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Abstract 
The microstructures and mechanical properties of a hot extruded Al–Zn–Mg–Cu alloy pipe with variable cross-section are 
investigated by transmission electron microscopy, electron backscattering diffraction, hardness testing and finite element 
method. The results suggest that the variable temperature distribution at different positions along the extrusion direction 
after hot extrusion attribute to the changes in hot deformation degrees. The extruded profile at billet temperature of 410 °C 
and a ram speed of 1.5 mm/s shows a gradual increase in temperature from 416 to 467 °C at strains from 3.7 to 8.6 along 
the extrusion direction. The dynamic recovery (DRV) and partial dynamic recrystallization (DRX) are observed in the hot 
extruded profile, and high-angle grain boundaries fraction exponentially rises along the extrusion direction. The hardness 
at different positions of the hot extruded profile shows a nearly exponential decline along the extrusion direction, mainly 
ascribes to the decrease of the dislocation density that caused by the dynamic softening.
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1  Introduction

Al–Zn–Mg–Cu alloys are widely used in aerospace, automo-
tive and petroleum industries due to their high strength-to-
weight ratios, elevated stress corrosion resistance and excel-
lent workability [1–5].

Traditionally, steel oil drill pipes are widely applied in oil 
drilling industries. However, steel oil drill pipe has a high 
weight per unit length, and a low corrosion resistance to acid 
corrosion gas environments (H2S and CO2). Compared to 
conventional steel oil drill pipes, the Al–Zn–Mg–Cu alloy 

oil drill pipes are advantageous in terms of high strength, 
low specific gravity, good fatigue resistance and resistance to 
acid gas corrosion like H2S and CO2. Hence, Al–Zn–Mg–Cu 
alloy oil drill pipes can reduce the energy consumption, as 
well as improve the drilling depth capability and electro-
chemical corrosion resistance in corrosive environments 
containing H2S and CO2 [1, 5]. In recent decades, with the 
gradual depletion of oil resources in shallow wells and the 
discovery of more ultra-deep oil reservoir resources, deep 
drilling has gradually developed into the main way of oil 
exploitation, and Al–Zn–Mg–Cu alloys are also considered 
as an ideal potential material for oil drill pipes [6]. In the 
past, some Al–Zn–Mg–Cu alloys with low Zn/Mg ratios 
have been used for oil drill pipes to improve drill depth 
with less energy consumption [7, 8]. The studied alloy is a 
newly developed aluminum alloy for oil drill pipes, due to its 
denser η′ strengthening phase originating from high Zn/Mg 
ratio, which has higher strength and thermal stability than 
the traditional Al–Zn–Mg–Cu alloys with low Zn/Mg ratios.

During oil drilling, a long drill string composed of hun-
dreds of oil drill pipes connected through the end is used 
[9]. This end of oil drill pipe possesses variable cross-sec-
tion, and hot extrusion is usually utilized to process the oil 
drill pipe. Additionally, the microstructure of the variable 
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section pipe plays an important role in ensuring the safety 
of the end of oil drill pipe, as well as the overall safety of the 
drill pipe. Different hot processing microstructures can pre-
sent various mechanical responses [10–12]. Therefore, the 
microstructures and mechanical properties of hot extruded 
Al–Zn–Mg–Cu alloy pipes with variable cross-section are 
crucial information for oil drilling companies.

Hot extrusion is often employed to manufacture various 
kinds of Al alloy profiles [13–15]. In recent years, studies 
concerning the influence of hot extrusion parameters and 
die structures on the microstructures and mechanical prop-
erties of Al alloy profiles have attracted increasing atten-
tion [16–18]. For instance, Bharath et al. [19] investigate 
the microstructures and mechanical properties of extruded 
Al-Cu-Mg alloy solid rods under different extrusion temper-
atures, and reveal that the precipitate strengthening result-
ing from Al2Cu (θ phase) and high-angle grain boundaries 
(HAGBs) fraction increases with extrusion temperature, 
while the dislocation density decreases. A recent work by 
Li et al. [20] reported that higher ram speed would lower the 
dynamic recrystallization (DRX) fractions of extruded 6063 
alloy square hollow pipes in the welding zone as compared 
to the matrix zone. This may induce a larger average grain 
size of the welding zone as compared to the matrix zone. 
Sakow et al. [21] reveal that the heteromorphic extrusion 
die with right-angle corners can be very effective for refin-
ing Al9Si2Fe2 (β phase) particles and eutectic Si particles of 
extruded Al-Si-Fe alloy square bar, resulting in a significant 
improvement in its ductility. Li et al. [22] confirm that the 
extruded Al–Zn–Mg–Cu alloy plate manufactured by flat 
die with symmetric feeder is more conducive to dynamic 
recovery (DRV) occurrence when compared to that fabri-
cated by flat die without asymmetric feeder. Chen et al. [23] 
propose a multi-objective optimization method for feeder 
chamber structure, which can improve the homogeneity of 
flow velocity and reduce extrusion load of Al-Zn-Mg plate. 
Additionally, some researches on effect of heat treatment on 
microstructure and properties of extruded Al–Zn–Mg–Cu 
alloy profiles with uniform cross-section are also carried 
out [24, 25].

