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A B S T R A C T   

Hot extrusion is the most common forming technology for aluminium alloy AA6061 due to its good extrudability, 
and thus it is important to study its high-temperature deformation characteristics. In this study, three abnormal 
features are observed in thermal-mechanical testing under extrusion conditions of AA6061 specimens from one 
billet: 1) Two types of specimens with grey-coloured surface or silver-coloured surface appear after solution heat 
treatment (SHT); 2) The silver-coloured specimens show orange peel surface after hot compression tests; 3) The 
silver-coloured specimens have lower flow stresses than the grey-coloured specimens. This paper investigates the 
mechanisms behind the above abnormal features. A laser scanning confocal microscope is employed to examine 
the surface roughening, and electron back scatter diffraction is used to characterise microstructural changes. It is 
found that the main causes of the above behaviour are due to different initial grain morphologies and the 
evolution of dislocation density after SHT. The silver-coloured specimens initially have smaller columnar grains 
which undergo recrystallisation and extensive growth during SHT, and the dislocation density decreases 
significantly, leading to orange peel defect and low flow stress during compression tests, respectively. The grey- 
coloured specimens have larger columnar grains. After SHT, some grains undergo recrystallisation, but others 
still maintain the shape of the large columnar grains, and the dislocation density does not change significantly, 
resulting in surface oxidation with smooth surface after thermal-mechanical testing and 10–25 MPa (30–50%) 
higher flow stress compared to the silver-coloured specimens in compression tests.   

1. Introduction 

Aluminium alloys are extensively applied in many fields, such as 
automotive, aerospace, transportation, and structural sectors, due to 
their advantages of light weight, excellent mechanical properties, good 
corrosion resistance and recyclability [1]. Extruded AA6061 is one of the 
most commonly used commercial aluminium alloys, particularly in 
yacht masts, angles and T sections within the civil and transport in-
dustries [2]. 

During extrusion, the microstructure of the alloy changes, affecting 
its mechanical properties. Both the dimensional accuracy and mechan-
ical performance of the final products are dependent on the hot extru-
sion process. Therefore, gaining a comprehensive understanding of the 
hot deformation behaviour of the material becomes crucial for con-
trolling the forming process and thus achieving high-quality products [3, 
4]. However, the metal flow during hot deformation is complex since 

both work hardening and dynamic softening (i.e. dynamic recovery 
(DRV) and dynamic recrystallisation (DRX)) are significantly affected by 
deformation parameters such as strain rate, temperature and deforma-
tion degree [5,6]. In addition, the ultimate performance of the material 
is influenced by the deformation conditions which affect the micro-
structural evolution of aluminium alloys [7,8]. Recent studies have 
explored the thermomechanical properties of different aluminium alloys 
under different loading conditions. Li et al. [9] investigated the ther-
momechanical properties of AA7050 under hot forging conditions and 
identified its high viscoplastic behaviour, where a suitably low strain 
rate and high temperature are beneficial to dynamic recrystallisation. 
Ebrahimi et al. [10] studied the thermal-mechanical properties of 
aluminium alloy 2024, observing an increase in flow stress with 
increasing strain rate. Furthermore, Fan et al. [11] studied the hot 
deformation behaviours of AA6061 and noted the presence of both dy-
namic recrystallisation and dynamic precipitation. They also found that 
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temperature has a significant impact on dynamic precipitation, where 
the increase in temperature suppresses dynamic precipitation as the 
second phases dissolve into the matrix. Despite much research on the hot 
deformation behaviours of aluminium alloys, there remains a lack of 
studies focusing on the surface features that occur during the hot 
deformation process. 

