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Abstract: Three Al-Zn—Mg—Cu alloys used for oil drill pipes (Alloy A: Al-6.9Zn—2.3Mg—1.7Cu—0.3Mn—0.17Cr; Alloy B:
Al-8.0Zn—2.3Mg—2.6Cu—0.2Zr, Alloy C: Al-8.0Zn—2.3Mg—1.8Cu—0.18Zr) were studied by hardness tests, tensile tests and
transmission electron microscopy (TEM). The results show that the ultimate tensile strength, yield strength and elongation for Alloys
A, B and C are 736 MPa, 695.5 MPa and 7%; 711 MPa, 674 MPa and 12.5%; 740.5 MPa, 707.5 MPa and 13%, respectively after
solid solution treatment ((450 °C, 2 h)+(470 °C, 1 h)) followed by aging at 120 °C for 12 h. The dominant strengthening phases in
Alloy A are GPII zone and 7' phase, the main precipitate in Alloy B is #' phase, and the main precipitates in Alloy C are GPI zone,
GPII zone and 7' phase, which are the reason for better comprehensive properties of Alloy C. The increase of zinc content leads to the
improvement of the strength. The increase of copper content improves the elongation but slightly decreases the strength. Large
second-phase particles formed by the increase in the manganese content induce a decrease in the elongation of alloys.
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1 Introduction

Drill pipes are a kind of the main tools in the
drilling and oil industry [1]. Compared with conventional
steel drill pipes, aluminum drill pipes have low density,
high strength and good stress corrosion resistance;
further, aluminum is non-magnetic. Therefore, aluminum
alloys are now becoming ideal light structure materials
for drilling [2].

The Al-Zn—Mg—Cu alloys have a strong aging
strengthening effect through quenching and aging and
have yield strength of up to 500 MPa at room
temperature with higher impact toughness than other
aluminum alloys [3]. High Zn and Mg contents reduce
the ductility of the alloy and increase the brittleness. Low
Cu content tends to decrease the embrittlement of the
alloy and improve the plasticity, meanwhile, Cu atom
can form S (Al,CuMg) phase with Al atoms and Mg
atoms to strengthen the alloy [4]. The addition of minor
Cr, Mn, Zr and Ni elements in the alloy forms some
intermetallics with Al atom, and the intermetallics are

beneficial to improving the mechanical properties of the
alloy. HE et al [5] and ZOU et al [6] reported that minor
addition of Sc and Zr in Al-Zn—Mg—Cu alloys leads to
forming Als(Sc,Zr) particle which can greatly refine
grains, inhibit recrystallization and improve the
mechanical properties of the alloy.

High strength of Al-Zn—Mg—Cu alloys depends on
their precipitation sequences. The usual sequences are as
follows [7—10]:

Sequence 1: Supersaturated solid solution (SSS) —
GP zone — 5’ phase (MgZn,) — 7 phase (MgZn,);

Sequence 2: Supersaturated solid solution (SSS) —
GP zone — T’ phase (AlLZn;Mg;) — T phase
(AlLZn;Mgs).

These sequences are related to the aging
temperature and Zn/Mg ratio [7,11,12]. GANG and
CEREZO [12] found that when the Mg content is higher
than the Zn content, the main precipitate in the alloy is
the 7 phase. YANG et al [7] reported that an
Al-7.60Zn—2.55Mg alloy with a characteristically high
Mg/Zn mole ratio can be strengthened by the T-phase
precipitates. Currently, however, the Zn content is higher
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than the Mg content in most AlI-Zn—Mg—Cu alloys, the
precipitation sequence is primarily the first sequence
given above, and the GP zone, 5’ phase and # phase are
still the main phases in Al-Zn—Mg—Cu alloys. ZANG
et al [13] reported that a new Al-Zn—Mg—Cu alloy
(Al1—~(7.5-8.7)Zn—(1.8-2.7)Mg—(1.4—2.1)Cu) aged at
120 °C for 24 h has superior mechanical properties
compared with conventional ones, and the main phases
in new alloy are GPI zone, GPII zone and 7' phase. LI
et al [14] studied the one-step aging behavior of
Al=7.5Zn—1.7Mg—1.4Cu—0.12Zr alloy and found that
small ' phase and GP zone distributed and dispersed in
the matrix under the peak-aging condition. WANG
et al [15] studied the one-step aging behavior of 7055
alloy and found that the GP zone and #' phase formed
during aging significantly influenced the mechanical
properties of the alloy. Recently, by the use of
high-resolution transmission electron microscopy, some
researchers [16,17] reported that GP-#p zones or
n-precursor existed in some Al-Zn—Mg—(Cu) alloys,
these two intermediate phases play an indispensable role
in phase transformation.