Other studies have recently focused on micro-alloying and 
heat treatment of Al–Zn–Mg–Cu alloys for oil drill pipes. 
For instance, Wang et al. [26] find that the addition of Er can 
improve mechanical properties as well as the intergranular 
corrosion resistance. As proposed by Wang et al.’s work 
[1], 7085 alloy can gain excellent combination of properties 
after a proper retrogression and re-aging (RRA) treatment. 
Zhao et al. [27] develop a new four-stage aging treatment for 
the shortcomings of traditional RRA treatment with a very 
short regression time so that it is not desirable to industrial 
production of oil drill pipes. Their data reveal that this four-
stage aging treatment is beneficial to the thermal stability of 
Al–Zn–Mg–Cu alloy.

As mentioned above, in addition to studying the effects of 
hot extrusion parameters and die structures on the microstruc-
tures and mechanical properties of Al alloy uniform cross-sec-
tion profiles, some reports have also investigated the influences 
of micro-alloying and heat treatment on the microstructures 
and mechanical properties of hot extruded Al–Zn–Mg–Cu 
alloy profiles. However, few attentions have been paid to the 
microstructures and their effects on mechanical properties 
of Al–Zn–Mg–Cu alloy variable cross-section pipe used for 
oil drilling. In particular, quantitative relationships among 
the strain, microstructures and mechanical properties of 
Al–Zn–Mg–Cu alloy pipe with variable cross-section used for 
oil drilling are lack. Such research results will be important in 
providing a quantitative and accurate reference for structural 
design, actual industrial production, microstructure control, 
performance evaluation and safe application of oil drill pipes.

In this work, the deformation heat ascribed to severe plastic 
deformation and its effects on temperature distribution, as well 
as the influence of temperature distribution on microstructure, 
are discussed. The quantitative relationships between strain 
and hardness, as well as strain and HAGBs fraction, are inves-
tigated using several experimental techniques coupled with the 
finite element (FE) method.

2 � FE Analysis

In present work, the hot extrusion process for 
Al–Zn–Mg–Cu alloy pipe with variable cross-section is sim-
ulated by DEFORM-3D commercial software based on FE 
method. The schematic diagram of hot extrusion process and 
corresponding FE model is presented in Fig. 1a. The extrusion 
tools, such as the container, ram and die were all defined to be 
rigid, and the billet was regarded as plastic. The dimensions of 
extruded profile can be seen in Fig. 1b. The physical proper-
ties of studied Al–Zn–Mg–Cu alloy and H13 tool steel were 
summarized in Table 1. Automatic meshing was used in FE 
simulation, and FE simulation parameters are given in Table 2.

In our previous work, a constitutive model based on strain 
compensation of studied Al–Zn–Mg–Cu alloy was established 
from hot compression test as expressed in Eq. (1) [31]. This 
constitutive model was introduced into DEFORM-3D as 
basic data, and then the FE analysis hot extrusion process on 
Al–Zn–Mg–Cu alloy pipe with variable cross-section is car-
ried out.
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3 � Experimental Procedures

The chemical composition of the studied Al–Zn–Mg–Cu alloy 
was summarized in Table 3.

