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Abstract: The effect of stress on the microstructure and properties of an Al-Cu-Mg-Ag alloy under-aged at 165  for 2 h during
thermal exposure at 200 was investigated. The tensile experimental results show that the remained tensile strength of both
specimens at room temperature after being exposed at 200  with and without applying stress rises firstly, and then drops with the
increasing of exposure time. The peak value of the remained strength reaches 439 MPa for non-stress-exposure for 10 h, and
454 MPa after being exposed with stress loaded for 20 h at 220 MPa. The elongation change is similar to that of strength. After being
exposed for 100 h, specimen exposed at 220 MPa still remains a tensile strength of 401 MPa, larger than that exposed without
applying stress. TEM shows that the microstructure of under-aged alloy is dominated by £ phase mainly and a little ' phase. The &'
and Q phases are believed competitive with increasing exposure time. The width of precipitation free zone(PFZ) increases and the
granular second phase precipitates at grain-boundary correspondingly. It is shown that the mechanical properties of alloy decrease

slightly and present good thermal stability after thermal exposure at 200

and 220 MPa for 100 h.
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1 Introduction

Al-Cu-Mg alloys are important structural materials
in aerial industry and their working temperature is be low
100 . When alloys are exposed at temperature above
100 , the coarsening precipitates decrease the
mechanical properties[1]. Trace addition of Ag (0.1%,
mole fraction) greatly changed the precipitation process
of artificially aged Al-Cu-Mg alloys. Ag added in
Al-Cu-Mg alloys with high Cu-to-Mg ratios promoted
precipitation of a dispersed metastable Q phase that was
nucleated on the {111}, planes of matrix and grew up
into a piece of thin hexagonal-shaped plate[2—4]. The Q
phase with high ability of precipitation hardening, high
strength and high thermal stability at high temperature
had wide application in the aviation industry and got the
attention of materials researchers[5].

Recently, there 1is increasing interests in
Al-Cu-Mg-Ag alloys research worldwide[6—9]. Some

researchers[10—13] studied the creep property and
showed an improved creep resistance of Al-Cu-Mg-Ag
alloys on under-aged temper condition. LUMLEY et
al[10—11] thought the excellent creep resistance of
under-aged alloy resulted from “free solute” in solid
solution. These solutes hindered the motion of
dislocation in the course of creep. Some
researchers[14—16] reported the effect of stress on the
nucleation and coarsening of 2 precipitate in
Al-Cu-Mg-Ag alloys. Results showed that stress less
than yield strength changed the precipitation process
during aging treatment.

SKROTZKI et al[14] studied the effect of an
externally applied tensile stress on nucleation and growth
of 2 and &' precipitates in Al-Cu-Mg-Ag alloys at 160
and found that for solution treatment samples aged under
critical stress between 120 MPa and 140 MPa, Q
precipitates occur preferentially parallel to the stress axis.
However, little study was reported on the stress effect at
elevated exposing temperature and elevated stress in Al-
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Cu-Mg-Ag alloys.

In this work, the effect of 220 MPa stress on the
microstructure and mechanical properties of an
under-aged  Al-4.72Cu-0.45Mg-0.54Ag-0.17Zr  alloy
during thermal exposure at 200  was investigated.

2 Experimental

The experimental alloy was prepared by pure
Al1(99.97%), Mg(99.9%), Ag(99. 9%) and master alloys
such as Al-49.30%Cu, Al-10.0%Mn, Al-4.0%Zr, which
were melted and refined in a graphite crucible under the
protection of flux and then cast in iron mould. The
casting alloy was homogenously treated at 420  for 6 h
and 515 for 6 h, and then the alloy was rolled into
1 mm-thick sheet at 470 . The strips were solid
solution treated(SST) at 515 for 6 h, water
quenched(WQ) and aged at 165  for 2 h. The thermal
exposure at 200 for under-aged samples was carried
out in constant temperature drying oven, and thermal
exposure at 200  with loaded stress of 220 MPa for the
alloy was carried out on creep exposure experimental
machine, and the exposure time was 0, 10, 20, 50, 80,
100 h respectively. The mechanical properties at room
temperature were performed on CSS-44100 type
electronic tensile testing machine. Specimens for
transmission electron microscopy(TEM) were punched
mechanically from the strips and twin-jet electrolytically
polished in a solution of 33% nitric acid and 67%
methanol(volume fraction). The polishing conditions
were —20 , and a voltage of 12—-15 V. The TEM
investigation was performed on Philips TECNAL-G*20
microscope, and its accelerating voltage was 200 kV. The
KYKY-2800 scanning electron microscopy(SEM) was
used to reveal the morphology of fracture.