In order to optimize the mechanical properties of
aluminum drill pipes, it is necessary to investigate the
effect of microstructure evolution and alloying element
on mechanical properties during aging. The object of the
present work is to reveal the strengthening mechanism
and relationship between the microstructure and
mechanical properties of the alloys by investigating the
effects of aging treatment.

2 Experimental

The compositions of the three alloys studied are
listed in Table 1. The ingots were prepared using an
induction furnace. The as-cast alloys were subjected to
two-step homogenization treatment ((395 °C, 12 h) +
(460 °C, 32 h)). After homogenization treatment, rods of

the alloys were extruded using a 300 t extrusion machine.

The as-extruded samples were solid solution-treated
((450 °C, 2 h) + (470 °C, 1 h)), and then water-quenched
to room temperature. After quenching, the samples were
immediately aged at 120 °C for 4, 12, 24, 36 and 48 h,
respectively. The Vickers hardness testing was performed
on an HV—10B hardness tester with a load of 2 kg and
each hardness value was obtained by averaging five
measurements. The tensile tests were performed at room
temperature using a DDL100 testing machine and three
measurements were made to obtain the average value.
The alloys were also observed using a Tecnai G2 F20
transmission electron microscope (TEM). Slices for
TEM samples were cut from the aged tensile samples,
and subsequently ground to less than 100 pm and
punched into 3 mm discs. The thin foils were obtained by

electrothinning at 20 V. The electrolyte was a mixture of
75% methanol and 25% nitric acid, and thinning was
performed at —25 °C.

Table 1 Compositions of studied alloys

Mass fraction/%

Alloy

Cu Mg Zn Mn Fe Ni Cr Ti Zr Al
A 17 23 69 03 03 01 017 0 0 Bal
B 26 23 80 005 0 0 004 0 0.2 Bal
C 18 23 80 005 0 0 0.04 0.02 0.18 Bal
3 Results

3.1 Mechanical properties

The Vickers hardness and tensile properties of
Alloys A, B and C during aging at 120 °C for different
time are shown in Fig. 1, Table 2 and Fig. 2. Alloys A, B
and C are clearly strengthened by aging. At the early
stage of aging, the hardness of the three alloys increases
rapidly and approaches the first peak value after aging
for 4 h. Subsequently, the hardness of Alloy C maintains
at a high level for a long time. For Alloys A and B, the
hardness reaches the second peak value after aging for
24 h and 36 h, respectively. The strengths of the three
alloys exhibit the same change tendency as the hardness
shown in Fig. 1. The strengths of Alloys A and B attain
maximum and then decrease slightly at the later stage of
aging. However, the strength of Alloy C remains stable
during a long aging process. When aged at 120 °C for
12 h, three alloys have the best overall mechanical
properties. Table 2 shows the mechanical properties of
three alloys aged at 120 °C for 12 h.