Surface roughening during deformation is a common defect in 
aluminium alloys. Generally, surface roughening is considered to be 
associated with grain size and plastic heterogeneity under loading 
conditions. Raabe et al. [12] proposed three forms of surface defects: 
orange peel, ridging and roping. They suggested that orange peel is 
caused by the out-of-plane displacement of a single grain, while ridging 
and roping result from the collective deformation of grains with similar 
orientations. The orange peel phenomenon in metal forming processes 
has a significant negative impact on the product performance and pro-
duction control. During the process, slip lines merge into blocky pro-
trusions as the strain increases, causing out-of-plane displacements of 
grains and resulting in an uneven surface resembling orange peel [12]. 
Some studies have been conducted on orange peel occurrence in 
aluminium alloy deformation. Cai et al. [13] quantitatively investigated 
orange peel in 6063 alloy spun tubes, identifying a critical strain for 
different grain sizes of materials below which orange peel would not 
occur. Lo and Horng [14] observed a linear relationship between the 
roughness and the strain during plastic deformation of an AA1050-O 
plate, with minimal influence from strain rate. Conversely, Yang et al. 
[15] demonstrated a correlation between the surface roughness and the 
strain rates in 2060-T8 aluminium-lithium alloy. They found that the 
orange peel would appear earlier as the strain rate increases during 
tensile tests. However, all the above studies are under tensile deforma-
tion and there is a lack of research on characterising orange peel surfaces 
during hot compression deformation processes. Exploring this phe-
nomenon in hot compression deformation would cover a more 
comprehensive understanding and help optimising processing parame-
ters for specific forming processes, such as extrusion. 

There are various factors that can affect the orange peel phenome-
non, divided into intrinsic factors and extrinsic factors. Intrinsic factors 
include grain size, grain orientations, texture, crystal structure, surface 
layer modification, etc. [16]. Extrinsic factors include strain accumula-
tion, strain rate, deformation conditions, etc. [17]. It is generally 
accepted that coarse grains lead to rough surfaces, and the surface 
roughness has a roughly linear relationship with the grain size [17,18]. 
Rittel and Roman [19] suggested that orange peel occurs when only one 
slip system is activated during the tensioning of cast coarse-grained 
Hadfield steels, especially for large-grained specimens. Zhao et al. 
[20] believed that the parallel distribution of different textures results in 
ridging and roping, while the random distribution of grain orientations 
is related to orange peel. Wouters et al. [21] studied the effect of crystal 
structure on the surface roughness of deformed polycrystalline 
aluminium, iron and zinc, and found that roughness in zinc is more than 
aluminium and iron because the limited number of slip systems avail-
able in zinc results in large average differences in hardness between 
adjacent grains, and this local hardness difference between grains causes 
roughness. Emelianova et al. [22] discovered that the size of orange peel 
dimples correlates with the grain size in the surface layer, and finer 
grains exhibit smaller dimples and a greater number of dimples. 

In this work, the deformation behaviour of aluminium alloy AA6061 
under hot extrusion conditions was studied by conducting solution heat 
treatment (SHT) and subsequent hot compression tests (HCT) at 
different temperatures and strain rates. Three abnormal phenomena 
were observed, i.e. surface oxidation, different thermal-mechanical 
properties and orange peel defect. To explore the mechanisms behind 
these abnormal features, the surface roughness of specimens after HCT 
at different temperatures and strain rates was analysed with a laser 
scanning confocal microscope. Furthermore, the grain morphology and 
the geometrically necessary dislocations (GND) density of AA6061 in 
the initial state and after SHT were examined using electron backscatter 

diffraction (EBSD). The data were analysed and used to investigate the 
origin of the abnormal features. 

2. Experimental procedure 

The material studied was an AA6061 alloy whose main chemical 
compositions are 0.6Si, 0.9Mg, 0.5Fe, 0.3Cu, 0.1Mn, 0.1Cr, 0.1Zn, 0.1Ti 
(in wt. %). The as-received material was a homogenised billet with a 
diameter of 150 mm and a height of 210 mm. The billet was machined 
into cylindrical specimens (named initial specimens) with 8 mm in 
diameter and 12 mm in height for hot compression tests, as shown in 
Fig. 1. These specimens were solution heat treated (named SHTed 
specimens), and subsequently hot compression tested (named HCTed 
specimens) at various deformation temperatures and strain rates to 
study the thermal-mechanical behaviour of AA6061 under hot extrusion 
conditions. 

Fig. 2 shows schematically the thermal history of the material. The 
specimens were SHTed at 530 ◦C for 1 h in an Instron furnace, followed 
by immediate water quenching to room temperature. Hot compression 
tests were carried out using Gleeble 3800 thermal-mechanical simula-
tion system, at temperatures of 440, 460, 480 and 500 ◦C, and strain 
rates of 0.01, 0.1, and 1 s− 1. During hot compression tests, the specimens 
were firstly heated up with a heating rate of 5 ◦C/s to the target tem-
perature and held for 3 min, and then compressed from 12 mm to 6.6 
mm in height, followed by water quenching to room temperature. 

