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Sn-induced phase transformation mechanism from 6’ to 6 in Al-4Cu alloy
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Abstract: The effects of 0.02 wt.% Sn addition to Al-4Cu alloy on the phase transformation mechanism from 6’ to 8
phase during a long-time heat exposure at 573 K for 100 h and on high temperature strength were studied through
microstructure observation and tensile test. It is found that Sn micro-alloying in Al-4Cu alloy completely changes the
mechanism of ' — 6 phase transformation during the long-time heat exposure. In the alloy without Sn addition,
rod-like 0 phase nucleates and grows on the surface of coarsened disc-like §’phase. However, with Sn-micro-alloying, 6
phase firstly heterogeneously nucleates on f-Sn particles, and then grows into much coarser needle-like phase. Trace
addition of Sn significantly increases the yield strength of T5-samples at both room temperature and 573 K, because
addition of Sn increases the number density of 8’ particles and reduces its size. But, after the long-time heat exposure,
the high temperature (573 K) strength of Al-4Cu alloy is severely degraded because Sn accelerates the phase

transformation from 6’ to 6 phase.
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1 Introduction

Aluminum alloys have been widely applied in
various industries, especially in transportation and
aerospace industries, because of their good strength,
low density and excellent castability [1]. Al—Cu
system alloy is one of the best candidates for
applications at high temperatures. Its strength can
be significantly improved by the precipitation
hardening from very fine metastable particles. The
main precipitation hardening phases in this system
are well known as GP I zone (pre-0"), 8" (AlzCu,
GP 1II zone) and 8’ (Al,Cu) [2—4]. 8 (ALLCu) phase
is the final equilibrium state of the aforementioned
meta-stable ageing-precipitates. Due to the high
number density, fine size and coherent/semi-
coherent relationships with Al matrix, 8" and 6’
meta-stable precipitates are the favorable ones that

can significantly strengthen the alloy [3,5]. Both 6"
and @' precipitates have tetragonal structure and
lattice constants of a=b=0.405 nm, ¢=0.768 nm for
0" phase and a=b=0.404 nm, ¢=0.580 nm for 6’
phase [6,7]. 0 phase has a tetragonal structure too,
with lattice constants of «=b=0.605nm, and
¢=0.487 nm [7,8]. The structure of Al matrix is
face-centered-cubic and its lattice constant is
a=0.404 nm [9]. But the -contribution of the
equilibrium 6-Al,Cu precipitate to the strength is
usually thought to be very low even harmful,
because it loses the coherent relationship with the
matrix and always has a larger size [2,10]. Thus,
almost all studies on precipitation strengthening in
Al-Cu and Al-Si—Cu alloys are focused on the
precipitation behaviors of " and 6.

Most research works about 6" and 6’
precipitates in Al—Cu alloys are focused on
the strengthening mechanisms [3], formation and
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growth mechanisms [11-14] and refinement
mechanism [15,16] of these precipitates. Using
micropillar-compression-tests, BELLON et al [3]
confirmed that the strengthening mechanisms of
0" and @' precipitates in Al-4wt.%Cu alloy
are dislocation-cutting and dislocation-bypassing
mechanisms, respectively. There are two
mechanisms about the formation of &' precipitates:
transformation from 6" precipitates [17] and
nucleation directly from the matrix [18].
BOURGEOIS et al [19] found that there is a
transition layer (about 1 nm) at the a/6’ interface,
which contains two structure phases: 6" and 6"
(Al11Cuy, with the ordered superlattice of 0’ phase).
This further indicates that the formation and growth
of @' precipitates in a(Al) matrix are closely related
to the " phase. This transformation mechanism is
also connected to the existence of vacancies [13]. In
addition, some studies reported that the formation
of @' precipitates can skip 6" phase, and they
directly nucleate on dislocations [20] or on
pre-existed f-Sn particles [16]. But for & phase,
there are few reports for its transformation
mechanism, because it is always thought that the
existence of 6 phase in Al-Cu and Al-Si—Cu alloys
should be avoided as much as possible.

Heat-resistance is one of the outstanding
advantages of Al—Cu or Al-Si—Cu alloys. Many
studies are focused on improving the thermal-
stability of @' precipitates and on the corresponding
impact on the strength at high temperatures. For
example, researchers in Refs. [10,21-23] reported
that Mn, Zr and Sc can improve the thermal-
stability of @' precipitates by forming an interface
layer between a(Al) and 6’ phase. This layer is
composed of low diffusion coefficient atoms that
can hinder atomic diffusion of Cu solute during
the growth of &' phase. However, heat-resistant
components made of Al-Cu or AI-Si—Cu alloys
always work at high temperature for a much long
time exposure. Thus, the phase transformation of
0'— 6 and its effect on high temperature strength
should be taken into account. However, reports on it
are very few.

