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Mechanism of stress aging in AF Cu(-Mg Ag) alloys®
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Abstract: The effect of stress aging on the nucleation and growth of precipitates in AF3. 88% Cu and A}F3. 87% Cur 0.
56% Mg 0.56% Ag alloys was investigated by electric resistivity measurement and transmission electron microscopy obser

vation. The results indicate that external stress promotes the formation of clusters of solute atoms or GP zones, but retards

the growth of @ and Q phases. A critical phenomenon that the microstructural evolution will be modified at a certain ex-

ternal extress value is found in AFCu Mg Ag alloy. The applied external stress during aging induces preferentially oriented
precipitations of 0 and Qin AFCu and A} CurMg Ag alloys, respectively. The origin of stress induced orientation effect

is understood by analyzing interaction between external stress and misfit strain by Eshelby elastic inclusion theory.
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1 INTRODUCTION

The hardening effect of aging-hardenable alloys
is considerably determined by the species, quantity,
shape, size, distribution and orientation of precipi
tates formed by aging. Therefore, it is critical to
modify and control microstructural evolution finely
during phase transformation in the field of materials
science and engineering. Some research conclu-
1] showed that precipitation process could be
modified dramastically by using a coupling of the ap-

sions

plied elastic stress and temperature during aging
( named as stress aging) , which was helpful to modify
and control the microstructural characteristics, and,
finally, to improve the mechanical properties of mate-
rials.

Stress aging technology has been utilized in some

(276 For ex-

aluminium alloys in the past few years
ample, Hosford and Agrawal'” studied the stressin-
duced orientation effect during stress aging in AFCu
binary alloy. Eto et al'®! demonstrated that stressin-
duced orientation effect was initiated and determined
during nucleation stage by two-step aging technology,
which was supported by computer simulation results
of Li and Chen''”. Skrotzki et al'! found that there
were threshhold values of the external stress up to
which the formation of prerferentially oriented precip-
itation could occur in the tensile stress-aged specimens
of AFCu and AFCurMgAg. Later, Zhu et all® sys
tematically studied stress aging process for AFCu and
suggested that the stress-induced orientation effect
depended on the applied stress, temperature, alloy

composition and aging time.

The above works were mostly focused on the ex-
perimental observation and correlated studies of
stress-induced orientation effect in simple alloys.
They did not involve to analyze the effect of external
stress on kinetic process and the mechanism of stress
induced orientation effect deeply. In this paper, elec
trical resistivity measurement and transmission elec
tron microscopy observation are coupled to investigate
the effect of external stress on nucleation and growth
of precipitates in AFCu and AFCu-Mg-Ag alloys.
Moreover, the origin of stress-induced orientation ef-
fect is discussed through Eshelby elastic inclusion the-
ory.

2 EXPERIMENTAL

Two alloys were used in this study and their
compositions were AF3. 88% Cu and AF3. 87% Cu-0.
56% Mg-0. 56% Ag ( mass fraction), respectively.
Samples were solution treated at (520 £3) Cfor 1 h
and then quenched into water rapidly. The quenched
samples should be put into furnace as quickly as possi-
ble in order to prevent from natural aging and the
stress must be applied before artificial aging. Resis
tivity was measured using two-bridge electricresistiv-
ity method. Thin foil specimens for TEM were pre-
pared in a twin jet electro-polisher using a solution of
nitric acid and methanol ( 1: 3 in volume fraction) at
about — 30 C. After polishing, Ag-containing speci
mens were dipped in a solution of 5% nitric acid in
H,0 to remove the redeposited Ag from the elec
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trolyte. Microstructures were observed in a H-800
electron microscope.

3 RESULTS AND DISCUSSION

Fig. 1 shows the variation of relative resistivity
of the AFCu binary alloy aged at 180 C with respect
to aging time during stress aging. Four curves corre-
spond to different applied stresses. It is well known
that electrical resistivity is sensitive to a number of
microstructural factors such as vacancy concentration,
solute concentration in the matrix, precipitate ( or
cluster) size and its volume fraction. When the size of
solute atoms arranged heterogeneously ( GP zones,
clusters) in solid solution is sized in a nanometer
scale, they can scatter electrons strongly and result in
increased resistivity since their size is close to the elec
tron wave. The kinetic process of aging is different at
low temperature from that at elevated temperature at
which the coherent or semt coherent metastable phas-
es (for instance, 0 or O phase in AFCu binary) are
directly precipitated from solid solution because of
more active diffusion of atoms . Therefore, electrical
resistivity decreases in the beginning of elevated tem-

11121 * A5 can be seen in Fig. 1, it is found

perature
that electical resistivity decreases monotonically, im-
plying that there are no GP zones exist. This result
can be explained by considering the active diffusion of
atoms at 180 ‘C. Under this condition, GP zones are
dissolved or transformed to § or € phase so quickly
that they can not be detected by resistivity method in
a short time.