The diameter change of the specimen was measured by C-gauge and 
the load was recorded by the test system. The true strain ε and true stress 
σ were calculated using the following equations: 

ε= 2 ln
(

D0

D

)

(1)  

σ =
4F
πD2 (2)  

where D0 and D are respectively the initial diameter and the current 
diameter of the specimen in the test, F is the applied load recorded by the 
Gleeble machine. 

Surface roughness and microstructure of the specimens were exam-
ined in this study. The surfaces of specimens after compression tests 
were examined using a TESCAN scanning electron microscope (SEM) 
and an Olympus OLS5000-SAF laser scanning confocal microscope to 
characterise surface roughening. The initial and SHTed specimens were 
cut along the cylinder axis (Fig. 1), and then the XY specimen in the 
centre of the cutting plane and the XZ specimen in the centre of the top 
plane of the cylinder were respectively taken to prepare the samples for 
EBSD. EBSD was employed to analyse the grain size and geometrically 

Fig. 1. Schematic of initial, SHTed and HCTed AA6061 specimens, and XY and 
XZ specimens after cutting. 
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necessary dislocations (GND) density in specimens. These smaller 
specimens were mechanically ground with sandpaper (up to 4000 grit) 
and polished with diamond suspension (down to 1 μm), followed by 
electropolishing with an electrolyte of 92% ethanol and 8% perchloric 
acid under a voltage of 20 V for 30 s. Microstructural examination was 
carried out by EBSD which uses Oxford Symmetry detector in conjunc-
tion with the SEM (TESCAN). EBSD data were acquired under the 
following conditions: beam voltage of 25 kV, beam currency of 10 nA, 
working distance of 10 mm, step size of 1 μm, and map size of 1 × 1 mm. 
The average grain size is an equivalent circle diameter calculated by 
area weighted method. The average grain size and GND density of 
specimens were analysed with AZtecCrystal software. In this study, GND 
density can be used to represent the total dislocation density, because 
dislocation creep and cross-slip will wipe out many statistically stored 
dislocations under hot deformation, where most of the stored disloca-
tions are low-energy GND [23]. 

3. Results 

3.1. Surface oxidation 

After the solution heat treatment and hot compression experiments, 
some abnormal phenomena appeared on the surface of the specimens, as 
shown in Fig. 3. The surface of all the initial specimens machined from 
the same AA6061 billet was silver and shining. After SHT, some speci-
mens retained the silver appearance on their surfaces, while other 
specimens were oxidised and turned grey. For convenience, the former 
specimens will be named as silver-coloured (SC) specimens and the 

latter ones as grey-coloured (GC) specimens. In addition, the surface of 
the GC specimen was smooth after hot compression test, while the SC 
specimens had an orange peel surface, which will be further charac-
terised in Section 3.3. 

3.2. Thermomechanical behaviour 

Fig. 4 shows the true stress-strain curves of AA6061 for GC specimens 
and SC specimens, obtained from hot compression tests at different 
temperatures and strain rates. Generally, the flow stress decreases with 
increasing deformation temperature and decreasing strain rate. When 
the strain rate is increased from 0.01 to 1 s− 1, the flow stress is increased 
by around 30 and 40 MPa respectively for SC and GC specimens. When 
the temperature is raised from 440 to 500 ◦C, the flow stress is reduced 
by about 10 and 20 MPa respectively for SC and GC specimens. Besides, 
at the same temperature and strain rate, it is found that the trend of the 
flow stress curves of GC specimens and SC specimens is similar, but the 
value of true stress of GC specimens is about 10–25 MPa (30–50%) 
higher than that of SC specimens. 

3.3. Surface roughening 

The surface of initial specimens after machining has a roughness (Ra) 
of 2 μm, which remained after SHT. The method to calculate the surface 
roughness of the initial, SHTed and HCTed-GC specimens is based on the 
study of Feng et al. [17]. Fig. 5 shows the 3D surface figures of AA6061 
specimens after SHT and HCT, obtained with the laser scanning confocal 
microscope. X, Y and Z-axes are consistent with the orientations depic-
ted in Fig. 1. It is found that after the compression test at the same 
temperature and strain rate, the surface of the GC specimens is smooth, 
while the surface of the SC specimens is very uneven like orange peel. 

In order to study the orange peel phenomenon of SC specimens 
compression tested at different temperatures and strain rates, the sur-
face line along the length of each specimen is obtained, and the refer-
ence line is determined by selecting the lowest point of the depression on 
the surface line (marked with letters a, b, c, d, e and f) and fitting these 
lowest points with a polynomial, as shown in Fig. 6. Then, the reference 
line is set to 0 and the surface line unfolds as the reference line unfolds. 