Hardness (HV)

i —=— Alloy A
195 —e— Alloy B
190} —a— Alloy C

185

0 10 20 30 40 50
Aging time/h
Fig. 1 Effect of aging time on hardness of Alloys A, B and C

Table 2 Mechanical properties of Alloy A, B and C aged at
120 °C for 12 h

Alloy o,/MPa 0p»/MPa /%
A 736 695.5 7
B 711 674 12.5
C 740.5 707.5 13




Chun FENG, et al/Trans. Nonferrous Met. Soc. China 25(2015) 35153522 3517

800 2
@ 12
700 | 111
o 600F 110
(=T
E 1 —a— d} -
& 5001 S o2 19 I
S I —~ ? s
© 400t I l\ L 18
300 l ] | 17
! l |
200 L , : ; . ; 16
0 8 16 24 32 40 48
Aging time/h
800
© 20
700 } 18
§ 116
= 600f
s 114 o
& 500 =
5 112 =
® 400t 10
300k : gn.z 18
L6
200 L - - - A - -
0 8 16 24 32 40 48
Aging time/h
800 20
700 | %
o 600
= 16 <
2500 | <
1)
2 114
© 400}
300 | 12
200 10

0 8 16 24 32 40 48
Aging time/h

Fig. 2 Mechanical properties of Alloys A (a), B (b) and C (c) at
different aging time

3.2 Microstructure

Figure 3 shows TEM images of Alloy A aged at
120 °C for 12 h. Figures 3(b) and (c) show the dark field
(DF) TEM images along the (001) axis of Al matrix and
Fig. 3(e) shows the bright field (BF) TEM image along
the (112) axis of Al matrix. From Figs. 3(b), (c) and (e),
it can be seen that the precipitates distribute finely and
homogeneously in the matrix; EDS results at Point 4 in

Fig. 3(c) are listed in Table 3.

The precipitates were identified by the selected area
electron diffraction (SAED) along different directions.
Figures 3(a) and (d) show the SAED images along
directions of (001) and (112) of Al matrix. Strong
diffraction features of #' phases are only observed in
Fig. 3(a), such as diffraction spots at 1/3{220} and
2/3{220} positions in (001) and (112} directions. Some
diffraction spots and weak streak along {111} direction
at 1/3{220} and 2/3{220} positions are observed in (112)
direction. In Fig. 3(d), it is easy to observe the diffraction
feature of GPII zones and the diffraction spots near
1/2{311} in (112) direction. Hence, the two SAED
images show that there are only GPII zone and ;' phase
in the alloy after aging at 120 °C for 12 h.

Large-scale particles are also observed in Fig. 3(c).
According to the results of energy dispersive X-ray
spectroscopy (EDS), these particles are rich in Mn, Cu
and Al, and the chemical composition of these large-
scale particles is similar to 7(Al,(Cu,Mn;) phase,
whether they are T phase needs to be further investigated.

Figure 4 shows TEM images of Alloy B aged at
120 °C for 12 h. Figures 4(b) and (d) are the BF TEM
images along (001) axis and (112) axis of Al matrix.
From the bright field images, a lot of darkly round
precipitates are observed. Also, some small round
precipitates with a diameter about 25 nm distribute
randomly in the matrix, as indicated by arrow in
Fig. 4(d). These precipitates can be identified as 7' phase
according to SAED images.

Figures 4(a) and (c) show the SAED images
corresponding to Figs. 4(b) and (d), respectively. There
are no obvious GPI and GPII diffraction features in the
patterns, only diffraction features of #n' phases can be
observed, shown as diffraction spots at 1/3{220} and
2/3{220} positions in (001) direction, and some
diffraction spots and weak streak along {111} direction
at 1/3{220} and 2/3{220} positions in (112} direction.
Meanwhile, the diffraction feature of Al;Zr can be
observed in Fig. 4(c), such as diffraction spots along
{111} direction at 1/2{220} position in the (112)
direction. Through the SAED images, the fine darkly
round precipitates in Figs. 4(b) and (d) can be identified
as 77’ phase and the round precipitates with a diameter of
about 25 nm indicated by arrow in Fig. 4(d) can be
identified as Al;Zr particle. Therefore, the main
precipitate in Alloy B aged at 120 °C for 12 h is ' phase.