Moreover, the resistivity of stress aging is rel

atively higher than that under T 6 condition in
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Fig. 1 Curves of relative electrical resistivity vs
aging time for AFCu binary alloy aged at
180 C under different external stresses after

solid solution treatment at 520 C, 1 h and WQ
( Po —Resistivity in solutiomr treated stage;

o, —Measured instant resistivity)

different time. Since the yield strength of AFCu br
nary in solid solution is about 120 MPal®', which is
higher than that of experiment used, the dislocation
cannot be introduced by elasticdif- stress. As men-
tioned above, resistivity is sensitive to the content of
solute atoms and heterogeneous clusters in AFCu bi-
nary alloy and most clusters are dissolved or trans
formed to g,'phases or 0-phases at 180 C in a short
time, so under these conditions, it can be concluded
that random Cu atoms in stress aging are much more
than those of T6 condition, which means the precipi
tation and growth of @-phases or §-phases are retard-
ed by external stress. After a period of time of precip-
itation, conherent or semr conherent metastable phas-
es are precipitated slowly and Ostwald ripening occur,
which makes resistivity stable.

Fig.2(a) shows the evolution of the relative re-
sistivity of AFCurMg-Ag alloy aged at 180 C with
respect to aging time during stress aging. It can be
found that a peak value exists in each curve which
means GP zones or clusters can be found at this time
according to the rule of the variation of resistivity.
The addition of small amounts of Mg and Ag into Ak
Cu alloy with high mass ratio of Cu to Mg will modify
the sequence of precipitation and induce a precipita
tion of Q phase of disc shape on {111} planes rather
than on {001} planes. Suh and Park!"' calculated
that the addition of Mg and Ag into AFCu alloy in-
duced Mg clusters or Mg-Ag co-clusters on {111}
planes, which gives rise to minimum strain energy on
{111} planes, therefore, it can be believed that these
clusters could be mainly responsible for the formation
of Q phase in AFCurMg-Ag alloy. This prediction is
confirmed by a recent result of atom probe of Ringer

et all',

They observed that Mg-Ag coclusters oc
curred first during artificial aging without welltde
fined shape. As Cuatoms assemble to these co-clus
ters, they start to grow on {111} planes and their
shape becomes platelet. These precipitates are desig-
nated as { 111} GP zones. These plate-like particles on
matrix { 111} planes grow towards the lateral direc
tions by subsequent aging and start having structural
features as the Q phase. Therefore, the GP zones or
clusters as mentioned above are actually Mg clusters
or Mg-Ag clusters or {111} GP zones etc.

Comparing Figs. 2(a) with (b), it can be con-
cluded that the variation of relative resistivity as time
can be divided into three stages. In the first stage the
increasing resistivity corresponds to the formation of
clusters/ co-clusters or { 111} GP zones; in the second
stage the decreasing resistivity corresponds to the pre-
cipitation of Q phase; in the third stage the gradual
changing resistivity corresponds to the stable exis
tence of Q phase (because Q phase has excellent ther

mal stability at temperatures up to 200 C1'> ') 1t
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Fig.2 Curves of relative electrical resistivity
vs aging time for AFCu-Mg-Ag quaternary
alloy under different conditions

(a) —180 C with different external stress;
(b) — Different temperature with different external stress

can be found from Fig. 2(a) that a higher peak value
is detected in the relative resistivity curves and that
the evolution patterns of the resistivity curves are per-
fectly similar when the external stress is equivalent to
or more than a critical value (50 MPa). These phe
nomena are attribute to the more formation of clus
ters/ co-clusters or { 111} GP zones in the matrix due
to the external stress equivalent to or more than
threshold value. The decreasing resistivity is due to
the precipitation and growth of Q phases. Compared
with the resistivity of normal aging, the decreasing of
the resistivity of stress aging is slow, which means
that external stress will retard the precipitation and
growth of Q phases.

In order to confirm the above conclusions, we
continue to increase aging time to measure the resis
tivity with external stress equivalent to 150 MPa.
Fig. 2(b) shows the evolution of the relative resistivi-
ty with respect to the longer aging time at 180 C or
300 C by stress aging or non-stress aging. As men-

tioned above, if we increase the aging time, it is find

that the platform of the resistivity curves also occur
during stress aging and the value corresponding to the
platform is similar to that of nomrstress aging. T here
fore, compared with the relative resistiviy of nomr
stress aging, we can get that the external stress can
promote the formation of clusters but retard the pre-
cipitation of Q phases in AFCurMg-Ag alloy. Anoth-
er point should be taken care is that the relative resis-
tivity at 300 C aging which do not have obvious peak
value in the relative resistivity curve, is completely
different to that at 180 C. This may be due to clus-
ters or { 111} GP zones dissolving or directly precipi-
tating of Q phases at higher temperature.

