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Characterization of Nano-Scale Fine Precipitates in
Al-Mg-Si Alloys for Automotive Applications

Abstract

Makoto SAGA* Naoki MARUYAMA*!

Bake-hadenable Al-Mg-Si alloys are well used for the automotive body sheets.

There are many reports concerned about the precipitation sequence in Al-Mg-Si

alloys, although the chemical composition and the structure of the precipitates are

not fully clarified. The purpose of this study isto investigate the chemical composi-

tion and the structure of the precipitates by using field emission transmission elec-

tron microscope equipped with energy dispersive X-ray spectroscope (EDS).

1. Introduction

Aluminum alloys have come to be applied to automobile body
panels to reduce car weight over the last years. While Al-Mg aloys
have conventionally accounted for agood part of the car body appli-
cation of auminum alloysin Japan because of good formability, the
latest trend isthat Al-Mg-Si alloys, with which the body weight can
be decreased further through the reduction of sheet thickness, are
becoming the mainstream of the car body application of aluminum
aloys thanks to good bake-hardenability. Nippon Steel Corporation
has been devel oping aluminum alloys for automobile applicationsto
offer the most suitable material in consideration of the above trend
among carmakers.

The bake-hardenability of Al-Mg-Si alloys showsitself through
precipitation hardening. Many studies are under way in Japan and
abroad on the chemical composition and heat treatment methods of
the alloys, aiming at increasing the amount of precipitation harden-
ing under the restrictions of the heat treatment conditions of the paint
baking processes in the present automobile production lines*¥. It
has been known that an excessive addition of Si to abalanced alloy
of a pseudo-binary Al-Mg,Si system significantly improves aging
properties*®, and for this reason, most of the material's presently used
for the application are of this type of excess-Si dloy.

It is very important for the design of a high-bake-hardenable al-
loy to collect information on the structure and chemical composition
of the phases that precipitate during the paint baking process. There
have been many studies also on the process of precipitation during
aging. However, in spite of many reports that have been presented’?,

the structure and chemical composition of the phases that precipitate
during aging have not been made clear. Thisis presumably because
the precipitates forming during the paint baking process are as fine
as several nanometersin size at the largest and it is very difficult to
examine them.

In view of the situation, the authors characterized the fine pre-
cipitates that are only nanometersin size as having an influence on
the bake-hardenability of Al-Mg-Si aloys, using afield emission
type transmission electron microscope (TEM) capable of obtaining
information on the structure and chemical composition in a nanom-
eter-scale region. The present paper reports the results.

2. Experimental Procedure

A balanced alloy (hereinafter referred to asAlloy A) having the
chemical composition shown in Table 1 with aMg,Si content of
approximately 1% and an excess-Si alloy (hereinafter referred to as
Alloy B) having aSi content in excess of that of Alloy A by approxi-
mately 0.5% were melted, subjected to ahomogenizing treatment in
the atmosphere at 803K for 46.8ks, and then hot and cold rolled into
specimen sheets 1 mm in thickness.

The precipitation processes of an alloy having such a chemical
composition are known to start from a supersaturated solid solution
and follow the sequence of a G.P.I zone, an intermediate §” phase,
an intermediate §’ phase and an equilibrium p phase. It isthe inter-
mediate " phase (a metastable phase) that contributesto the strength-
ening of the material through precipitation at 443 to 453K, the tem-
perature range of the paint baking®. In view of the fact, for the pur-
pose of characterizing mainly the " phase in comparison with the '
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Table1l Chemical compositions of specimen alloys (mass%)

Mg Fe S Cr Zn Ti Al Mg,Si | ExcessSi
Balanced Alloy A | 0.63 0.05 0.35 <0.01 | <001 0.01 Bal. 0.96 0.02
Excess-Si Alloy B| 0.64 0.01 0.81 <001 | <0.01 | <001 Bal. 0.95 0.45

and equilibrium f phases, the three phases were made to precipitate
by subjecting the specimen sheetsto a solutionizing treatment at 823K
for 1.8ks, water quenching and immediately after that, the following
artificial aging treatments. The conditions of the artificial aging treat-
ments were as follows: at 448K for 32.4ks (near the maximum hard-
ness) for forming the " phase; at 523K for 3.6ks (an overaging stage)
for the p’ phase; and at 623K for 7.2ks (same) for the equilibrium f
phase. The heating rate was set at 20K/minute, and the state of pre-
cipitation was measured using a differential scanning calorimeter
(DSC).