The effect of Sn addition on the ageing
precipitation behavior of Al-Cu alloy was first
reported by SULLY et al [24] in 1949, where trace
addition of Sn can significantly change the
precipitation behavior of Al—Cu alloy, increasing

the hardness and shortening the peak aging time.
Since then, many similar studies on Al—Cu
and Al-Mg-Si alloys have been reported. The
precipitation of 8’ or " phases could be promoted
by Sn addition, because the prior formation of -Sn
particles (/41/amd, a=0.583 nm, ¢=0.318 nm [25])
could act as the heterogeneous nucleation substrates
for 6’ [16,26] or B" phases [27], or Sn addition
could increase the number density of vacancies that
could accelerate the diffusion rate of solute
atoms [9]. However, there are no studies on the
effect of trace addition of Sn on the evolution of
the ageing precipitates in Al—Cu alloy during a
subsequent long-time exposure at high temperatures,
especially on the transformation mechanism of
6'— 6.

Thus, in this study, the evolution of ageing
precipitates in Al—4Cu alloy (with/without trace
addition of Sn) during a short-time/long-time heat
exposure was observed by TEM/HRTEM and the
mechanism of 6'— 6 phase transformation was
discussed in details. The effect of the evolution of
ageing precipitates on high temperature mechanical
properties was evaluated too.

2 Experimental

2.1 Alloy preparation

The studied alloys (A4C alloy: Al-4wt.%Cu;
A4C-S alloy: Al-4wt.%Cu—0.02wt.%Sn) were
prepared by the same method as described in
Ref. [28]. Besides, trace Sn was added into the A4C
alloy melt in the form of Al-10wt.%Sn master
alloy. The main chemical composition of the A4C
and A4C-S alloys was measured by spark emission
spectrometer (MAXx LMF15) as: Al-4.06wt.%Cu
and Al-4.07wt.%Cu—0.019wt.%Sn.

The obtained plate-like castings were
solutionized at 788 K for 5h and 848 K for 3 h,
then quenched in water (abbreviated as T4 state),
and subsequently aged at 438K for 5h (an
under-ageing heat treatment, abbreviated as T5
state). In order to study the effect of Sn on the
phase transformation mechanism from ' to 6,
the evolution of ageing precipitates and high
temperature strength, some samples experienced a
short-time/long-time heat exposure (exposed at
573 K for 0.5h (STHE treatment) and for 100 h
(LTHE treatment), respectively, and then cooled in
air to room temperature).
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2.2 Microstructure observation and tensile test

The same instruments and methods as
described in Refs. [28,29] were adopted to carry out
the microstructure observation and tensile test of
the studied alloys. The yield strength (here, o002,
obtained by CMT5105 with a rate of 1 mm/min)
was used to evaluate the strengthening effect
from the microstructure evolution. To reduce the
accidental error, an average value of strength was
taken from 3 replicates.

3 Results

3.1 Microstructure evolution in as-cast, T4 and

TS states

Due to trace addition of Sn (only 0.019 wt.%)
to Al-4Cu alloy, there are no considerable
differences observed in the microstructure of the
A4C and A4C-S alloys in as-cast and T4 states, as
shown in Fig. 1. However, in TS5 state, the
microstructure of the A4C-S alloy is greatly
different from that of the A4C alloy.

TEM bright field images in Figs. 2(a) and (c)
show the ageing precipitates in the matrix of the
studied A4C and A4C-S alloys in TS5 state,
respectively. Trace addition of Sn to Al-4Cu alloy

can significantly affect the ageing precipitation of
metastable particles. For A4C alloy in TS state, all
ageing precipitation particles in Fig. 2(a) are 6"
phase, with a length of about 50 nm and a thickness
of about 1 nm. It is confirmed by SAED pattern in
Fig. 2(b) that the fine streaks are the typical feature
of 8" phase in aluminum solution [20,30]. However,
for A4C—S alloy in TS5 state, besides the fine 6"
particles (about 2 nm in thickness), a great number
of coarse precipitation particles (with a thickness
of about 4 nm) are observed, as seen in Fig. 2(c).
SAED pattern of the region containing these
particles is illustrated in Fig. 2(d). Besides those
fine streaks, weak spots are observed (the typical
feature of &' phase in Al solution [20,31]),
confirming that 6’ particles have been precipitated.
That is to say, Sn micro-alloying accelerates the
formation of §' phase during the ageing treatment,
in accordance with the results in Ref. [16]. After
the same solution and ageing treatments as for the
AA4C alloy, ¢’ phase coexists with 8" phase in the
matrix of the A4C—S alloy. It should be noted
that the needle-like shape of these precipitates
is the semi-coherent of disc-like 6" and 6’
phases observed from [001] and [011] axes of Al
matrix.