TEM micrographs and corresponding SAED pat-
terns of AFCu and AFCurMg-Ag specimens of stress
aging or nomrstress aging to peak values are shown in
Fig. 3.

Three different variants of §-phase in AFCu al-
loy are precipitated in { 100} planes with equiproba-
bility( Fig. 3(a)).

due to its orientation paralleling to the electronic

One of the § variants is invisible

beam. Contrary to the non-stress aging specimens, in
which three types of § variants are equally present,
the stress aging specimens show the preferential for-
mation of particular variants of 4] (Fig. 3(b)). Figs.
3(c¢) 7(f) show a series of bright field (BF) TEM im-
ages taken from [ 001] and [ 110] zone axes of AFCu-
Mg-Ag alloy respectively, and corresponding selected
area electronic diffraction patterns ( SAED). The
presence of Q phase is characterized based on diffrac
tion spots at (1/3) {022} and (2/3) {022} as seen in
Figs. 3(¢) 7(f). Fig. 3(c¢) shows the perpendicular
precipitates of 8. Many of them are precipitated on
the dislocations. Compared with Fig. 3(¢), the pre-
cipitates are not perpendicular again in Fig. 3(d). It
may be due to the orientation of § modified by the
external stress since not new diffraction spots are
found in the SAED patterns. T he above conclusion is
inconclusive, however, we still need more experi-
ments to confirm it. The homogeneous distribution of
Q phases and a small amount perpendicular § phases
Streaks along (111) direc

tions are from the platelike precipitates on {111}

can be seen in Fig. 3(e).

planes, and those along €100) directions are from the
GP zones or § on the {100} planes. Although the
SAED pattern in Fig. 3(f) is similar to that in Fig. 3
(e), the prefertial formation of particular variants of
(111) Q can be observed in Fig. 3(f). It is worth to
point out that the prefernetial formation of particular
variants of precipitates in AFCurMg-Ag alloy is not

more complete than that in AFCu binary alloy. More
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Fig. 3 Bright field TEM images and corresponding SAED patterns of Al alloys under
different thermal treatment conditions
(a) —AFCu: 0 MPa, 32 h, 180 C, o perpendicular to each other, electron beam close to [ 001];
(b) —AFCu: 80 MPa, 32 h, 180 C, o prefertially oriented, electron beam close to [ 001];
() —AFCurMgAg: 0 MPa, 8 h, 180 C, § perpendicular to each other, electron beam close to [ 001];
(d) —AFCurMgAg: 120 MPa, 8 h, 180 C, showing changes for § under stress, electron beam close to [ 001] ;

(e) —AFCurMgAg: 0 MPa, 8 h, 180 C, showing two variants of Q and 6, electron beam is close to [ 110];
(f) —AFCurMgAg: 120 MPa, 8 h, 180 C, showing stress orienting effect, electron beam close to [ 110]

over, contrary to the free aging specimens, the stress
aging specimens show the smaller and more homoge-
neous distribution of € phases, which makes it possi-
ble to improve the mechanical property of AFCu-Mg-
Ag alloys and also confirms the above experiment re-
sults of resisitivity measurement.

Although the value of the applied stress in Al
CurMgAg alloy is much more than that in AFCu al-
loy, the stress-induced orientation effect is not obvi
ous, which is in agreement with the experimental re-
sults of Skrotzki et all”'. They suggested that the dif-
ferent misfit strains ( experiments have determined
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that Q has a large negative misfit of — 9.3%'"" or
~ 8.3%!"™ and is twice as high as that of §) and
the different habit planes between Q and 0 required
a higher stress to induce the stress-induced orientation
effect of quarternary alloy than that of binary alloy.

