the samples 7 to 15 and 19 to 27, which have 1.7% of Mg,Si
and excess Si of ~0% and ~0.6% respectively. Here, Cy represents the total composition of
each element X.  As shown in Fig.2 a), the electrical conductivity decreased steeply, that is, from
42~44%1ACS to 30~32%IACS with increasing C,, from 0 to 0.6%. And the electrical conduc-
tivity of samples with 0.6% excess Si was somewhat larger than that of balance composition.  Af-
ter the homogenization, the difference between samples with a different level of transition elements
content becomes smaller, so the difference between the maximum and minimum values of electrical
conductivity changes from 14%IACS in the as cast billets down to around 5%lACS in the homo-
genized billets._

These changes in electrical conductivity during the homogenization are attributed to the pre-
cipitation of the added elements. To confirm this, the compositions of Mn, Cr and Fe in solid so-
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Fig2 The effects of transition elements on the electrical conductivity of Al-Mg-Si-Cu alloy billets.
Balance: O:Cr O:Cr+Mn A:Mn 0.6% excess Si: @:Cr HW:CrtMn A :Mn
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lution were measured Table 2 Composition of transition elements in solid solu.tion (me'iss%)
by chemical analysis. As cast billet : Homogenized billet :':l
The results are listed Mn Fe Cr Mn Fe Crﬁ\_
0.0008 0.0255 0.1520 0.0005 0.0010 0.123¢
0.0008 0.0325 0.1540 | <0.0005 | 0.0006 0409#
0.0008 0.0216 0.1450 | <0.0005 | <0.0005 0409@_
0.0009 | 0.0277 | 0.1570 | <0.0005 [ 0.0013 | 0.10457
0.0008 0.0361 0.1280 | <0.0005 | 0.0012 O‘OQQ—
0.0009 0.0288 0.1460 | <0.0005 | <0.0005 0.0GW‘
0.0012 0.0274 | <0.0005 | 0.0010 0.0050 <O.OO()\5—
0.0011 | 0.0440 | 0.0825 | 0.0005 | 0.0026 | 0.057;
0.0009 | 0.0280 | 0.1540 | <0.0005 | 0.0019 | 0.1035 1
0.1470 0.0254 | <0.0005 | 0.0569 0.0009 <0400\05_'
0.1400 | 0.0204 | 0.0717 | 0.0396 | 0.0007 | 0.040; |
0.1360 0.0239 0.1360 0.0324 | <0.0005 0.069
0.2730 | 0.0369 | <0.0005 | 0.0703 0.0005 | <0.0005
0.2440 0.0191 0.0650 0.0548 | <0.0005 0.0319
0.2640 | 0.0204 | 0.1290 | 0.0444 | <0.0005 | 0.051; |
0.0008 | 0.0311 | 0.1430 | <0.0005 | <0.0005 [ 0.103 |
0.0008 | 0.0283 | 0.1480 | <0.0005 | 0.0008 | 0.097]
0.0009 0.0250 0.1550 | <0.0005 | <0.0005 0.086]
0.0010 0.0383 | <0.0005 | 0.0008 0.0021 <0.0005

in Table 2. The lower
limit of the analysis is
0.0005%. The con-
tent of Fe in solid so-
lution is smaller about
one order as compared
to that of Mn and Cr,
both in the as cast and
homogenized billets.
The results for the
samples with 0.2% Cr
are  summarized in
Fig3. Sy, Scn S
represent composi-
tions of each elements
in solid solution in the
unit of mass%. In
the as cast billets, as

-t i | s MR [P (N P (Y alnluwlo]—
SN NN NS E N

, 20 | 0.0009 | 0.0356 | 0.0776 | <0.0005 | <0.0005 | 0.0465
shown in Fig3, S, 21 {0.0010 | 0.0448 | 01490 | =0.0005 | <0.0005 | 0.06%
Increases almost line- 29 0.1440 0.0281 <0.0005 | 0.0418 0.0009 <0.0005
arly with increasing 23 | 0.1320 | 0.0245 | 0.0741 | 0.0225 | <0.0005 | 0.0265
Cim Scrand Sy, and 24 | 0.1260 | 0.0265 | 0.1360 | 0.0185 | <0.0005 | 0.0497
on the contrary, 25 | 0.2740 | 0.0238 | <0.0005 | 0.0491 | 0.0005 <0.0005 |
slightly decreases 26 0.2440 0.0221 0.0648 0.0359 0.0008 0.0171
with increasing C,, . 27 1 02590 | 0.0211 | 0.1340 | 0.0293 | <0.0005 | 0.0372

