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Abstract
In this study the feasibility of using high-pressure torsion (HPT) process as a suitable technique for solid-state recycling of 
Al alloy machining chips has been evaluated. One and four turns of HPT were used for consolidation of 7075 Al alloy chips/
commercially pure Al powder mixtures at room temperature. The prepared mixtures included different weight fraction of 
chips in the range from 20 to 100%. The samples were fabricated from either annealed or non-annealed chips. Additionally, 
the effect of the fraction of 7075 Al chips on the density, microstructure and tensile behavior of the consolidated samples 
was investigated. It was found that the addition of pure aluminum powder played an important role as a binder in the con-
solidation process and yielded improved mechanical properties due to creating lower porosity and better bonding between 
the chips. Tensile tests revealed that the highest ultimate tensile strength and fracture strain were obtained for the composite 
containing near 50 wt% annealed 7075 Al chips, and fabricated through 4 turns of HPT. Optical microscopy investigations 
demonstrated that these conditions resulted in a fine microstructure with uniform distribution of chips.

Keywords Cold consolidation · High-pressure torsion (HPT) · Solid-state recycling · Aluminum · Ultimate tensile 
strength · Elongation to failure

1 Introduction

Aluminum and its alloys, as engineering materials, are used 
extensively in automotive, aerospace, marine and architec-
tural applications because of their high specific strength and 
corrosion resistance [1]. One major characteristic of this 
versatile metal is that it can be recycled several times; as a 
result, significant savings in energy consumption as well as 
remarkable drop in greenhouse emission would take place 
[2]. The most important aluminum waste materials are the 
chips produced by machining processes, which often possess 
ultrafine grains due to the large imposed plastic strain during 
machining. Owing to the fine-grained structure, these chips 

are hard materials, therefore they are worth to recycle in the 
solid-state instead of the conventional remelting process. 
This solid recycling can lead not only to a lower energy 
consumption, a diminished processing time and a higher 
recycling efficiency but also a finer microstructure that can 
result in superior mechanical properties [3]. In solid-state 
recycling of aluminum, aluminum chips can be consolidated 
to form dense samples via imposing severe plastic deforma-
tion (SPD), giving rise to further reduction in grain size 
and hence leading to improved mechanical properties of the 
fabricated materials [4].

Since the early 1990s, a wide variety of SPD processes 
have been designed and used to alter the features of solid 
materials, from metals and their composites [5–9] to poly-
mers [10–13] and ceramics [14–17]. Most of SPD studies 
focused on the grain refinement in bulk metallic materials, 
resulting in ultrafine-grained and nanocrystalline micro-
structures with enhanced mechanical strength. Among the 
SPD techniques, equal channel angular pressing (ECAP), 
accumulative roll bonding (ARB) and high-pressure torsion 
(HPT) are the most widely used methods in the literature 
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[18–20]. In the latter process, a disk-shaped sample is sub-
jected to simultaneous compressive pressure and torsional 
deformation [21]. In addition, HPT is perfectly capable of 
consolidating metallic [22, 23] and ceramic [14] powders 
as well as their blends [24–26] into disk-shaped samples. 
HPT-consolidated materials exhibit nearly fully densified 
fine-grained microstructures with improved mechanical 
properties [23, 27, 28].

In order to consolidate metallic chips into dense samples 
by solid-state recycling, many techniques have been applied 
recently, such as hot extrusion [29–31], cyclic expansion 
and compression (CEC) [32, 33], ECAP [34, 35], HPT [36, 
37] and combination of cold extrusion and cold rolling [4]. 
For all of these processes, the metal chips are required to be 
compacted into billets prior to SPD-processing, except for 
the HPT method which can be applied on loose chips with-
out any preliminary compaction process. The relative ease 
and other indispensable merits associated to HPT as chips 
consolidation method has attracted the attention of many 
researchers in recent years. For instance, Zhilyaev et al. [37] 
used HPT technique for cold consolidation of pure copper 
chips and achieved exceptionally fine microstructures and 
high microhardness values. Edalati et al. [36] consolidated 
amorphous  Zr50Cu30Al10Ni10 alloy chips through HPT pro-
cessing and the resulted material was compared with a bulk 
HPT-processed sample. It was found that both the ultimate 
tensile strength (UTS) and the ductility of the HPT-consoli-
dated chips were significantly lower in comparison with the 
bulk HPT-processed counterparts, mainly due to the weak 
bonding between chips, even after processing for 10 turns. 
At the same time, pure Cu consolidated from powder by 
HPT exhibited very similar microstructure and hardness as 
those obtained for bulk counterpart processed by HPT under 
the same conditions [25]. El Aal et al. [38] also used HPT for 
solid-state recycling of  AlSi8Cu3 alloy chips to produce fully 
dense samples. Furthermore, Castro et al. [39] fabricated 
magnesium chips/alumina powder composites using HPT 
technique and analyzed the consolidation process by X-ray 
microtomography.