Fig. 7 shows the unfolded surface lines of the SC specimens after hot 
compression tests. From a macro perspective, at the same temperature, 
the degree of surface unevenness increases as the strain rate increases, 
while at the same strain rate, the specimen surfaces are not significantly 
different under different temperatures. 

For the quantitative evaluation of surface roughening, the surface 
roughness Ra could be calculated using the equation [17]: 

Fig. 2. Temperature profile for solution heat treatment and thermomechanical 
tests of as-received AA6061. RT: Room temperature; SHT: Solution heat treat-
ment; HCT: Hot compression test. 

Fig. 3. Photographs of the initial, SHTed and HCTed AA6061 specimens, showing significantly different surface features.  
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Ra =
1
n
∑n

i=1
|Δyi| (3)  

where n is the number of sampling points in the length of the unfolded 
surface line swept, and 

⃒
⃒Δyi

⃒
⃒ is the deviation value of a sampling point of 

unfolded surface line from the unfolded reference line. The calculated 
surface roughness is shown in Fig. 8 for different compression test 
conditions. 

At the same temperature, the surface roughness increases with 
increasing strain rate, as shown in Fig. 8a, and the values of Ra are 17.5, 
18.4, and 22.6 μm, respectively for 0.01, 0.1, and 1 s− 1 at 480 ◦C; while 
there is little change of Ra with increasing temperature at the same strain 
rate of 0.1 s− 1 (Fig. 8b). In a word, the temperature has little effect on the 
orange peel of AA6061 aluminium alloy under compression tests, while 
the degree of orange peel increases with increasing strain rate. 

Fig. 4. Flow stresses of GC (solid curves) and SC (dash curves) AA6061specimens during HCT at different strain rates and temperatures. GC: Grey-coloured; SC: 
Silver-coloured. 

Fig. 5. The 3D surfaces of GC and SC specimens after HCT at 480 ◦C and 0.1 s− 1.  

Fig. 6. Schematic of unfolding the surface line with orange peel. (For inter-
pretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 
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3.4. Grain morphology and GND 

Fig. 9 shows the EBSD inverse pole figure (IPF) maps and their 
misorientation angle distribution of AA6061 XZ specimens (i.e. 
perpendicular to the billet axis) in the initial state and after SHT. The 
black lines indicate high-angle boundaries (HABs) with a misorientation 
angle of θ ≥ 15◦, and the white lines represent low-angle boundaries 
(LABs) with a misorientation angle of 2◦ ≤ θ < 15◦. The percentages of 
HABs and LABs are also shown in the figures of misorientation angle 
distribution. For GC XZ specimens (Fig. 9a and b), the average grain 
sizes (d) are 119.2 and 120.5 μm for the initial and SHTed specimens, 
respectively. The grains of GC specimens barely grow and the HABs and 
LABs are almost unchanged after SHT. The distribution of misorienta-
tion angle for both GC XZ specimens (initial and SHTed states) has a 
similar trend, with a peak at near 2◦ misorientation and declining 
gradually until the 15◦ misorientation for LABs, and the misorientation 
angles of the HABs are concentrated in the range of 50◦–60◦. For initial 
and SHTed SC XZ specimens (Fig. 9c and d), the average grain sizes are 
65.7 and 307.5 μm, respectively, showing huge increase in grain sizes. 
Compared with the GC specimens, the grains of the SC specimen are 
more uniform in both the initial and SHTed states. In terms of average 
grain size, the initial SC specimen has smaller grains (about half the size 
of GC specimens), but the grain size becomes about 2.5 times the size of 
GC specimens after SHT. For SC specimens, the number of LABs 

decreased sharply after SHT (from 52.5% to 4.6%), which means that a 
larger number of sub-structural boundaries evolved into HABs. In 
addition, the initial SC specimens have a similar misorientation angle 
distribution to the GC specimens but have a higher peak population at 
around 2◦ misorientation and broader misorientation angle distribution 
of HABs. However, after SHT, the distribution of misorientation angle 
becomes random and is mostly in the high-angle area, as shown in 
Fig. 9d. 