Figure 5 shows TEM images of Alloy C aged at
120 °C for 12 h. Figures 5(b) and (d) show BF TEM
images along (001) axis and (112) axis of Al matrix.
Figures 5(a) and (c) show the SAED images
corresponding to Figs. 5(b) and (d), respectively. In
Fig. 5(a), diffraction spots at {1, (2n+1)/4, 0} along (001)
axis are observed, which indicates the existence of GPI
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Table 3 EDS results at Point 4 in Fig. 3(c)
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Element wi% x/%
Al 47.66 62.14
Mn 19.71 12.62
Cu 14.21 7.86
Zn 4.48 2.41
Fe 3.95 2.48
Ni 3.11 1.86
Cr 2.42 1.63

F 222 4.12
2.19 4.83

Fig. 3 TEM images of Alloy A aged at
120 °C for 12 h: (a) SAED in (001)
direction; (b) Corresponding BF image
in (001) direction; (c) DF image for
large-scale phases in matrix; (d) SAED
in (112) direction; (¢) Corresponding BF
image in (112) direction

zones. Strong diffraction spots at 1/2{200} and 1/2{220}
positions are ascribed to Al;Zr dispersoids and
diffraction spots at 1/3{220} and 2/3{220} positions in
(001) direction are the diffraction features of #' phases.
In Fig. 5(c), it is obvious to observe the diffraction
features of GPII zone, #' phases and Al;Zr dispersoids.
Hence, the dark small round precipitates in Figs. 5(b) and
(d) can be identified as 5’ phase, and large dark round
particles can be identified as Al;Zr according to
corresponding SAED images. As a result, the main
precipitates in Alloy C aged at 120 °C for 12 h are
identified as GPI, GPII zone and #' phase.
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Fig. 4 TEM images of Alloy B aged at 120 °C for 12 h: (a) SAED in (001) direction; (b) Corresponding BF image in (001) direction;
(c) SAED in (112) direction; (d) Corresponding BF image in (112) direction

Fig. 5 TEM images of Alloy C aged at 120 °C for 12 h: (a) SAED in (001) direction; (b) Corresponding BF image in (001) direction;
(c) SAED in (112) direction; (d) Corresponding BF image in (112) direction
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In the last few years, some researchers [16,17] have
reported that early-stage Guinier—Preston (GP—#p) zones
and intermediate phase (#-precursor ) could exist in some
Al-Zn—Mg—(Cu) alloys. However, in the present study,
it was hard to find other early-stage Guinier—Preston
(GP—#p) zones and intermediate phase (3#-precursor).

Figure 6 shows the TEM images of grain
boundaries in three alloys. It is obvious to see that coarse
precipitates form at grain boundaries in Alloy A, and
coarse second phase can also be seen in the interior of
grains in Alloy A. While for Alloys B and C, the grain

Fig. 6 TEM images of grain boundaries: (a) Alloy A; (b) Alloy
B; (c) Alloy C

boundaries are quite clear and straight, and no large
second phase particle can be found within the grain or at
grain boundaries.
4 Discussion
4.1 Influence of aging process on mechanical

properties

The hardness and strength of three alloys increase
sharply at the early stage of aging process at 120 °C.
This phenomenon can be explained by the decomposition
of the super-saturated solid solution and the formation of
precipitates. As the whole content of alloying element is
about 10 %, it is easy for super-saturated solid solution to
decompose. Meanwhile, the aging response of Al-Zn—
Mg—Cu-based alloys is very significant. As a result, three
alloys exhibit very strong strengthening effect after aging.
The aging process is related to the formation and
coarsening of precipitates. At the early stage of aging
process, only coherent metastable GPI and GPII form,
and during this stage, the nucleation rate of coherent
phases is higher than their growth rate, hence, the
hardness of alloys increases sharply. With the increase of
aging time, coherent phase transforms to semi-coherent
phase like 7', the existence of coherent phase and
semi-coherent phase leads to a higher strength of alloys.
At the middle stage of aging process, the nucleation rate
of precipitates and their growth rate are almost equal, so
the strength of alloys keeps stable at high level. At
over-aging stage, the hardness and strength of alloys
begin to decrease with the increase of aging time. This
phenomenon is attributed to the coarsening of
semi-coherent phase and the formation of incoherent
equilibrium phase.