Thinfilm specimensfor transmission electron microscopy (TEM)
were prepared by polishing the 1-mm-thick specimen sheets after
the aging treatment to 50 um by machining and electrolytically pol-
ishing them in a 2-to-1 solution of methanol and nitric acid cooled to
253K.

The precipitates were characterized through structural and chemi-
cal analyses using afield emission type TEM (HF-2000 made by
Hitachi Ltd.) having an acceleration voltage of 200keV and the func-
tion of energy dispersive X-ray spectroscopy (EDS). The EDS stan-
dard-less method by kevex-QUANTEX was employed for the quan-
titative chemical analysis of the precipitates, and nanometer-probe
electron diffraction for the structural analysis.

3. Resultsand Discussion

Fig. 1 shows DSC curves of three specimens of Alloy B that
underwent the following treatments, respectively: (a) the solutionizing
treatment and quenching; (b) the solutionizing treatment, quenching

Heat Flow (arb.unit: mcal/sec)
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G.PI_: formation of G.P.| zone
G.P.I: dissolution of G.P.I zone
B” . : formation of B” phase

B’ : formation of B’ phase

B’ : dissolution of B’ phase

Fig. 1 DSC curvesfor theAlloy B as solutionized and quenched (a),
aged at 448K for 32.4ks (b), and aged at 523K for 3.6ks (c)
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and aging treatment at 448K for 32.4ks; and (c) the solutionizing
treatment, quenching and aging treatment at 523K for 3.6ks. Based
on study reports that employed thermal analysis and TEM observa-
tion in combination?*%, the authors assumed that the exothermic
peaks of the DSC curves near 360, 540 and 580K corresponded to
the precipitation of the G.PI zoneand " and 3’ phases, respectively,
and the endothermic peaks near 490 and 550K to the dissolution of
the G.PI zone and 3" phase, respectively.

Whereas the DSC curve (a) of the solutionized and quenched
specimen has an exothermic peak near 540K corresponding to the
precipitation of the f” phase and another near 580K corresponding
to the precipitation of the ' phase, the curve (b) of the specimen
aged at 448K after the solutionizing and quenching lacks any exo-
thermic peak corresponding to the precipitation of the 3” phase, and
instead, it has an endothermic peak near 550K corresponding to the
dissolution of the p” phase. In addition, the curve (c) of the speci-
men aged at 523K after the solutionizing and quenching lacks any
exothermic peak near 580K corresponding to the precipitation of the
[’ phase. This was substantially the same with the specimens of Al-
loy A, though the temperatures of the peaks were somewhat differ-
ent. Based on the DSC analysisresults, the main precipitation phases
of the specimens aged at 448 and 523K were judged to be the 3" and
[’ phases, respectively, either for Alloy A or B.