Fig. 10 shows the EBSD results (IPF maps and misorientation angle 
distribution) of GC and SC specimens at the initial state and after SHT for 
the XY sections (i.e. parallel to the billet axis). It is observed that the 
initial GC specimens have large columnar grains, while the initial SC 
specimens have small columnar grains. Since some columnar grains are 
longer than the EBSD analysis area, the grain size distribution does not 
have much meaning. Some large columnar grains in GC specimens have 
recrystallised during SHT and others do not change significantly. The 
LABs of GC specimens have been reduced by 15.9% (from 72.5% to 
56.6%) after SHT due to the recrystallisation of some grains. For SC 
specimens, the final structure after SHT is large grains which have 
recrystallised and grown and low LABs fraction of only about 5%, 
similar to that in the XZ section. Furthermore, the trend of misorienta-
tion angle distribution of the initial GC specimens in XY plane is similar 
to that in XZ plane, while there is a little difference in SHTed GC spec-
imens. The relative frequency of misorientation angle between 30◦ and 

Fig. 7. Unfolded surface lines of compressed AA6061 SC specimens along Y (longitudinal) direction.  

Fig. 8. Measured surface roughness of SC specimens compression tested with different temperatures and strain rates.  
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40◦ increases after SHT, implying that some recrystallised grains have 
been formed. For SC XY specimens, the evolution of HABs and LABs is 
consistent with that in the XZ specimens, where the number of LABs 
drops significantly from 61.2% to 5.2%. The distribution of misorien-
tation angle of SC specimens in the XY plane after SHT is also random. 

Combining the grain structure in the XZ and XY planes, it is shown 
that the initial GC specimens have larger columnar grains with large 
LABs, some grains undergo recrystallisation while others retain their 
original grain structure during SHT; the initial SC specimens have 

smaller columnar grains with relatively high LABs, but after SHT, the 
LABs are reduced significantly and the grain size becomes dramatically 
large. Besides, the SHTed SC specimens have random distribution of 
grain misorientation. These differences in grain structure evolution can 
explain the anomalies produced after SHT and compression tests. 

Fig. 11 shows the GND density distribution in XY and XZ specimens 
of AA6061 in the initial state and SHTed state. One of the main drivers of 
recovery, recrystallisation and grain growth is the dislocation density 
[24]. It has been reported that GND density can be used to represent the 

Fig. 9. EBSD IPF maps and the misorientation angle distribution of initial and SHTed XZ specimens, showing the grain structure with HABs (black lines) and LABs 
(white lines). The average grain size d and the fractions of HABs and LABs are given for each specimen. 

Fig. 10. EBSD IPF maps and the misorientation angle distribution of initial and SHTed XY specimens, showing the grain structure with HABs (black lines) and LABs 
(white lines) and their fractions. 
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total dislocation density [20], which is adopted in this study. It can be 
seen that the GND density in the initial SC specimen is larger than that of 
the initial GC specimen. After SHT, however, the GND density in SC 
specimens drops sharply, to almost zero (Fig. 11d), indicating full 
recrystallisation. On the other hand, the GND density in GC specimens 
has a much less change and it can be observed that some recrystallised 
grains in SHTed GC specimens have low GND density (Fig. 11b). 

In order to better compare the differences in GND density, the 
average GND density with error bars obtained from two tests of the in-
dividual specimen is calculated and shown in Fig. 12. The GND density 
of SC specimens in the XZ and XY planes decreases by 91% and 93%, 
respectively, but the GND density of GC specimen is just reduced by 20% 
and 26% respectively, which is associated with the fact that the grains of 
SC specimens are fully developed but the grains in GC specimens 

scarcely grow. 

4. Discussion 

Three abnormal features were observed after the SHT and 
compression tests of the as-received AA6061 alloy, namely surface 
oxidation, different flow stresses, and orange peel appearance. These 
phenomena can be attributed to the different grain morphology, grain 
size and dislocation density in the specimens. 