The studied Al–Zn–Mg–Cu alloy was subjected to several 
experiments, including homogenization, hot extrusion, Vicker 
hardness testing and microstructure characterization. Figure 2 
schematically shows the diagram for whole experiment period. 
The as-cast ingot was first subjected to a two-step homogeniza-
tion (420 °C/24 h + 465 °C/72 h) followed by slowly cooled 
down to room temperature under air. Next, the homogenized 
ingot with a diameter of 200 mm was machined to cylindri-
cal billet with the dimension of Φ169 × 150 mm used for hot 
extrusion. The schematic diagram of hot extrusion process 
was given in Fig. 1a. The extrusion setup was assembled by 
the ram, container and die. These components were machined 
by H13 tool steel. The inner diameter of container was Φ170 
mm, and the extrusion ratio changed continuously from 3.1 
to 12.7. All hot extrusion experimental parameters were fully 
consistent with FE simulation parameters in Table 2. After 
the extrusion, the extruded Al–Zn–Mg–Cu alloy pipe with 
variable cross-section was immediately water quenched. For 
microstructure observation and Vickers hardness testing, sam-
ples were cut from the central location of the wall thickness of 
pipe with variable cross-section along the extrusion direction 
(Fig. 3). Detailed sampling positions based on FE analysis data 
were shown in Fig. 4a, and named as P1, P2, P3, P4, P5, P6 
and P7, respectively. The main aim of that was to investigate 
the effects of different temperature distribution of extruded 
profile on the microstructures and mechanical properties.

The Vickers hardness measurements were carried out 
using an 8 kgf loading on an HMV-2 sclerometer for 15 s. 
The microstructure observation of the samples was performed 
by transmission electron microscopy (TEM, FEI Tecnai G2 20) 
operated at 200 kV, as well electron backscattering diffrac-
tion (EBSD) installed on a ZEISS EVOMA scanning electron 
microscopy (SEM). The EBSD data was analyzed by TSL 
OIM Analysis 5 software. The TEM samples were first ground 
to approximately 100 µm followed by punching into discs with 
3 mm in diameter, and then electro-polishing with twin-jet 
equipment at voltage of 15 V in a 20% HNO3 and 80% CH3OH 
solution at about − 25 °C for about 150 s. The preparation 
method of EBSD samples was the same as that of TEM sam-
ples, except that the electro-polishing time used (about 105 s) 
was shorter than that of TEM samples.

Fig. 1   a Schematic diagram of hot extrusion process and correspond-
ing FE model. b The dimensions of extruded profile. (Unit: mm)

Table 1   Physical properties of Al–Zn–Mg–Cu alloy and H13 tool 
steel [22, 28, 29]

Properties Al–Zn–Mg–
Cu alloy

H13 tool steel

Young's modulus (GPa) 70 210
Poisson's ratio 0.3 0.3
Heat capacity (N/(mm2·°C)) 2.4 5.6
Thermal conductivity (N/(s·°C)) 180 28.4

Table 2   Numerical simulation parameters used in this work

Parameters Values

Total number of elements 156,000
Billet temperature (°C) 410
Tooling temperature (°C) 390
Ram speed (mm/s) 1.5
Friction factor 0.3
Heat transfer coefficient between billet and tooling (N/

(s mm·°C))
11 [29, 30]

Heat transfer coefficient between billet/ tooling and air 
(N/(s mm·°C))

0.02 [29, 30]
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4 � Results

4.1 � Temperature Profiles

The temperature distr ibut ion of  the extruded 
Al–Zn–Mg–Cu alloy pipe with variable cross-section at 

the end of extrusion process is displayed in Fig. 4a. It can 
be found that the temperature distribution along the extru-
sion direction is inhomogeneous, and the temperature gra-
dient is generated. To further accurately expose the simu-
lation results, the temperature and strain of seven positions 
(P1-P7 in Fig. 4a) are obtained through the point tracking 
function of DEFORM-3D software. Then, the relation-
ships between temperature and strain of different positions 
in extruded profile are gained by curve fitting, as shown 
in Fig. 4b. It can be seen that the temperature increases 
with the strain, and the maximum and minimum values 
identified as 467 °C and 416 °C, respectively. The peak 
temperature rise (△T) inside the whole extruded profile 
is 51 °C, which is larger than the value 8 °C of Al–Cu–Li 
alloy with 450 °C billet temperature and 0.25 mm/s ram 
speed found by Xu et al. [32], while lower than the value 
120 °C of CP-Ti with 450 °C billet temperature reported 
by Jiang et al. [33]. Such differences in △T may be attrib-
uted to the variation of extrusion ways, ram speeds, bil-
let temperatures, extruded profile geometry and material 
properties.