To the best of our knowledge, the majority of research 
efforts attempting to manufacture bulk materials by the con-
solidation of metal chips at room temperature have failed to 
reach superior mechanical properties due to the poor bond-
ing between the chips. In the present work, pure aluminum 
powder is added to 7075 aluminum alloy machined chips 
which may act as a binder during consolidation. The soft 
aluminum powder may improve the bonding between 7075 

chips and decrease the porosity in the as-processed sam-
ples. The sintering of the powder blends was carried out by 
HPT. As we wanted to achieve high strength in the consoli-
dated materials, we used HPT at room temperature since at 
elevated temperatures the microstructure may be recovered 
and recrystallized during HPT-processing. The most impor-
tant goal of this study is to optimize the processing condi-
tions for achieving high strength and good ductility in the 
as-consolidated samples. Therefore, the microstructure and 
the mechanical performance of the specimens were stud-
ied for different chip contents and numbers of HPT turns. 
In addition, two types of 7075 aluminum alloy chips were 
used: as-machined and annealed states. The present study 
will show that HPT-processing is capable of manufactur-
ing of samples with high strength and good ductility from 
Al 7075 chips if a similar amount of pure aluminum binder 
powder is added to the chips before consolidation. Thus, it 
will be demonstrated that solid-state recycling of machined 
chips is feasible by HPT.

2  Materials and Methods

2.1  The Initial Powder Materials and Their HPT 
Consolidation

In this study, commercially pure Al powder with 99.5% 
purity and an average particle size of ~ 40 μm and also 
7075 aluminum alloy chips with an average size of 
0.75 mm × 0.75 mm × 0.1 mm were used as starting materi-
als. The chemical compositions of these materials were ana-
lyzed by optical emission spectroscopy (OES) and reported 
in Table 1. This analysis showed that the Al powder has 
2N5 purity. Figure 1a shows the morphology of the alu-
minum powder particles, revealing irregular particle shape 
in the powder. The as-machined 7075 chips can be seen in 
Fig. 1b. In order to clean the machined chips from pollution 
and grease, they were initially rinsed in acetone, and then 
sonicated by an ultrasonic cleaner for 5 min and finally dried 
at room temperature. The powder and the chips were mixed 
with various proportions of chips, namely with 20, 40, 60, 
80 and 100 wt% of 7075 chips, using mechanical agitation 
and then poured into steel holders. The powder holders were 
hollow low carbon steel cylinders with two end caps. The 
diameter and height of the holder interior were ~ 20 mm 
and ~ 5 mm, respectively. Figure 2 shows schematically the 
steps of filling the holder by the powder-chips mixture. The 

Table 1  The chemical 
composition of the starting 
materials analyzed by OES (all 
values are in wt%)

Al Zn Mg Cu Fe Si Mn Other elements

Pure Al powder 99.5 0.008 0.008 0.047 0.244 0.131 0.017 0.045
7075 alloy chips 89.1 6.1 2.15 1.2 0.51 0.35 0.15 0.44
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holders were HPT-processed in order to consolidate the 
inside powder mixtures. For this purpose, the filled hold-
ers were placed between two anvils. The HPT-processing 
was performed under the unconstrained condition with an 
applied force of ~ 600 kN which corresponds to a pres-
sure of ~ 1.2 GPa [23]. The rotational velocity of the lower 
anvil was kept at ~ 0.2 rpm during the HPT process and the 
composites were fabricated by applying 1 and 4 numbers 
of turns. It should be noted that additional samples were 
processed by using 7075 chips subjected to annealing. For 
these specimens, the as-machined chips were heat treated 
in a tube furnace for at 415 °C 1 h in pure Ar (99.999% 
purity) atmosphere and then furnace cooled. Table 2 lists 
the processing conditions for all produced samples and the 
label code associated with each sample. The samples are 
called using these codes hereafter. This naming code starts 
with a letter, referring to the type of the heat treatment of 
the chips (A: Annealed and N: Non-annealed), and followed 
by two numbers: the first and second numbers indicate the 

number of turns and the weight percentage of the 7075 
chips, respectively.