Fig. 1 Microstructure of A4C (a, ¢) and A4C—S (b, d) alloys in as-cast (a, b) and T4 (c, d) states
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Fig. 2 TEM bright field images showing precipitates in Al matrix of A4C (a) and A4C—S (c) alloys in T5 state, and
corresponding SAED patterns of zones containing these precipitation particles in A4C (b) and A4C—S (d) alloys

3.2 Microstructure evolution during long-time

heat exposure in TS state

TEM bright images in Figs. 3(a—c) illustrate
the evolution of the ageing precipitates in the
matrix of A4C alloy (in T5 state) after a long-time
heat exposure at 573 K for 100 h (LTHE treatment).
Compared with that in Fig. 2(a), the ageing
precipitation particles are significantly coarsened
(about 1 um in length and 30 nm in thickness).
From the high magnification images (Figs. 3(b) and
(c)), it is interesting to note that most of the
coarsened needles seem to have a sandwich
structure. SAED patterns in Figs. 3(d—f) reveal
different structures in different regions of a coarse
needle in Fig. 3(b). SAED pattern of Zone A is
regular (Fig. 3(d)), similar to the normal SAED
patterns of @' phase shown in Refs. [20,31], where
the weaker spots between the stronger spots of Al
solution represent the existence of 8’ phase. Thus,

Zone A in the needle is ' phase. Figure 3(f)
illustrates SAED pattern of Zone C (the end of
coarse needle). Definitely, there are two sets of
spots. One belongs to 8 phase and the other belongs
to Al matrix around 6 phase. This indicates that the
end of this needle has transformed into € phase.
In Zone B, the diffraction spots are disorderly
(Fig. 3(e)); however, the spots belonging to 8’ and 6
phases can be discernibly observed. It indicates that
this part is at the transition stage of phase
tranformation from 6’ to 6.

After the LTHE treatment, the morphology of
precipitates in the matrix of A4C-S alloy is
completely different from that in A4C alloy, as
shown in Fig. 4. There are a few very coarse
needles with random growth orientations, not like 8"
or 6’ phases observed in TS state (Fig. 2(c)). A large
number of short and small rod-like precipitates are
seen too. SAED pattern in Fig. 4(b) suggests the
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coarse needle-like precipitates (Zone D in Fig. 4(a))
are equilibrium 6 phase. It is well known that &
phase has not a coherent/semi-coherent relationship
with the matrix like 8" and @’ phases [32]. The
formation of & phase will not produce an elastic
strain zone in the matrix around @ particle that
will significantly decrease the strengthening
contribution to the matrix. SAED pattern of the
region containing the short rod-like particles (Zone
E in Fig. 4(a)) is shown in Fig. 4(c). To the right of
each strong diffraction spot of Al matrix, there is
one weak spot. These weak spots usually belong to
0' phase, but, here, they do not locate at the line of

2563

two adjacent spots of Al matrix as shown in Fig. 2(d)
or in Refs.[20,31]. Thus, these short and small
rod-like 6’ precipitates are thought to be a variant of
@' phase (similar to shape with normal 6’ phase,
here, named as @-like particle) that loses the
coherent orientation relationship with Al matrix.
Unlike those in the A4C alloy, 8’ particles observed
in A4C—S alloy are not coarsened after the LTHE
treatment, and conversely are shrunk to great extent
(compared the small rod-like particles in Fig. 4(a)
with those in Figs.3(a—c)). They experienced
a coarsening course (demonstrated by TEM
observation of the sample in STHE state) but are
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Fig. 3 TEM bright field images showing precipitates in matrix of A4C alloy in TS5 state after LTHE treatment (a—c) and
its SAED patterns corresponding to Zones A4 (d), B (e) and C (f) in (b), respectively
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Fig. 4 TEM bright field image showing precipitates in matrix of A4C—S alloy in T5 state after LTHE treatment (a) and
its SAED patterns corresponding to Zones D (b) and £ (c) in (a), respectively
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shrunk finally due to the re-dissolving of Cu atoms
into the matrix during the phase transformation
from 6'to 6.