3.1 Structure of precipitate B” phasein specimen aged at 448K

Needle-shaped precipitates of the 3" phase were observedinalarge
quantity in the specimens of Alloys A and B aged at 448K. Fig. 2
shows a high resolution electron micrograph (crystal latticeimage), a
nanometer-probe electron diffraction pattern and a selected areaelec-
tron diffraction pattern of ap” precipitate observed in the specimen of
balanced Alloy A aged at 448K, al taken in the longitudinal direction
of the needle shape. The incidence of the beam wasinthe<001>
direction. Analysis of the nanometer-probe electron diffraction pattern
in Fig. 2(b) revealed that the crystal lattice of the precipitate of p”
phase was monoclinic with lattice constants of a=0.714 = 0.017 nm,
b =0.658 = 0.013 nm, ¢ = 0.405 nm and y = 75 = 1°, and that the
precipitate had a crysta orientation relationship with the matrix o-Al
phaseof (10 0)[3,,//(3 -10) ,,(01 0)[5,,//(2 30), - Sincetherearefour
equivalent orientations for each of thethree<100>_, orientations of
the matrix a-Al phase, there are 12 possible orientation relationships
intotal. A similar electron diffraction pattern was obtained with the "
phase of excess-Si Alloy B, and the crystal lattice and lattice constants
were found to be the same as those of the $” phase of Alloy A.

3.2 Structure of precipitate B’ phasein specimen aged at 523K

Rod-shaped precipitates of the §’ phase having two crystal lat-
tice, hexagonal and orthorhombic, were observed in the specimens
aged at 523K of both AlloysA and B. The f’ phase having the hex-
agonal lattice roughly correspondswith that in the report by Matsuda
et al.*?. Regarding the ' phase having the orthorhombic lattice, on
the other hand, Fig. 3 shows atypical nanometer-probe electron dif-
fraction pattern and a schematic representation. The |attice constants
were calculated from the diffraction pattern asa= 0.672 = 0.003 nm,
b =0.787 + 0.003 nm and ¢ = 0.405 nm, and the orientation relation-
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Fig. 2 High resolution electron micrograph (a), nano-diffraction pattern (b), and selected area diffraction pattern (c) of ” phasein the

Alloy A aged at 448K for 32.4ks

Fig. 3 Nano-diffraction pattern of a orthorhombic typep' phase
(a) and the schematic representation (b)
The electron beam direction was<00 1>

Al*

ship was found to be (1 0 O)ﬁ,//(S -10),_,. Table 2 summarizesthe
crystal lattice and the orientation relationships with the matrix a-Al
phase of the 3” and 3’ phases.
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3.3 Composition analysis of precipitation phases by nanometer-
probe EDS

Thep” and p’ phases in the specimens aged at 448 and 523K of
both Alloys A and B were analyzed by the nanometer-probe EDS.
Since a CaF, type equilibrium § phase had been found in the speci-
mens aged at 623K, the chemical composition of this 3 phase was
also analyzed for comparison purposes. The electron beam was
aligned to the <0 0 1>_ direction (longitudinal direction) of the
precipitates. Fig. 4 shows crystal lattice images and nanometer-probe
EDS spectrums of the f” phase in the specimen aged at 448K and
the p’ phasein that aged at 523K. As seen in the graphs, clear pesks
were found in precipitates several nanometersin size, and the pesks
were identified to be those of Mg and Si. Incidentally, the Al peaks
in the profile diagrams are presumed to be those of the Al matrix.
The Mg/Si composition ratios (in atomic ratios) of the precipitate
phases were calculated as follows: in order to eliminate the influ-
ence of the Al matrix, alinear regression equation was established
for each of the Mg-Al and Si-Al concentration relationships, and the
respective values of the intercepts of these equations at Al concen-
tration = O were defined as the concentration of Mg and Si.

Table 3 shows the Mg/Si atomic ratios of the precipitate phases
calculated in the above manner. Whereas the Mg/Si ratio of the p”
phase in the Alloy B specimen aged at 448K was approximately 1,
that inthe Alloy A specimen aged at the same temperature was nearly
2, showing a clear difference. What is more, whereas, among the
specimens of excess-Si Alloy B, the Mg/Si ratio of the 3’ phasein
the specimen aged at 523K was remarkably different from that of the
B” phasein the specimen aged at 448K, the composition ratios were
substantially the same among the specimens of balanced Alloy A.
Note that while the f’ phase exists in both hexagonal and orthor-
hombic lattice, there was no difference in the Mg/Si atomic ratio
between the two. The Mg/Si ratio of the equilibrium § phase found
in the specimens aged at 623K of both Alloys A and B was approxi-
mately 2, the equilibrium composition ratio.