2.2  Measurement of the Relative Density

The density of the HPT consolidated disks was determined 
using Archimedes’ principle. The mass of the disks was 
measured by means of a Sartorius electronic balance (model 
ED224S) equipped with density determination kit by sub-
merging specimens in distilled water. The accuracy of the 
balance was 0.0001 g, yielding an uncertainty of 0.001 g/
cm3 in the density. The relative densities of the whole HPT 
disks were determined as the ratio of the measured and theo-
retical densities. The latter quantity was calculated as the 
weighted sum of the theoretical densities of pure aluminum 
(2.710 g/cm3) and Al 7075 alloy (2.810 g/cm3) where the 
weights were the fractions of these two components (listed 
in Table 2).

Fig. 1  a SEM micrograph of pure aluminum powder, b optical image of as-machined 7075 aluminum alloy chips

Fig. 2  Schematic illustration of the steps of filling a hollow low carbon steel holder with the blend of 7075 Al alloy chips and pure Al powder
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2.3  Mechanical Testing

For the investigation of the effect of annealing on the 7075 
aluminum chips, the Vickers microhardness of the heat 
treated chips was determined before the blending step and 
compared with the values obtained for as-machined chips. 
Also, microhardness test was carried out on the as-consoli-
dated samples with the spacing of 1 mm along three lines on 
the cross-sections of the HPT processed disks. The hardness 
test was carried out with a Vickers indenter (MH4 Koopa 
Inc.) at room temperature applying a load of 0.98 N and a 
dwell time of 15 s.

For evaluating the mechanical properties of the HPT-
processed disks, dog-bone shaped miniature tensile speci-
mens were cut by electric discharge machining, as illustrated 
schematically in Fig. 3. For all tensile specimens, the gauge 
length and width were 4 and 2 mm, respectively, and the center 
of the samples was located at 4 mm from HPT disk center. 
With increasing the numbers of HPT turns, the disk thickness 
decreased. In order to perform tension on specimens with the 
same thickness, the dog-bone shaped samples were thinned 
to the thickness of ~ 0.9 mm by mechanical polishing. The 
uniaxial tensile tests were carried out at an initial strain rate of 
~ 3 × 10−3 s−1 and room temperature using a Santam STM-150 
testing machine equipped with a load cell. The ultimate tensile 
strength (UTS) and the strain to failure were determined from 

the tensile test data and plotted as a function of the number 
of turns and weight percentage of chips on two-dimensional 
colored contour maps using SigmaPlot software.

2.4  Study of the Microstructure

The microstructures of the HPT-consolidated composites 
were investigated by an optical microscope (Leitz Laborlux 
12 ME) at three different places on the cross section of the 
HPT-processed disks (see Fig. 3): at the center (r = 0 mm), 
half radius (r = 4 mm) and periphery (r = 8 mm) where r is 
the distance from the disk center. For this purpose, all the 
disks were cold-mounted and then ground by SiC paper with 
grit sizes of 1000, 2000 and 3000. Then, the surfaces were 
electropolished to a mirror-like surface using a solution of 
20 vol%  HClO4 and 80 vol% ethanol at 0 °C and applying 
a voltage of 10 V. The surface of the samples prepared for 
microscopic investigations were etched using a modified 
Poulton’s solution consisting of 50 ml Poulton’s reagent, 
25 ml  HNO3 and 40 ml distilled water with dissolved 4 g 
chromic acid). The Poulton’s reagent contained 60% HCl, 
30%  HNO3, 5% HF and 5%  H2O. The fracture surfaces of 
the tensile test specimens were investigated by scanning 
electron microscopy (SEM) using Leica Cambridge S-360 
microscope.