4.2 Influence of precipitates at grain boundary on

mechanical properties

The precipitates at grain boundaries have effective
influence on mechanical properties of the alloy. As
shown in Fig. 6, coarse second phase particles form in
grain and at grain boundaries in Alloy A. In Alloys B and
C, there are no obvious coarse precipitates at grain
boundary or in interior of the grain. As it is well known,
the coarse precipitates at grain boundary decrease the
mechanical properties of the alloy. For example, it can
lead to low grain boundary strength and the tendency of
intergranular fracture, and the precipitates at grain
boundary result in inhomogeneous plastic deformation.
Some particles can easily cause dislocation piling up and
stress concentration during deformation. The interface
between these particles and grain boundary can be the
nucleation site for voids. As a result, Alloy A has the
lowest elongation among three alloys. As a contrast, the
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grain boundaries of Alloys B and C are clear and fine,
and there are no coarse second phase particles at grain
boundary. So, the elongations of Alloys B and C are
higher than that of Alloy A.

4.3 Influence of alloying elements on mechanical
properties

In Fig. 2, it is obvious to see that the tensile strength
and yield strength of Alloys A and C keep a high level
during the whole aging process. According to the TEM
images of Alloys A and C, it is seen that GP zones and 7’
phase are the main precipitates in Alloys A and C after
aging at 120 °C for 12 h, meanwhile, the precipitates in
the alloy are finely dispersed and distributed
homogeneously. So the fine and homogeneous
distribution of the precipitates leads to high strength of
Alloys A and C. The Zn content in Alloy C is higher than
that in Alloy A, and high Zn content increases the
volume fraction of precipitates during aging. As shown
as Figs. 2(a) and (c), after aging at 120 °C for 24 h, the
strength of Alloy A begins to decrease with the increase
of aging time; however, the strength of Alloy C still
keeps stable level. This indicates that the increase of Zn
content improves the strength of alloy and promotes the
strength keeping stable during a long aging process.

In Alloy B, the main strengthening phase is
metastable 7', but GPII zone and GPI zone are not
observed. The strengthening effect of a single precipitate
is weaker than the combinative strengthening effect of
several precipitates, so, Alloy B has the lowest tensile
strength among the three alloys. Further reason may be
that Alloy B has high Cu content, and FAN et al [18]
showed that coarse S (AlLCuMg) phase exists in
Al-Zn—Mg—Cu-based alloys which have a high content
of Cu, and the formation of coarse S phases may
decrease the supersaturated degree of the matrix by
consuming a lot of Cu and Mg atoms after quenching.
Therefore, no enough precipitates form during aging and
lead to relatively low strength of Alloy B among the
three alloys.

The Mn content of Alloy A is about 0.3% (mass
fraction), and the coarse precipitates which are rich in Al,
Cu and Mn are observed in Alloy A, as shown in
Fig. 3(c). On the one hand, the phase which contains Mn
can effectively inhibit recrystallization and improve the
mechanical properties of the alloy [19,20]. On the other
hand, it is easy to promote the formation of tiny voids at
the interface between the phase and the matrix. The tiny
voids are the reason for crack initiation and can
accelerate the growth of crack when the alloy is in
service [21]. So, Alloy A has higher tensile strength and
lower elongation.

5 Conclusions

1) Alloys A, B and C exhibit strong aging
strengthening effect. The optimal heat treatment for the
three alloys is as follows: solution treatment at 450 °C
for 2 h followed by 470 °C for 1 h, then water quenching
and aging at 120 °C for 12 h. The tensile strength, yield
strength and elongation for Alloys A, B and C are
736 MPa, 695.5 MPa and 7%; 711 MPa, 674 MPa and
12.5%; and 740.5 MPa, 707.5 MPa and 13%,
respectively.

2) The dominant strengthening phases in Alloy A
are GPII zone and 7’ phase, the main precipitates in
Alloy B is ' phase, and the main precipitations in Alloy
C are GPI zone, GPII zone and %' phase.

3) The increase of Zn content leads to the
improvement of the strength of the alloy. The increase of
Cu content improves the elongation but slightly
decreases the strength. Large particles formed by the
increase of Mn content induce the decrease of
elongation.
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