4.2 � Mechanical Properties

The variations in hardness as a function of strain at differ-
ent positions of the extruded profile are shown in Fig. 5. 
It can be clearly found that as strain increases, the hard-
ness decreases. Besides, the hardness declines slightly from 

121.8 to 114.6 as the strain rises from 3.7 (P1) to 6.8 (P3), 
then the hardness diminishes rapidly from 114.6 to 94.6 as 
strain increases from 6.8 (P3) to 8.6 (P7). Simultaneously, 
the curve fitting also shows a nearly exponential relationship 
between hardness and strain. The curve fitting results can be 
expressed as Eq. (2).

Table 3   Chemical composition 
of the studied Al–Zn–Mg–Cu 
alloy (in wt%)

Composition Zn Mg Cu Mn Cr Ti Si Fe Al

Content 6.96 2.39 1.76 0.41 0.16 0.09 0.01 0.06 Bal

Fig. 2   Schematic diagram summarizing the whole experiment period 
of studied Al–Zn–Mg–Cu alloy

Fig. 3   Microstructure observation and Vicker hardness testing loca-
tion of extruded profile

Fig. 4   a Temperature distribu-
tion with sampling position 
obtained by numerical simula-
tion at the end of extrusion pro-
cess. b Temperature variation of 
different positions for extruded 
profile derived by curve fitting



2281Metals and Materials International (2022) 28:2277–2287	

1 3

where HV is Vicker hardness and ε represents strain.

4.3 � Microstructure Characterization

Bright field TEM images in Fig. 6 show microstructures 
at various positions of extruded Al–Zn–Mg–Cu alloy pipe 
with variable cross-section. As shown in Fig. 6a–c, as the 
strain increases from 3.7 (P1) to 6.8 (P3), the dislocation 
density decreases slightly, and numerous high-density dis-
location tangles are within the deformed grains. Compared 
to Fig. 6a–c, the lower dislocation densities are observed in 
Fig. 6d–g. Also, the dislocation density decreases rapidly 
with strain increases from 6.8 (P3) to 8.6 (P7). Meanwhile, 
the cell structures, subgrains, HAGBs and DRX grains are 
gradually generated as the strain increases from 3.7 (P1) to 
8.6 (P7).

(2)HV = 120.745 − 0.0049 ∗ exp(�)

Fig. 5   Hardness-strain curve illustrating the variation of the mechani-
cal properties at different positions of extruded profile

Fig. 6   TEM images at various positions of the extruded profile: a P1, b P2, c P3, d P4, e P5, f P6, and g P7
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Additionally, a variety of second-phase particles are 
distributed in the interior of microstructures, as seen in 
Fig. 6. These precipitates are identified in previous works 
as MgZn2 [31, 34–36]. The average sizes of precipitates are 
61.2 ± 0.2 nm, 61.1 ± 0.3 nm, 61.7 ± 0.3 nm, 62.5 ± 0.7 nm, 
63.1 ± 0.9 nm, 63.9 ± 0.4 nm and 64.3 ± 0.5 nm for the posi-
tions of P1, P2, P3, P4, P5, P6 and P7, respectively. As 
mentioned above, the average size of precipitates increases 
slightly as the strain increases from 3.7 (P1) to 8.6 (P7).

EBSD maps of various positions of extruded 
Al–Zn–Mg–Cu alloy pipe with variable cross-section are 
illustrated in Fig. 7. Note that the green lines represent low-
angle grain boundaries (LAGBs, 2–5°), the red lines indicate 
medium angle boundaries (MAGBs, 5–15°), and the black 
lines symbolize HAGBs (> 15°). The microstructures at dif-
ferent positions of extruded profile are mainly composed 
of elongated strip-shaped grains resulted from compres-
sive pressure and fine equiaxed grains, as shown in Fig. 7. 
As the strain rises from 3.7 (P1) to 8.6 (P7), the ratio of 

width to length of the elongated strip-shaped grains gradu-
ally decreases, while the number of fine equiaxed grains 
gradually increases. The average grain sizes are counted as 
13.0 μm, 12.1 μm, 11.8 μm, 10.1 μm, 9.1 μm, 8.5 μm and 
8.2 μm for the positions of P1, P2, P3, P4, P5, P6 and P7, 
respectively. The average grain size gradually decreases as 
strain rises from 3.7 (P1) to 8.6 (P7) along the extrusion 
direction. The misorientation angle distribution of the grain 
boundaries at various positions is given in Fig. 8. The frac-
tions of HAGBs at positions P1, P2, P3, P4, P5, P6 and P7 
are calculated as 21.1%, 23.5%, 28.6%, 32.2%, 37.5%, 41.7% 
and 42.9%, respectively. This meant that DRV and partial 
DRX take place during the extrusion profile. In general, the 
fractions of HAGBs gradually enhances with strain. 