The initial SC specimens have smaller columnar grains while the 
initial GC specimens have larger columnar and irregular grains. The 
reason for the appearance of two grain structures is most likely because 
the as-received billet was not fully homogenised. During solution heat 
treatment, recrystallisation occurs in SC specimens and the dislocations 
inside the grains are greatly reduced, which means the energy inside the 
grains is released. After recrystallisation, grain growth occurs in SC 
specimens primarily through the migration of high-angle boundaries, 
and the curved boundaries tend to migrate towards the centres of cur-
vature, which helps reduce the boundary energy. However, the initial 
GC specimens have large columnar grains surrounded with many fine 
grains, some grains undergo recrystallisation during SHT and there is 
only a modest amount of grain growth for some larger grains. In addi-
tion, columnar grains have a specific grain growth direction: the growth 
rate is faster along the longitudinal axis and slower in the lateral di-
rection [25]. This characteristic can explain the limited growth of large 
columnar grains during SHT. After SHT, some recrystallised grains are 
observed along the grain boundary in GC specimens, due to the pref-
erential nucleation at grain boundaries. It is known that the recrystal-
lisation nucleation tends to occur at grain boundaries because of their 
high energy [26]. However, most areas in the GC specimens do not 
undergo complete recrystallisation within a SHT of 1 h and there are still 
many dislocations in the regions that have not recrystallised, as shown in 
Fig. 11b. These retained high dislocation density will affect the ther-
momechanical behaviour of the material, which will be further dis-
cussed later. 

The grey-coloured surface is due to oxidation and the colour changes 

Fig. 11. GND distributions in the initial and SHTed AA6061 GC and SC specimens in the XZ and XY planes.  

Fig. 12. The average GND density values in initial and SHTed AA6061 GC and 
SC specimens in the XZ and XY planes. 
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under different conditions. In general, the oxidised surface of aluminium 
alloys changes from silver to black as the thickness of oxidised layer 
increases [27,28]. The presence of water could hydrate the aluminium 
oxide film, thereby generating a hydrated oxide layer of greater thick-
ness that would darken the colour of surface [29]. There are many 
factors that affect the surface oxidation of aluminium alloys, such as 
temperature, environment, grain size, etc. [30-32]. Most of the literature 
related to Al alloys seems to indicate that the oxidation susceptibility 
decreases as grain size decreases [33-35], but the opposite relationship 
is also observed [36,37]. In addition, it is reported that if larger residual 
stress remains, oxidation will increase [32,38]. In this study, all initial 
specimens have undergone the SHT with the same temperature (530 ◦C), 
the same duration (1 h) and the same environment, so the main factors 
which cause grey surface and silver surface are due to intrinsic reasons, 
such as dislocation density. It is found that the surface of GC specimens is 
more prone to oxidation than those SC specimens during water 
quenching process in SHT (Fig. 3). It is shown in Fig. 11 that after heat 
treatment, there are still a lot of dislocations in GC specimens due to 
limited recrystallisation, resulting in a higher susceptibility to oxidation. 
This is because dislocations have higher energies and are more active, 
which can increase the reactivity of the surface through increased 
electron activity and diffusion [32]. Compared with GC specimens, more 
dislocations in the initial SC specimens disappear during SHT, due to 
recovery and recrystallisation. Therefore, SC specimens have lower 
oxidation susceptibility and the surfaces remain bright. 

The grain structure, grain size and dislocation density greatly influ-
ence the thermomechanical behaviours of aluminium alloys. In this 
study, there are two main reasons for the higher flow stress of GC 
specimens than that of SC specimens shown in Fig. 4. One is that grain 
boundary sliding and grain rotation are challenging to happen in GC 
specimens since they have large columnar grain morphology. In addi-
tion, before the hot compression tests, the dislocation density of GC 
specimens is much higher than that of SC specimens (Fig. 11b and d), 
being 0.68 × 1014/m2 and 0.08 × 1014/m2 in average respectively, 
which makes it more difficult for dislocation movement during the 
compression process, contributing to the increase of the flow stress. 
Therefore, the flow stress of GC specimens is higher than that of SC 
specimens. Another feature of thermomechanical behaviour is that the 
trends of flow stress for both types of specimens are similar. Various 
mechanisms, including work hardening, DRV, DRX, and dynamic grain 
growth, affect material’s thermomechanical processes [39-41]. In this 
study, the flow stress curves initially exhibit a rapid rise followed by a 
decline or stabilisation before gradually rising again, as shown in Fig. 4 
(strain rate of 0.1 and 1 s− 1). This behaviour can be attributed to the 
competition between work hardening and thermally activated process, 
which is consistent with previous research [42,43]. Work hardening 
leads to the initial increase in true stress by generating and accumulating 
dislocations, while DRV and DRX reduce the dislocation density and 
result in a decrease in flow stress [44]. 