As stated earlier, the f” phase has a monoclinic crystal lattice,
and the 3’ phase has hexagonal and orthorhombic crystal lattice, and
these phases are semi-coherent precipitation phases having specific
orientation relationships with the matrix a.-Al phase. The Mg/Si
atomic ratios of these phases were found to deviate from the equilib-
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Table2 Crystal lattice of the precipitates, and orientation relationship between precipitates and a-Al

Precipitate Crystal lattice Orientation relationship
Y Monoclinic a0 O)ﬁ‘. I1(3-10)_,
a=0.714 = 0.017nm, b = 0.658 = 0.013nm, ¢ = 0.405nm, y = 75 = 1° (010),//(230Q),
(-1010),/(200),,,
(-12-10),/(020),,,
Hexagona (-1100),/(220),,
, a=0.705, c = 0.405nm 11-2 O)ﬁ, 220, ,
B (01-10),/(310),,
(2110),/(130),,,,
Orthorhombic (100),//(3-10),
a=0.672 = 0.003nm, b = 0.787 = 0.003nm, ¢ = 0.405nm (010),/1(230),,

(a) B " phase in the Alloy A aged at 448K for 32.4ks
- -.-h.-' 12 . ¥ -

[ gt

Al Mg Al
| Si
Si
. b

Fig. 4 High resolution electron micrographs and EDS spectrums of 8 and B’ phasein the Alloy A. The electron beam direction was<001>_, .

Table3 Mg/Si atomicratio of precipitates

Alloy " phase (448K x 32.4ks) B’ phase (523K x 3.6ks) B -Mg,Si phase (623K x 7.2ks)
Balanced Alloy A 1.74 £ 0.07 1.75+0.03 210+0.15
Excess-Si Alloy B 1.00 = 0.04 1.21+0.04 213+ 0.05

-41-



NIPPON STEEL TECHNICAL REPORT No. 91 January 2005

rium composition ratio of 2 to the excessive-Si side in different ex-
tents depending on the alloy composition, the deviation being larger
in excess-Si Alloy B. In spite of the difference in the Mg/Si ratio
depending on the alloy composition, the crystal lattice of the f” and
' phases are the same in Alloys A and B, and the lattice constants
are substantially the same, too. This seems to indicate that the pre-
cipitation processes from a supersaturated solid solution through (a
G.PI zone,) an intermediate $” phase and then an intermediate 3’
phase to an equilibrium § phaseis not affected by alloy composition.
An excessive addition of Si to abalanced alloy remarkably enhances
the aging properties and form fine precipitate structures at paint bak-
ing temperatures. Presumably, thisislargely due to the significant
deviation of the Mg/Si ratio of the precipitate §” phase from the
equilibrium ratio of 2 to the excessive-Si side.

To promote the actual application of Al-Mg-Si aloys, Nippon
Steel has designed bake-hardening type Al-Mg-Si alloys for auto-
mobile body applicationsin overall consideration of widely varied
precipitation behavior of the material during aging that influences
its bake-hardenability. This paper gives atypical example of the ba-
sic knowledge on the precipitation behavior of the material.

4, Summary

The fine precipitates of Al-Mg-Si alloys were characterized in
the present study by nanometer-probe electron diffraction employ-
ing afield emission type transmission electron microscope and by
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nanometer-probe energy dispersive spectroscopy, and as aresult, the

following findings were obtained:

(1) Thep” phase, which formsin both a balanced alloy and an ex-
cess-Si alloy as aresult of an aging treatment at 448K, has a
monoclinic crystal lattice, and on the other hand, the ' phase,
which forms as aresult of an aging treatment at 523K, has two
crystal lattice, hexagonal and orthorhombic.

(2) The Mg/Si composition ratios of the §” and p’ phases deviate
from the equilibrium ratio of 2 to the excessive-Si side, the de-
viation being larger in an excess-Si alloy than in abalanced al-

loy.
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