The variation of HAGBs fraction as a function of strain 
at different positions of extruded profile can be obtained 
by curve fitting. As shown in Fig. 9, the HAGBs frac-
tion increases slightly from 21.1% to 28.6% as strain rises 
from 3.7 (P1) to 6.8 (P3). By comparison, HAGBs fraction 

Fig. 7   EBSD micrographs of: a P1, b P2, c P3, d P4, e P5, f P6, and g P7. h Inverse pole figure (IPF) and color lines utilized to recognize the 
boundaries with different misorientation angles in (a-g)
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increases remarkably from 28.6% to 42.9% as the strain 
increases from 6.8 (P3) to 8.6 (P7), as shown in Fig. 9. 
The maximum HAGBs fraction is 42.9%. Moreover, an 
approximately exponential relationship between HAGBs 
fraction and strain is obtained through curve fitting, and 
the fitting results can be represented as Eq. (3).

where F represents fraction of HAGBs and ε is strain.

(3)F = 20.0425 + 0.0041 * exp(�)

Fig. 8   Misorientation angle distributions of various positions of the extruded profile: a P1, b P2, c P3, d P4, e P5, f P6, and g P7

Fig. 9   HAGBs fraction-strain curve showing the variation of misori-
entation angle at different positions of the extruded profile
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5 � Discussion

5.1 � Effect of Deformation Degree on Temperature 
Distribution

The different temperature distribution along the extru-
sion direction of extruded Al–Zn–Mg–Cu alloy pipe with 
variable cross-section resulting from the different strains 
at different positions of the extruded profile. The degree 
of deformation increases gradually along the extrusion 
direction, thereby leading to a gradual increase in strain 
along the extrusion direction. The deformation heat varies 
proportional to the strain, and deformation heat is con-
verted to the increased temperature of the extruded pro-
file [37–39]. Thus, the temperature gradually rises along 
the extrusion direction of the extruded profile as seen 
in Fig. 4a. Besides, the temperature rise converted from 
the deformation heat of the small cross-sectional domain 
material occurred earlier than the large cross-sectional 
domain material deformed later during extrusion. As 
extruding continues, the material from the small cross-
sectional domain becomes deformed at higher tempera-
tures during subsequent extrusion when compared to the 
material from the large cross-sectional domain, gaining a 
higher temperature raise. During the extrusion process, 
the strain increases with the decrease in the cross-section 
area of the extruded material at constant ram speed of 
1.5 mm/s. This results in a gradual increase in the strain 
rate. The heat loss transfer from the material to the die 
is inversely proportional to the strain rate. The material 
can be regarded as adiabatic at extremely high strain rate 
[40–42]. Hence, the low strain rate regions (P1, P2 and P3 
positions) have higher heat loss as compared to the high 
strain rate regions (P4, P5, P6 and P7 positions). Simul-
taneously, the heat loss increases with the increasing con-
tact area between the material and die. From Fig. 4a, it is 
clearly observed that the contact area between the material 
and die in the isothermal region at P1, P2 and P3 positions 
is larger than that at P4, P5, P6 and P7 positions. As a 
result, the region at the P1, P2 and P3 positions possesses 
more heat loss than at P4, P5, P6 and P7 positions. In sum, 
it is not surprising to find from Fig. 4b that a slight tem-
perature increases from P1 to P3 followed by a remarkable 
enhancement from P3 to P7.