Orange peel occurs when the crystals undergo individual out-of- 
plane displacements at the surface [12] and is one of surface rough-
ening defects associated with plastic heterogeneities at grain-scale and 
loading conditions. It is commonly accepted that the coarse grains and 
the random distribution of grain orientations lead to orange peel [20, 
45]. The SC specimens after SHT have coarse grain size that is about 308 
μm in the XZ plane and around 500 μm in the XY plane, and have 
random grain orientation distribution (Figs. 9d and 10d), which is easy 
for grains to carry out out-of-plane displacements during compression. 
On the other hand, the larger slender columnar crystals of GC specimens 
hardly undergo out-of-plane displacements when they are compressed. 
Therefore, after hot compression experiments, the surface of the SC 
specimens has the orange peel phenomenon but the surface of the GC 
specimens is smooth. Furthermore, it appears that prior dislocation 
density has little impact on the formation of orange peel during hot 
compression. As shown in Fig. 12, the GC specimens have higher 
dislocation density compared to SC specimens before the 

thermomechanical tests, the orange peel phenomenon, however, is not 
observed in the GC specimens. In addition, the surface roughness in-
creases with the increase of strain rate at the same temperature. This is 
because that, at low strain rates, grains have more time to recover during 
deformation, thereby the degree of orange peel and surface roughness is 
smaller; on the contrary, at high strain rates, there is insufficient time for 
grains to recover during deformation, and a large amount of strain en-
ergy is stored inside the grains, which increases the amount of defor-
mation of the grains and the degree of inhomogeneity, leading to an 
increase in the degree of orange peel on the surface of the specimens. 
Besides, texture is also one of the factors that could affect orange peel 
phenomenon [16]. It has been reported that {001} 〈110〉 texture com-
ponents could lead to the strong surface roughening, while the 
{011} 〈110〉 Goss and {011} 〈110〉 cube texture components have no 
effect on roughness evolution, showing a smooth free surface instead 
[16,46]. In this study, however, the main cause of orange peel is the 
grain morphology before deformation which determines whether the 
orange peel would occur during hot deformation. 

In summary, billets that have not been fully homogenised can have 
abnormal phenomena during SHT and thermal deformation, such as 
surface oxidation, different flow stresses in different locations of the 
billet and orange peel, which will have an adverse impact on production 
and application. Therefore, aluminium alloy billets need be fully 
homogenised before extrusion to have uniform microstructure and 
properties. 

5. Conclusions 

In this study, three abnormal features of AA6061 aluminium alloy, 
namely surface oxidation, different thermomechanical behaviours, and 
orange peel surface, are observed after solution heat treatment and hot 
compression tests under extrusion conditions at different temperatures 
and strain rates. The mechanisms of these abnormal phenomena are 
analysed and discussed. The following conclusions can be drawn:  

1. The initial grain morphology has a significant effect on the grain size 
and dislocation density evolution after SHT. Due to the large dislo-
cation density and smaller columnar grains, the grains in the initial 
silver-coloured (SC) specimens recrystallise and grow from 65.7 to 
307.5 μm during SHT, and the geometrically necessary dislocation 
(GND) density in the XZ and XY planes decrease sharply by 91% and 
93%, respectively. However, the initial grey-coloured (GC) speci-
mens have larger columnar grains, and only some grains undergo 
recrystallisation and the overall GND densities in other grains have 
much less reductions during SHT.  

2. Specimens with higher dislocation density are more prone to 
oxidation during SHT. GC specimens are more susceptible to surface 
oxidation during SHT than SC specimens, due to higher GND den-
sities in GC specimens (about 0.74 × 1014/m2 for XZ plane and 0.61 
× 1014/m2 for XY plane) after SHT, compared with those for SC 
specimens (about 0.09 × 1014/m2 for XZ plane and 0.07 × 1014/m2 

for XY plane).  
3. The average true flow stress of GC specimens is about 10–25 MPa 

(30–50%) higher than that of SC specimens at the same temperature 
and strain rate because of the much higher dislocation density before 
hot compression tests and the large columnar grain structure which 
is difficult for grain boundary sliding and grain rotation to occur. The 
increase in flow stress is not favourable for hot extrusion.  

4. Orange peel phenomenon occurs in the SC specimens after hot 
compression tests because they have coarse grains and random dis-
tribution of grain orientation. The surface roughness increases from 
17.5 to 22.6 μm with the increase of strain rate from 0.01 to 1 s− 1 at 
the same temperature, but it changes insignificantly with increasing 
temperature from 440 to 500 ◦C. Large columnar grain morphology 
(in GC specimens) does not result in orange peel during hot 
deformation. 
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