It is interesting to note that the surface of these
small rods is very smooth, and no film-like 8 phase
is formed on the surface as seen in Fig. 3(c). The
above results indicate that the existence of Sn in
A4C-S alloy changes the phase transformation
mode from ' to € during the LTHE treatment.

3.3 Variation of yield strength

Figure 5 shows the representative tensile
engineering stress—strain curves of the studied A4C
and A4C-S alloys in TS5 state and after a subsequent
LTHE treatment. Table 1 summarized the tensile
yield strength (oo2) at RT (room temperature) and
HT (high temperature, 573 K). For A4C alloy in T5
state, the room temperature yield strength is
159 MPa, which is mainly from the strengthening
effect of #" precipitation particles in under-aged
state. However, when the test temperature was
increased to 573 K, 092 of A4C alloy is remarkably
decreased to 93 MPa. It is due to the decrease in
binding-force between atoms, the accelerated
motion of dislocations and the coarsening of
precipitation particles at 573 K. After the LTHE
treatment, the significant coarsening behavior of §’
precipitates and transformation from 6’ to 6 are
observed in the studied alloys (Figs. 3(a—c)), thus,
002 of A4C alloy at 573 K is further decreased to
74 MPa. However, for A4C-S alloy, 09> of the
samples in TS5 state is significantly increased
to 283 MPa at RT and 130 MPa at 573 K, with
increments of 124 and 37 MPa compared with
A4C alloy, respectively. This indicates that Sn
micro-alloying in Al-4Cu alloy can greatly increase
002 at RT and 573 K of the samples in TS5 state.
After the LTHE treatment, oo at 573 K of A4C—S
alloy is decreased to 63 MPa (with a great
decrement of 67 MPa), even 11 MPa lower than
that of A4C alloy. This implies that, on the one hand,
long-time service at high temperature will result in
a severe degradation of high temperature strength of
the studied Al-Cu alloys. On the other hand, of
more importance, a high value of strength obtained
by usual tensile test instantaneously at high
temperature cannot guarantee a high value of
strength after long-time service at high temperature.
That is, the strength obtained from usual tensile test

at high temperature cannot be well used to evaluate
the strength under a long-time high temperature
condition.

350
300
250 —— A4C, T5, RT
g — A4C, T5,573 K
S 200t —— A4C, LTHE, 573 K
E —— A4C-S, T5, RT
S 150t —— A4C-S, T5,573 K
&3 —— A4C-S, LTHE, 573 K
100
50+
0 5 10 15 20 25

Strain/%
Fig. 5 Representative tensile engineering stress—strain

curves of studied alloys in different states at RT and
573K

Table 1 Data of tensile yield strength (o02) of studied
alloys in different states at RT and 573 K

JoAz/MPa
Alloy 573K
RT (T5) 573K (TS
(T5) (5) (T5+(573 K, 100 h))
A4C 159+11 93+4 74+2
A4C-S  283+19 13045 63+3

4 Discussion

4.1 Effect of Sn-micro-alloying on precipitation

of 6' phase

There are two mechanisms that can be used to
explain the acceleration effect of trace addition of
Sn on the formation of 8’ phase during the ageing
treatment: vacancy-related and heterogeneous-
nucleation-related. As for the vacancy-related
mechanism, due to the fact that the atomic radius of
Sn is larger than that of Al and Cu atoms, Sn atoms
or Sn-rich clusters are more likely to bond with the
vacancies to reduce the lattice distortion [27,31].
The bonding energy of Sn atom with vacancy
(0.34 eV, calculated by DFT in Ref. [33]) in AlI-Cu
alloy is much larger than that of Cu atom with
vacancy (0.17 eV, calculated by DFT in Ref. [33]).
This means that Sn in a(Al) solution of Al—Cu alloy
can capture more vacancies during the solution
treatment at high temperature. A higher proportion
of vacancies can be retained in the a(Al) solution