5.2 � Effect of Temperature on Microstructure 
Evolution

The microstructure of extruded Al–Zn–Mg–Cu alloy pipe 
with variable cross-section is closely related to its tem-
perature distribution. The movement of dislocations in 

metal materials can be regarded as a thermally activated 
process [43, 44]. At lower temperatures, the thermal acti-
vation effect is small, and the effect of hindering disloca-
tion movement is great, so that the efficiency of dislocation 
climb and cross-slip is low, resulting in high-density dislo-
cation tangles, cell structures and dislocation walls in the 
deformed grain interior. Nevertheless, higher temperatures 
will intensify the thermal activation effect and weaken the 
resistance of dislocation movement. This will accelerate 
the dislocation annihilation and rearrangement caused by 
climbing and cross-slipping. As a result, the number of 
subgrain with LAGBs formed by segmenting elongated 
grains through dislocation walls increases. When the 
energy exceeds the critical value of DRX, the migration 
of subgrain boundaries is promoted, and new fine equiaxed 
DRX grains are facilitated. Hence, the conversion from 
DRV to DRX become intensified, and LAGBs are gradu-
ally transformed into HAGBs. Naturally, the dislocation 
density gradually decreases and the number of fine equi-
axed DRX grains gradually increases along the extrusion 
direction (P1–P7). This, in turn, increases the fraction of 
HAGBs. Simultaneously, since the billet temperature is 
only 410 °C and the temperature at the highest tempera-
ture position (P7) of the extruded profile is 467 °C, the 
energy for dislocation movement is only enough for DRV 
and partial DRX, but insufficient for complete DRX. As 
a result, only a few LAGBs are transformed into HAGBs. 
Therefore, as shown in EBSD results of present work, the 
HAGBs fractions at different positions are relatively small 
when compared to the LAGBs fractions. The majority of 
the grain boundaries belong to LAGBs, indicating that 
microstructural evolution is mainly DRV and partial DRX 
during hot extrusion. In sum, higher temperature plays 
a positive effect on the transformation from LAGBs into 
HAGBs.

The maximum value of HAGBs fraction is recorded as 
42.9% in this work, lower than the minimum value 64.77% 
of HAGBs fraction of Al–Zn–Mg alloys in the welding 
zone of extruded profile reported by Chen et al. [3]. This is 
attributed to the material in the welding zone, which is sub-
jected to higher hot extrusion deformation than the studied 
alloy. Firstly, the higher degree of deformation, the larger 
dislocation density stemmed from the dislocation piles up 
and multiplies rapidly, it can accumulate more energy for 
DRX and hence DRX is improved. Secondly, a larger num-
ber of dislocations are generated with an enhanced higher 
degree of deformation. This provides much more subgrains 
by dislocation movement, forming more DRX grains from 
subgrains [45–47]. Finally, a larger amount of deformation 
heat is generated from greater the deformation degrees, 
providing more energy for DRX and further improving the 
occurrence of DRX. As a result, the reported material in the 
welding zone by Chen et al. has a larger HAGBs fraction 
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when compared to the present work. Meanwhile, Fang et al. 
record [48] only about 20% HAGBs fraction of T6 tempered 
Al–Zn–Mg–Cu-Zr alloy extruded profiles, while the maxi-
mum of 42.9% in present work is much higher than 20%. The 
reason for this difference is related to the addition of 0.3Zr 
(wt%) in Fang et al.’s work. As a result, fine and coherent 
Al3Zr particles are formed during homogenization. Al3Zr 
particles show a strong pinning effect on dislocations and 
subgrain boundaries, hindering the movement of disloca-
tions and subgrain boundaries, as well as weakening DRX. 
Therefore, the HAGBs fraction maximum of 42.9% in pre-
sent work is higher than the 20% reported by Fang et al. [48].

5.3 � Effect of Microstructure on Mechanical 
Properties

The different mechanical properties at distinct positions 
of extruded Al–Zn–Mg–Cu alloy pipe with variable cross-
section are attributed to microstructural variations after 
extrusion. In this work, precipitation strengthening effects 
at different positions of extruded profiles have no signifi-
cantly difference as the precipitates size is almost identical. 
Therefore, the mechanical properties at different positions of 
the extruded profile are determined by the combined effects 
of grain boundary and dislocation strengthening.