4 THEORETICAL CALCULATION AND ANALY-
SIS

With the assumption of the direct precipitating
of § from the matrix, in this experiment the Eshelby

21 is employed to analyze

elastic inclusion theory!'®:
the reason of stressinduced orientation effect. The
precipitation of coherent or semr coherent second
phases is determined by the misfit strain between the
second phase and the matrix. The strain field of co-
herent or semrt coherent second phases can be de
creased or increased due to the interaction between
applied stress and misfit strain. The interaction ener-
gy can, in the terminology of continuum mechanics
by Eshelby, be expressed as the modulus effect E
due to the difference of the elastic modulus and the
the misfit effect E, due to the presence of misfit

strain €; (stress free transformation strain or eigen-
strain) between the matrix and second phase. They
are calculated as

Ei= - Vo€ /2 (1)
E)= - Voyg (2)
where V is the volume of the particles, 0} the ap-

plied stress and € and € are, respectively, defined
by
Coait( €t Sibmnnn= €)= Cpgin( €itt SikmnEnn)
(3
Cpoit( Sitmn€mn— €)= Cpgit( SitmnEnn— Emn)
(4)
where el = kaﬁ SJAZ and Simn is the Eshelby tensor,
Cpgir and C i are the elastic constants of the matrix
and the second phase, respectively. In the case of the
cubic crystal system, the Eshelby tensor of different
morphologies of second phases can be found. With E-
qns. (1), (2) and (3), it is apparent that the modu-
lus effect has the quadratic form of the applied stress
and is independent on the misfit strain of second
phases. Thus, the modulus effect does not induce the
stress-induced orientation effect.
The eigenstrain can be calculated by the lattice
parameters of ) (a= b= 0.404 nm, c= 0.580 nm)
and the matrix (a= b= ¢c= 0. 404 9 nm). The

eigenstrain is thus represented as

E1= € =-0.0022, €;=-0.045, € =
0(t#)

On the assumption that the applied stress along

Z axis has the same direction as C axis of crystal, the
misfit strain energy of the precipitates in unit volume,

lying perpendicular to and parallel to the stress axis
(see Fig. 4), €7 and 7, with the applied stress, ot
= 0}3= 80 MPa, is calculated as

ej= - 0'&; (3)

ei= - o' g (6)

Using the elastic constants of pure aluminium
and 6 :

Ciini= Cii= 108.2 GPa, Ciinp= Cip= 61.3
GPa, Ca33= Cu= 29.0 GPa

Ciim= Cii= 138.3 GPa, Cliz= Ch= 91. 4
GPa, Caxms= Cu= 39.4 GPa
Then

€= 1.088¢]; (7)

€= 0.085¢8; + &5 (8)

With Eqns. (5) 7(8), we can get: e7 = 36. 15
Jm®, ef=1.91]/m’,

Therefore, the systematic strain energy will be
increased under tensile stress. It is found that the in-
creasing of the strain energies of variant 1 is much
more than that of variant 2 and thus variant 2 will
preferentially precipitate at the cost of variant 1. The
stress induced orientation effect can also be predicted
under tensile stress. What is different is that the sys-
tematic strain energy will be decreased at different ex-
tents.

oA
Variant |

C axis

Variant 2

an

Fig.4 Scheme of external stress applied
to two variants

The reason of different experimental results from
different authors'> * can be explained by using the
above analysis. On taking a close look at the eigen-
strain of 8 phase, one can see that the major compo-
nent of the eigenstrain is a negative misfit strain along
Z direction. This negative eigenstrain causes a tensile
strain along the Z direction. If a compressive external
strain is applied along the Z axis, it reduces this in-
ternal tensile strain and thus decreases the strain ener
gy barrier to the growth of the precipitate which lies
perpendicular to the compressive stress. If a tensile
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stress is applied, however, it will increase this tensile
strain and thus unfavors the growth of the precipr
tate. As a result only those variants which lie along
tensile applied stress will grow selectively. Therefore,
the contradiction of different conclusions by different
authors can be explained from possible variations in
the lattice misfit. For example, as suggested, small
0 precipitates have a negative misfit. While this mis-
fit may change its sign and magnitude during particle
growth. The variation of misfit strain can naturally
affect the interaction energy and then induce the dif-
ferent stressinduced orientation effects.

S CONCLUSIONS

1) After stress aging at 180 C, the precipitation
and growth of 6/ 0" are retarded for AFCu binary al-
loy and the formation of Mg clusters or Mg-Ag co
clusters or { 111} GP zones is promoted and the
growth of Q are also retarded for AFCurMg-Ag quar
tnertary alloy.

2) With applied stress of 80 MPa, the preferen-
tial formation of € is observed after being aged at 180
‘C for about 32 h for AFCu alloys. With applied
stress of 120 M Pa, the preferential formation of Q is
also observed for AFCu-Mg-Ag alloys but not as com-
plete as that of binary alloys.

3) Calculated by Eshelby elastic inclusion theo-
ry, the variations of the system elastic strain energy
of different variants under applied stress is the reason
of the stress induced orientation effect and also the
reason of different stress-induced orientation effects
by considering the variations of the magnitude and
sign of the misfit strain.
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