Guang-jing LI, et al/Trans. Nonferrous Met. Soc. China 33(2023) 25592573 2565

with Sn-micro-alloying after the quenching. A high
proportion of vacancies at a lower temperature
(such as during the ageing treatment) can decrease
the diffusion activation energy of Cu atom in
o(Al) solution and thus promote its diffusion [9].
Therefore, during the ageing treatment, the
formation or transformation of both 6" and &'
phases will be accelerated by the existence of Sn
solute atoms in a(Al) solution [10,34]. Another
mechanism is heterogeneous-nucleation-related.
Because the solid solubility of Sn in a(Al) solution
is very small, the existence of Sn element in
Al-Cu alloy is always in the form of elemental
p-Sn particles ([41/amd, a=0.583 nm, and c=
0.318 nm [25]). The results of HOMMA et al [35]
through APT observation indicated that S-Sn phase
could rapidly form in the initial stage of ageing
treatment because Sn clusters formed (independent
of Cu) when the sample of Al-1.7at.%Cu—
0.01at.%Sn alloy was quenched in water. These
F-Sn particles have been thought to have a strong

ability to act as the nucleation substrate for ' phase
(14/mmm, a=0.404 nm, and ¢=0.580 nm [7]) with
orientation relationships of (001)ss.//(001)s and
[110]psv// [100]¢ [16,26]. Thus, the formation of 6’
phase can be promoted by the existence of Sn in
Al—Cu alloy. The element mapping images in
Fig. 6 indicate that there are some Sn-rich (f-Sn)
particles existing inside/around 6’ needle in the
matrix of A4C—S alloy in T5 state. This favors
the heterogeneous nucleation mechanism. The
observation results in Fig. 2 demonstrate that Sn
micro-alloying (0.019 wt.% Sn addition) in Al-4Cu
alloy can accelerate the ageing precipitation process,
namely, promote the formation of 6’ precipitates.
This will also lead to a variation in precipitation
hardening effect.

4.2 Sn-induced mechanism of transformation
from 0’ to 0 phase during LTHE treatment

During a long-time heat exposure process

at high temperature, the ageing precipitates will

Al

Fig. 6 HRTEM element mapping images of 8’ needle in A4C—S alloy in T5 state, illustrating 5-Sn particles acting as

nucleation substrate for 6’ phase
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successively experience the phase transformation of
0" — 6', the coarsening of §' phase, and the final
phase transformation of 8’ — 6. As seen in Figs. 3
and 4, Sn addition induces different modes of
6" — 0 phase transformation in Al—4Cu alloy after
the LTHE treatment. It drives us to study the
evolution of the ageing precipitates during heat
exposure in details.

During the tensile test at 573 K, the samples in
T5 state, first, must experience a holding time of
0.5 h at this temperature. It is equivalent to the
STHE treatment (0.5 h). This state represents the
beginning stage of the LTHE treatment. Thus, the
variation of the ageing precipitates in this state
stands for its evolution at the beginning stage of the
LTHE treatment. Figure 7 illustrates TEM bright
field images of ageing precipitates in the samples of
A4C and A4C-S alloys (in TS5 state) after the
tensile test at 573 K and its SAED patterns. At the
beginning stage (only after 0.5h) of the LTHE
treatment, all 8" particles observed in TS5 state,

whether in A4C alloy or in A4C-S alloy, have
transformed into @' particles and they have
been considerably coarsened too. However, the
precipitation particles in A4C—S alloy (Sn micro-
alloyed) are much smaller than those in A4C alloy
as well as with a much higher number density. The
reason for the refinement is the Sn-accelerated
heterogeneous nucleation that has been discussed
above.

Although there are a great number of research
reports on the
mechanisms of 6" and 6’ phases and on Sn-induced
heterogeneous nucleation mechanism of &', the
mechanisms for 8'—@ phase transformation have
not been well established. In this work, the process
of §'—6 phase transformation in Al-4Cu alloy is
considered. As shown in Fig. 3, film-like 6 phase
forms along the surface of 6’ needles. Element
mapping images in Fig. 8 more definitely exhibit
a sandwich structure, the same as that observed
in Fig. 3(c). The proportion of Cu element in the

formation or transformation

Zone axis

[011]Al

6)!‘=(>.

(111)

(200),,

5 1I/nm

Zone axis
[001]AL

test at 573 K, and corresponding SAED patterns of zones containing precipitation particles for A4C (b) and A4C—S (d)

alloys
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Fig. 8 Elements mapping images of precipitates with sandwich structure observed in A4C alloy in TS5 state after LTHE

treatment

inside is obviously higher than that in the outside
and that of Al element is at the centre. Figures 3(d—f)
demonstrate that the inside part is ' phase and the
outside part belongs to 6 phase. This indicates that
there is a phase transformation occuring on the
surface of @' particles by locally rearranging Cu
atoms at the interface between the matrix and 6’
phase. However, when focusing on the area marked
by red frame in Figs. 9(a) and (b), it is found that
there are some rod-like phases formed on the
surface of the disc-like 8’ phase (the coherent
surface of 6’ phase with a(Al) phase). Combining
the observation in Fig. 3 and Fig. 8, it is thought
that 8 phase nucleates on the surface of the disc-like
0' phase and then grows in the form of rod along
the surface through consuming the surrounding
6" phase. This transformation mechanism was
observed in Al-4Cu wire (holding at 350 °C) by
KAIRA et al [36] through synchrotron-based hard
X-ray nanotomography technology. In our study,
the sandwich structure observed through [011],,
axis (shown in Fig. 3 and Fig. 8) is, in fact, the
projection of the structure shown in Fig. 9(b). It is
schematically illustrated in Fig. 9(c) with different
axes of Al matrix.