3 Results and discussion

3.1 Mechanical properties

The change of mechanical
Al-Cu-Mg-Ag alloys aged at 165 for 2 h and after
thermal exposure at 200  in different time is presented
in Fig.1. Fig.1 showed that the remained strength of the
alloy increased firstly, and then decreased subsequently
with the increasing of thermal exposure time. The
elongation of the alloy decreased with time and the
change of elongation went gradually to smooth after
thermal exposure for 20 h. The maximum surplus
strength of alloys appeared at thermal exposure for 10 h.
Its surplus intensities oy, and oy, were 439.12 MPa and
414.04 MPa, respectively, and corresponding elongation
was 9.72%. After thermal exposure for 100 h, its
remained strengths o, and oy, were 386.95 MPa and
349.92 MPa, respectively, and corresponding elongation

properties  of

was 8.32%. The mechanical properties of the thermal
exposure alloy decreased slightly in comparison with
under-aged alloy. The process of thermal exposure was
essentially re-aging. Since the microstructure of
under-aged alloy was unstable, the thermal process after
aging actually increased the aging process of the alloy,
while the increasing of thermal exposure temperature
accelerated this process[17]. During the process of
under-aging treatment, the promoting aging effect caused
by strong interaction between Mg and Ag not only
rapidly made up the loss of strength of as-quenched alloy,
but also greatly speeded up the aging process and made
the strength of the alloy rise rapidly. The strength peak
(opand oy ,) after thermal exposure for 10 h is shown in
Fig 1.
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The change of mechanical properties of
Al-Cu-Mg-Ag alloys aged at 165 for 2 h and after
thermal exposure at 200 and 220 MPa in different
time is presented in Fig.2. The surplus strength of alloy
first increased, and subsequently decreased with the
increasing of thermal exposure time. The strength peak
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Fig.2 Curves of mechanical properties of alloy under thermal

exposure at 200  and 220 MPa
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appeared after thermal exposure for 20 h. Its surplus
strength o, was 454 MPa and oy, was 442 MPa. The
strength of the alloy slowly decreased with the increasing
of thermal exposure time.

The change of elongation was similar to that of
strength. It was worth paying attention to the
phenomenon that the elongation peak appeared after
thermal exposure for 10 h, and corresponding elongation
was 15.2%. After thermal exposure for 100 h, its surplus
strength o, was 401 MPa and o,, was 391 MPa, and
corresponding elongation was 9.7%. The mechanical
properties of the alloy did not lower obviously, thus
indicating the excellent thermal stability.

The fractographs of Al-Cu-Mg-Ag alloys aged at
165  for 2 h and subsequently after thermal exposure
at 200 and 220 MPa in different time are shown in
Fig.3. The tensile fracture at room temperature presented
typical ductility crack feature belonging to inner-crystal
rupture and deep dimples were visible. This indicated
that the ductility of the under-aged alloy was good. The
mode of crack shown in Fig.3(b) was still inner-crystal
rupture.

The local plastic deformation area of fracture of the
alloy was not significant compared with that of initial
state alloy. There was intergranular cracking in some
place of fracture and dimples were shallow. No dimple
area on the crack area appeared around grain boundary,
which showed the feature of intergranular cracking. The
fracture dimple was still deep, and the mangle ridge was
obvious, which indicated that the alloy had good
performance at room temperature.

3.2 Microstructure

Fig4 shows the TEM microstructures of
inner-crystalline and inter-granular of Al-Cu-Mg-Ag
alloys aged at 165  for 2 h and subsequently thermal
exposed at 200  in different time. Uniform and fine Q
phases distributed dispersively in the matrix of alloys
after ageing at 165  for 2 h and the microstructure of
grain-boundary distributed continuously. It can be seen
from Figs.4(b)—(f) that Q phases coarsened at elevated
temperature with the increasing of exposure time. The 6’
phase was found after thermal exposure for 20 h. After
thermal exposure for 100 h, Q phase grew up obviously.
It was also found that there were granular second phases
precipitated at grain boundary and the width of
precipitation free zone(PFZ) on grain-boundary became
larger.

Fig.5 shows the TEM microstructures of
Al-Cu-Mg-Ag alloy aged at 165 for 2 h and
subsequently thermal exposed at 200  with a stress of
220 MPa in different time. It was observed that Q phase
begun to coarsen at elevated temperature with
the increasing of exposure time (Figs.5(a) and (c)). The

Fig.3 Fracture surface images of alloy under different thermal
exposure conditions: (a) Original state; (b) Exposed for 20 h;
(c) Exposed for100 h

6' phase precipitated after exposure for 20 h and £ phase
grew up obviously after 100 h.