According to the Hall–Petch equation, the grain bound-
ary strengthening Δ�gb can be expressed by Eq. (4) [49].

where ky is Hall–Petch coefficient, for Al–Zn–Mg–Cu alloys 
ky is about 0.09 MPa

√
m [50, 51], D the average grain 

size, Δ�gb is proportional to 1∕
√
D . As clearly seen in the 

EBSD results (Figs. 7 and 8), the degree of DRX gradually 
increases along the extrusion direction, while the average 
grain size gradually decreases from 13.0 μm to 8.2 μm, and 
hence resulting in the strength increased. The values for 
average grain size at various positions are applied in Eq. (4), 
the grain boundary strengthening Δ�gb are calculated to 
be 25.0 MPa, 25.9 MPa, 26.2 MPa, 28.3 MPa, 29.8 MPa, 
30.9 MPa and 31.6 MPa, respectively. In the above result, 
the grain boundary strengthening Δ�gb increases 6.6 MPa as 
strain rises from 3.7 (P1) to 8.6 (P7).

Moreover, the Taylor-model can be used to express the 
relationship between dislocation strengthening Δ�d and 
dislocation density ρ of metal materials [52–54]:

where M is Taylor factor, α represents a constant related to 
dislocation states, G refers to the shear modulus, and b is 
the Burgers vector.

(4)Δ�gb = ky1∕
√
D

(5)Δ�d = M�Gb
√
�

The dislocation density of aluminum alloy after severe 
deformation is 1014–1015 mm2 [53, 55]. Equation (5) indi-
cates weaken strength with decreasing dislocation density. 
Meanwhile, comparing EqS. (4) and (5), it is easy to find 
that the ky using in Eq. (4) is only about 0.09 MPa

√
m , 

while the ρ in Eq. (5) is 1014–1015 mm2. Meanwhile, in 
view of the above result, the grain boundary strengthening 
Δ�gb increases only 6.6 MPa as strain rises from 3.7 (P1) 
to 8.6 (P7). Consequently, grain boundary strengthening 
may be very small when compared to dislocation strength-
ening. Hence, dislocation strengthening plays a major 
role in the mechanical properties of extruded profile. The 
increase in strength caused by grain boundary strengthen-
ing is far from compensating for the decrease in strength 
caused by the decrease in dislocation density. As a result, 
the strength changing trend at different positions depends 
on the dislocation strengthening. As shown in Fig. 6, the 
dislocation densities at P1, P2 and P3 positions are much 
higher than those at P4, P5, P6 and P7 positions, leading 
to a decrease of the strength along the extrusion direction 
(P1-P7). In addition, the decrease of dislocation density is a 
result of dynamic softening and HAGBs fraction can reflect 
the degree of dynamic softening. EBSD results also show 
an increasing trend of HAGBs fraction along the extrusion 
direction (P1–P7) with a nearly exponential curve. Hence, a 
decrease in dislocation density may also follow an exponen-
tial trend. Thus, the combined effect of the above two factors 
(dislocation strengthening and dynamic softening) leads to 
the declined hardness along the extrusion direction (P1–P7) 
with approximate exponential variation.

In summary, it is necessary to keep in mind that the 
microstructures and mechanical properties in the extruded 
profile may be inhomogeneous when using some ways to 
investigate extruded Al–Zn–Mg–Cu alloy variable cross-
section pipe.

6 � Conclusions

In this work, an Al–Zn–Mg–Cu alloy pipe with variable 
cross-section is processed by hot extrusion. The microstruc-
tures and mechanical properties of the extruded profile at 
different positions are investigated. The following conclu-
sions can be drawn:

(1)	 The materials at different positions of the pipe with 
variable cross-section are subjected to various degrees 
of deformation, resulting in different deformation heats 
by extrusion. At the billet temperature of 410 °C with 
a ram speed of 1.5 mm/s, the strain along the extru-
sion direction increases from 3.7 (P1) to 8.6 (P7), the 
temperature gradually enhances from 416 °C (P1) to 
467 °C (P7).
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(2)	 The DRV and partial DRX have occurred in the 
extruded pipe with variable cross-section. The HAGBs 
fraction rises along the extrusion direction following 
an approximate exponential variation. The exponential 
relationship between HAGBs fraction and strain can be 
expressed by:

(3)	 As the strain along the extrusion direction increases 
from 3.7 (P1) to 8.6 (P7), the hardness of the extruded 
pipe with variable cross-section firstly decreases 
slightly and then decreases rapidly, which is similar to 
the change trend of the exponential curve. The expo-
nential relationship between hardness and strain can be 
expressed by:

(4)	 The hardness at different positions of extruded pipe 
with variable cross-section along extrusion direction is 
mainly determined by the change in dislocation density 
caused by dynamic softening.
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