However, for Sn micro-alloyed A4C—S alloy,
there is not any connection observed between the
short and small §-like rods and coarse 6 needles, as
shown in Fig. 4. It is also seen that 8 phase grows in
random directions, and seems to nucleate directly
from the matrix. This indicates that the mechanism
for §'— 6 phase transformation in A4C-S alloy
during the LTHE treatment is quite different from
that in A4C alloy. HAADF images in Figs. 10(a—d),
which are obtained from different zones of the
sample, suggest that many white particles are
closely connected with 8 phase. Elements mapping
images of Cu and Sn elements shown in
Figs. 10(e, f) clearly illustrate that these white
particles are p-Sn phase adhered to the coarse
needles of & phase. Useful information about the
orientation relationships between f-Sn and 6 phase
is not obtained by HRTEM. However, based
on E2EM model [37-39], a good orientation
relationship between 8 and S-Sn phases is predicted:
(200)[010]4//(200)[010]psn With f,=3.9% and fo=
3.8% (f; is the plane mismatch degrees and f; is the
atom row mismatch degrees). HRTEM observation
(Fig. 10) and E2EM prediction indicate that the
pre-existed f-Sn particles can act as the efficient
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Fig. 9 TEM bright field images showing rod-like 6 phase formed on disc-like surface of 8’ phase in A4C alloy after

LTHE treatment (a, b) and schematic diagram of sandwich structure observed in different axes (c)
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Fig. 10 HAADF images of precipitates obtained from different zones in A4C—S alloy in T5 state after LTHE treatment
exhibiting many white particles connected with 6 phase (a—d), and element mapping images of Cu (e) and Sn (f)

elements suggesting S-Sn particle closely adhered to 6 phase

heterogeneous nucleation substrates for 6 phase
and hence accelerate the phase transformation from
6' to 6 (Fig. 4). Although the segregation of Sn at
the interface of Al/6' may affect the phase
transformation from 6’ to # too, the segregation
amount of Sn atoms is very few in the case of trace
addition of Sn [16,35]. Thus, it is believed that the
mechanism that 8 phase heterogeneously nucleates
on the pre-existed fS-Sn particles dominates the
phase transformation from 6’ to 8 during the LTHE

treatment of A4C—S alloy.

So, it is reasonable to summarize the phase
transformation mechanism from 6’ to 6 in A4C—S
alloy during the LTHE treatment as: due to the
existence of trace amount of Sn, there are many
pre-formed S-Sn particles in the a(Al) solution (in
T5 state of A4C—S alloy, f-Sn particles are also
observed in Fig. 6); they can efficiently promote the
formation of @ phase by acting as the heterogeneous
nucleation substrates for it; thus, § phase nucleates
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directly on f-Sn particles and grows in oa(Al)
solution at an expense of re-dissolution of the
nearby or adjacent @' particles. So, in A4C—S alloy
after the LTHE treatment, many coarse needles of &
phase are formed with no specific orientations (seen
in Fig. 4). At the same time, a larger number of 8’
particles are re-dissolved into the matrix to provide
Cu atoms for the growth of @ phase, and thus, the
short and small &'-like rod precipitates are observed
in the matrix of A4C—S alloy (seen in Fig. 10).

The effect of trace addition of Sn to Al-4Cu
alloy on the evolution of ageing precipitates can be
schematically summarized in Fig. 11. During the
designed solution, ageing treatments and short-
time/long-time heat exposures (STHE/LTHE
treatment), the evolution of ageing precipitates in
A4C and A4C-S alloys can be described as: in T4
state, a(Al) solid solution is supersaturated for two
alloys (schematically illustrated in Figs. 11(a) and
(e)); in TS5 state, all precipitates in A4C alloy are 68"
phase (Fig. 11(b)), but 8" and @' precipitates coexist
in A4C-S alloy and the Ilatter is dominant
(Fig. 11(f)), where the prior existence of f-Sn
particles accelerates the formation of 8’ phase; in
the state after STHE treatment, all precipitates in
both A4C and A4C-S alloys are coarsened and
become 6’ phase, where the number density of
precipitates in A4C—S alloy is much larger but the
size is much smaller than those in A4C alloy
(Figs. 11(c) and (g)); in the state after the LTHE
treatment, 6’ and 6 precipitates coexist in both A4C
and A4C-S alloys, where rod-like & phase is
formed on the coherent surface of the coarsened