As compared to the

data of as cast billets, S,,, .S, and S, decrease in homogenized billets, but the tendency is ver

similar to each other and the effect of Mn addition is more clearly shown in the homogenized billets
These results indicate that each element interacts during casting and homogenization. To invey
tigate the interaction between transition elements and other added elements, Mg and Si, quantita-
tively, multi-regression analysis was carried out on the relation between total added composition C.

and that in solid solution Sx.  The results of the analysis were summarized in the following equs
tions.  In the as cast billets,

Sy = 0.66C,,

(1)
Ser=0.70C,, (2)
Sp= 0.03-0.02C, (3)
[n the homogenized billets,
Sun= 0.11C,,-0.08C,-0.01C4+0.03 (4)
Se, = -0.07C,,+0.34C,-0.03C+0.05 (5)
St = -0.003C,,-0.008C,.,-0.008C,+0.003 (6)
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Egs. (1) and (2) indicate that about 70% of the Cr and Mn remains as solid solution and the addition
of these elements little affect to other precipitation characteristics in the as cast billets. On the
other hand, Mn reduces Fe in solid solution, even in as cast billet, as represented by (3).  After the
homogenization, compositions of Mn, Cr and Si affect the solid solubility of Mn, Cr and Fe. S,
increases with the increase of Mn addition but is reduced by the existence of Cr and Si.  This indi-
cates that these elements precipitate together as the dispersoids during the homogenization.

EDX analysis was carried out on the chemical composition of the dispersoids which were ex-
tracted from homogenized billet of sample 27. There were two types of fine dispersoids around .2
to 0.4 1 m with a different chemical composition together with two types of coarse size , ~1um,
constituents.  As compare with the results of X-ray diffraction in Table 3, the coarse constituents
should be Mg,Si and « Al(Fe-M)Si, here Cr, Mn, and Cu expected to be in M position. Based
on the results of EDX analysis, one type of fine dispersoids contains Al, Fe, Mn, Cr, Cu and Si, the
other one contains Al, Cu, Mg and Si. Compositions of Fe, Mn, Cr and Cu in these dispersoids,
obtained by the quantitative EDX analysis , were somewhat different to each other, but the total
amount of these elements almost the same in one type of dispersoids. So the composition ratio is
estimated to be as follows.

Al: (Fe+tMn+Cr+Cu) : Si=74.1 : 149 : 13.6 = 5:1:1 (7)
Al: Cu:Mg:Si = 287:62:355:301 = 5:1:6:5 (8)

The dispersoids with the composition indicated by (7) is the same as those of ~ AlFeSi (S -
AlFeSi).  As compared to Mn or Cr, only a little amount of Fe remains in solid solution in as cast
billet, but each dispersoid contains Fe from 0.3 to 2.4at%. But these dispersoids generally have
more Mn and/or Cr content than that of Fe. There remains the possibility of their being
Al,s(Mn,M),Si, containing Fe, Cr and Cu at the M position, The TEM photographs of the extract-
ed fine dispersoids is shown in Fig.4. The shape of the dispersoids with the composition described
above is plate like as shown Fig.4-a).

The composition of the other fine dispersoids, that is, Al;CuMgSi; was not reported up to the
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Fig.3 Effect of Mn on the composition of transition elements in solid solution in the billets.
O:Mn O:Cr A:Fe
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present [3]. Referring to the results of XRD, this should be the Al,Cu,Mg;Si,, but its compositi, ,
ratio differs considerably from that of stoichiometric composition. The dispersoids of this compag;.
tion is mainly have rod shape.

Table 3 XRD measurement results of Al-1.3%Si-1.1%Mg-0.4%Cu-0.4%Mn-0.2%Cr  (kcount)
a-Al(Fe-M)Si | Al;Cu,Mg,Si, Mg,Si
8.0 7.3 9.5

500nm
Fig.4  Example of TEM photographs of fine dispersoids extracted from Al-1.3%Si-1.1%Mg
-0.4%Cu-0.4%Mn-0.2%Cr. a) Al(Fe-M)Si b) AlCuMgSi

4. CONCLUSIONS
The characteristics of precipitation behavior of transition elements, that is, Mn, Cr and Fe i3
the Al-Mg-Si-Cu alloys were investigated.

1. About 70% of Cr and Mn remains as solid solution and the addition of these elements little affec
other precipitation characteristics in the as cast billets. On the other hand, Mn reduces Fe i
solid solution, even in as cast billet,

- The composition of the transition elements bearing dispersoid, which contains Mn, Cr, Cu and F:
at the same time, is estimated to be Al(Fe-M)Si in the case of Mn and Cr added alloys. The

other type of precipitates with a diameter between 0.2 to 0.5 12 m is estimated to be Al,Cu,Mg,Si
with a non-stoichiometric composition.

. The precipitation characteristics of Mn, Cr and Fe were summarized quantitatively as the effec
of an added amount of elements on the composition of the elements in solid solution.
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