The nucleation, growth and coarsening of
precipitated phases in aluminum alloy were a essential
process of diffusion of the solute atom and vacancy. The
temperature was the main influencing factor during this
process. The higher the ageing temperature, the higher
the diffusion velocity of the solute atom and hence
coarse equilibrium phase easily precipitated. On the
contrary, the lower the ageing temperature, the lower the
diffusion velocity of the atom, thus increasing the driving
force of phase transformation, and the precipitated
phases behaved high density and small size, which was
good for alloy strengthening.

The tiny © phase in under-aged alloy continued to
grow up under the effect of temperature and the stress.
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thermal exposure, at grain boundary; (c) 200 , 20 h; (d) 200

grain boundary

This phenomenon may result from higher temperature,
causing the diffusion easier to carry out, and the ©Q phase
could grow directly. It followed that the aging kinetics
would be accelerated at high temperature.

It can be seen from Figs.5(b)—(d) that the granular
second phases precipitated at grain boundary, and the
width of precipitation free zone (PFZ) along grain
boundary increased with exposure time.

Under-aged state of the alloy could change into
peak-aged state under the effects of temperature and
stress, thus making the strength of alloy increase. The Q
phases grew up with prolonging the time. Meanwhile,
the equilibrium 6’ phase precipitated and PFZ emerged at
grain boundary. The mechanism of PFZ formation was
usually interpreted by solute-depletion and vacancy-
depletion. According to the theory of vacancy, when the
ageing temperature was higher than the critical

, 20 h, at grain boundary; (e) 200

, 100 h; () 200, 100 h, at

temperature of uniform nucleation, the concentration of
solutes must be higher than a critical value, thus assuring
the uniform nucleation of precipitated phase. There were
a large number of free solutes in the inner-crystal of
under-aged alloy; hence, there were not PFZ along the
grain boundary. The Q phases began to coarsen with the
increasing of time. The growth of Q phases will consume
a great deal of solute. When solutes in the matrix near
grain boundary were depleted, the new solutes only came
from re-dissolution of metastable £ phases near the grain
boundary. With the growing of Q phases, the dissolution
of metastable Q2 phases near grain boundary took place
gradually, thus increasing the width of PFZ with the
increasing of time. This phenomenon was also observed
in other aluminum alloys. Therefore, the increase of PFZ
width in the process of anaphase ageing was interpreted
by the mechanism of solute-depletion.
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Fig.5 TEM microstructures of under-aged alloy after exposure at 200

boundary; (c) 200 , 100 h; (d) 200

The applied stress could accelerate the formation of
solute clustering or GP zone, but retard the precipitation
and growth of 8’ and Q phases. There was a critical stress
value which adjusted the evolution of microstructure in
the process of ageing for Al-Cu-Mg-Ag alloy. It would
be helpful for the formation of solute clustering or GP
zone when the applied stress was higher than critical
stress. In the course of Al-Cu alloy and Al-Cu-Mg-Ag
alloy, introduction of the applied stress would lead to
tropism of deposition phase. The action of tensile stress
would cause an increase of stress energy in the system
and increasing levels were different in different variants,
which engendered the stress exposure effect[15]. A tiny
phase of under-aged alloy would continue to grow up
with tensile stress loaded. It would be helpful for &
phrase to separate under the effects of stress and
temperature.

4 Conclusions

1) There is peak strength after thermal exposure at
200  for 10 h of the under-aged Al-Cu-Mg-Ag alloy.
Its surplus strengths o, and oy, are 439.12 MPa and
414.04 MPa, respectively, and corresponding elongation
is 9.72%. After thermal exposure for 100 h, its surplus
strengths o, and o, are 386.95 MPa and 349.92 MPa,
respectively, and corresponding elongation is 8.32%.
Compared with under-aged alloy, the mechanical

, 100 h, at grain boundary

and 220 MPa: (a) 200

, 20 h; (b) 200 , 20 h, at grain

properties of the alloy decrease slightly.

2) There is peak strength after thermal exposure at
200 for 20 h with a stress of 220 MPa. Its surplus
strengths ¢, and oy, are 454 MPa and 442 MPa,
respectively. After thermal exposure for 100 h, its surplus
strengths ¢, and oy, are 401 MPa and 391 MPa,
respectively. The corresponding elongation is 9.7%. The
mechanical properties of the alloy do not fall obviously,
which indicates that the alloy has the excellent thermal
stability.

3) The tiny Q phase dispersion distributed in the
matrix of under-aged alloys. There are 8" and £ phases
precipitated competitively with the extending of time
under a stress of 220 MPa. The width of PFZ increases
and the granular second phases precipitate at grain
boundary.
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