In T4 state In TS state
AA4C alloy
(b)
A4C-S alloy
o ®

After STHE
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disc-like 8’ phase in A4C alloy (Fig. 11(d)), and, in
A4C-S alloy, coarse needles of 6 phase nucleate
directly on the pre-formed p-Sn particles in
o(Al) solution and grow at the expense of the
re-dissolution of nearby or adjacent 8’ particles.

4.3 Effect of trace addition of Sn on variation of

yield strength

The strength can be affected significantly by
the microstructure evolution of ageing precipitates.
In TS5 state, the trace addition of Sn can
significantly increase the yield strength from 159 to
283 MPa at room temperature. It is because the
existence of trace amount of Sn accelerates
the formation of #' phase. In A4C alloy, when
encountering with the oncoming dislocations, 6"
precipitates can be easily cut off in rows by
dislocations, because the thickness of them is too
small (only about 1 nm). The resistance of these
fine 8" precipitation particles to dislocation motion
is small [3]. However, 8’ and 6" precipitates in the
A4C-S alloy are thick and strong enough (about 4
and 2nm in thickness, respectively) so that the
dislocations cannot cut them off in rows, thus,
dislocation-bypass mechanism is dominant [40].
This will cause a significant precipitation hardening
effect. It is also the reason for that the peak
hardening effect usually emerges when 6"+ 6’
coexist in Al—Cu alloy or B"+p' precipitates
coexist in Al-Si—Mg alloy. After the same ageing
treatment, the precipitates in A4C alloy are
fine #" particles with a very small thickness
(Fig. 2(a)); however, in A4C-S alloy, the relatively

After LTHE

treatment treatment

[010] 4,

[00”""<[100]A.

(©) (d)

+..1 Cu atoms in
= Al matrix

0" phase
mm ()’ phase
0 phase

Sn atoms in
* Al matrix

« * f-Sn particles

(€9) (h)

Fig. 11 Schematic model illustrating effect of trace addition of Sn on evolution of ageing precipitates in different alloys

in different states: (a—d) A4C alloy; (e—h) A4C—S alloy
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coarse precipitates of 6"+ 6’ phases coexist
(Fig. 2(c)). Trace addition of Sn accelerates the
ageing precipitation process. Therefore, the room
temperature yield strength of A4C—S alloy is much
higher than that of A4C alloy (more than about
124 MPa).

Before the stress is loaded to the testing
samples, samples for the tensile test at 573 K must
be held at this temperature for 0.5 h to homogenize
the temperature. This is equivalent to a STHE
treatment. Surely, the ageing precipitates will
evolve even during this short-time history at 573 K.
Respectively, Figs. 7(a) and (c) show that the
microstructure evolutions have occurred in A4C
and A4C-S alloys in T5 state after the tensile test
at 573 K, respectively. Compared Figs. 7(a) and (c)
with Figs.2(a) and (c), it is seen that the
precipitation particles in the matrix of both A4C
and A4C-S alloys have been greatly coarsened after
this short-time history at 573 K. Compared Fig. 7(c)
with Fig. 7(a), it is also found that the number
density of 6’ precipitation particles in A4C—S alloy
after the tensile test at 573 K is much greater than

that in A4C alloy but the size is much smaller either.

TEM/HRTEM observations in the samples of A4C
and A4C-S alloys confirm that the formation of 6’
phase during the ageing treatment course can be
accelerated by the existence of f-Sn particles
(Figs. (2) and (6)). During the phase transformation
of 8" — 6’ in the course of tensile test at 573 K, the
existence of Sn plays the same role, that is, Sn in
the A4C-S alloy can significantly increase the
nucleation rate of &' phase. Thus, the number
density of 0’ precipitates in A4C—S alloy after the
tensile test at 573 K is much higher than that in
A4C alloy and the size is much smaller (Fig. 7).
Because the duration from applying the stress on
the samples to fracture in the course of high
temperature tensile test is always less than 5 min,
the microstructure of the samples after the tensile
test at 573 K is approximately equivalent to the
microstructure before the stress starts applying. The
precipitation particles in A4C—S alloy with a higher
number density and a smaller size make the matrix
have a stronger resistance to dislocation motions.
Thus, o> of A4C—S alloy at 573 K (130 MPa) is
much higher than that of A4C alloy (93 MPa).

After the LTHE treatment, the formation of @
phase on the surface of @' phase and further
coarsening of @' phase in A4C alloy result in a

considerable decrement in the yield strength at
573 K, from 93 to 74 MPa, as shown in Table 1. For
A4C-S alloy after the same LTHE treatment, the
formation of coarse needle-like & phase is obviously
observed, but the coarsening of &' phase is not
observed. Conversely, smaller and shorter &'-like
particles are observed (shown in Fig. 4(a)). The
phase transformation from ' to 6 will lead to a loss
in strength. However, because there are still a high
proportion of fine @"-like rods, the decrement in oo»
at 573 K from the LTHE treatment is expected to be
small. But, in fact, it is very large, from 130 to
63 MPa. This drives us to further study the
strengthening effect of these short and small &'-like
rods. As described above, these short and small
@'-like rods observed in A4C—S alloy are not the
normal @' precipitates, but a variant of &' phase
(Fig. 4). Though these '-like rods have a small size
and a high proportion, it is in doubt that they have
the same strengthening effect as the normal 6’
precipitates. The bright/dark field TEM images in
Figs. 12(a—c) exhibit that there are some
dislocations cutting through these €'-like rods,
obtained in the A4C-S alloy in the LTHE state after
the tensile test at 573 K. HRTEM images in
Figs. 12(d—f) reveal the evidences for the
dislocation-cutting mechanism. This indicates that
these short and small @-like rods have little
resistance to dislocation motion as the normal 6’
particles. It is related to the small thickness and
structure instability of these rods. The redissolving
of @' phase during the phase transformation from 6’
to € in A4C-S alloy has destroyed the perfectness
and compactness of normal @' phase and thus it
becomes a variant that has little resistance to
dislocation motion. It is known that the coarse
precipitation particles of € phase have little
contribution to the strengthening of matrix [23].
Therefore, for A4C-S alloy in T5 state after the
LTHE treatment, 6o, at 573 K is greatly decreased
by 52%. However, for AC4 alloy in T5 state after
the same LTHE treatment, the decrement in oo, at
573 K is only 20%. This difference is due to
different phase transformation mechanisms of
0'— 6 during the LTHE treatment. The trace
addition of Sn to Al-4Cu alloy accelerates the
phase transformation of 8'— & during the LTHE
treatment, which results in a significant degradation
in the yield strength at 573 K. Two suggestions for
high temperature application of Al-Cu system alloy
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Dislocation

Dislocation

Fig. 12 TEM images showing dislocations cutting through 8"-like particles in A4C—S alloy in LTHE state after tensile

test at 573 K (a—c) and HRTEM images revealing cutting traces in rods by dislocations (d—f)

could be obtained from this study. One is that the
phase transformation from 6’ to & through &
directly nucleating in the solution and growing by
re-dissolving @' phase should be avoided. The other
is that impurity Sn in Al-Cu system alloy should be
removed as much as possible.

5 Conclusions

(1) 0.02 wt.% addition of Sn to Al-4Cu alloy
leads to completely different mechanisms for ' —
6 phase transformation during the long-time heat
exposure at 573 K for 100 h. In the alloy without Sn
micro-alloying, it is found that rod-like 8 phase is
formed along the coherent surface of coarsened 6’
phase. However, in the alloy with Sn-micro-
alloying, 8 phase first heterogeneously nucleates on
pre-formed f-Sn particles, then grows by re-
dissolving the nearby or adjacent 8’ particles, and
finally becomes much coarse needle-like 8 phase.

(2) Sn micro-alloying can accelerate the
formation of #’ phase in T5 state, and also leads to a
significant increase in the number density of 6’
phase and a great decrease in its size during the
short-time heat exposure at 573 K for 0.5 h. Thus,

Sn micro-alloying in Al-4Cu alloy can significantly
increase the yield strength (g92) in TS state at both
room temperature and 573 K.

(3) It is Sn-induced mechanism for 6'— 6
phase transformation that results in the greater
decrease in ao2 at 573 K of the Al-4Cu—0.02Sn
alloy after the long-time heat exposure at 573 K for
100 h than that of the A1-4Cu alloy.

(4) For high temperature application of Al-Cu
system alloy, the phase transformation of from 6’
to @ through 6 directly nucleating in the solution
and growing by re-dissolving ' phase should be
avoided, and impurity Sn in Al-Cu system alloy
should be removed as much as possible.
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