3  Results and Discussion

3.1  Density of the Consolidated Samples

Figure 4 shows the relative densities of the disks processed 
from the annealed and non-annealed Al 7075 chips by 1 and 

Table 2  Processing conditions for the different samples and their 
notations

Type of chips Weight percentage of 
7075 chips

Number of 
turns

Notation

Annealed 20 1 A-1-20%
40 A-1-40%
60 A-1-60%
80 A-1-80%

100 A-1-100%
20 4 A-4-20%
40 A-4-40%
60 A-4-60%
80 A-4-80%

100 A-4-100%
Non-annealed 20 1 N-1-20%

40 N-1-40%
60 N-1-60%
80 N-1-80%

100 N-1-100%
20 4 N-4-20%
40 N-4-40%
60 N-4-60%
80 N-4-80%

100 N-4-100%

Fig. 3  A schematic showing the shape and the dimensions of the ten-
sile specimens (in millimeter) prepared from the disks processed by 
HPT. The microstructure on the cross section was studied at the loca-
tions indicated by black squares
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4 turns of HPT. The data were plotted as a function of the 
weight percent of Al 7075 alloy chips. For the samples con-
sisting of non-annealed chips, the relative densities increased 
with decreasing the chip content. This can be explained by 
the rigidity of the non-annealed chips. If a higher amount 
of ductile Al powder was added to the composite, the easier 
plastic deformation of this component facilitates the con-
solidation of the samples during HPT processing. For the 
material containing only non-annealed Al 7075 alloy chips, 
the increase of the number of turns from 1 to 4 increased the 
density significantly. The minimum relative densities belong 
to samples N-1-100% and N-4-100% with the values of 93.8 
and 95.6%, respectively. At the same time, for the specimens 
consolidated from the annealed Al 7075 chips the relative 
density is above 99%, irrespectively of the number of turns 
and chip content. The higher degree of densification can be 
explained by the easier deformation of the annealed chips 
during HPT. Thus, it can be concluded that all the specimens 
produced from annealed chips can be consolidated to a near 
full density.

3.2  Mechanical Properties

3.2.1  Tensile Performance

Figure 5 shows the results of tensile tests performed on the 
miniature samples fabricated from the consolidated sam-
ples. The four diagrams are related to different states of the 
chips (annealed or non-annealed) and numbers of HPT turns 
(one or four turns). Each diagram contains five engineer-
ing stress–strain curves in accordance with the various chip 
fractions listed in Table 2. The values of UTS and elonga-
tion to failure (ɛf) for all samples are listed in Table 3. As it 
can be seen in Fig. 5, in each diagram the minimum tensile 
strength and elongation to failure are related to the samples 
with 100 wt% chips. This is most probably caused by the 

weak bond between the chips in the absence of Al parti-
cles (binder). However, by adding 20 wt% Al powder, both 
the strength and the ductility were improved. For instance, 
for sample A-1-80% the UTS and the fracture strain were 
increased by almost 460% and 280% respectively, compared 
to specimen A-1-100%. Therefore, it could be deduced that 
the presence of Al powder positively affects the mechanical 
response of the composite samples. For the composites fabri-
cated from annealed chips (see Fig. 5a, b), the highest values 
of the elongation to failure and UTS were obtained for the 
composites with 60 wt% 7075 chips. For example, the UTS 
and fracture strain of the sample A-4-60% reached 508 MPa 
and 7.9%, respectively, which were the highest values among 
all fabricated samples. At the same time, when non-annealed 
chips were used, the values of UTS and ɛf were the highest 
for the specimens containing 40 wt% chips. Most probably, 
the as-machined chips were more rigid compared to the 
annealed counterparts, therefore the best consolidation con-
dition was achieved with a higher fraction of the ductile Al 
powder. With reducing the fraction of 7075 chips to 20 wt%, 
a noticeable decline was observed for both UTS and ɛf. This 
is most evident for A-4-20% sample, where a remarkable 
reduction in both UTS and ɛf took place in comparison with 
the specimen A-4-40%. Therefore, it can be concluded that 
neither “rich-chips” composites (100 or 80 wt% 7075 alloy) 
nor “rich-powder” ones (20 wt% 7075 chips) exhibits opti-
mum mechanical properties. Rather, if the fractions of chips 
and powders have similar fractions, such as 40 or 60 wt%, 
the best mechanical behavior is achieved. The reasons of this 
effect will be discussed in the next section dealing with the 
microstructures of the consolidated samples.

Table 3 reveals that for the chip fractions of 40, 60 and 
80 wt% the increase of the number of HPT turns resulted in 
a substantial improvement in the mechanical properties of 
the composite samples, irrespectively of the state of 7075 
Al alloy chips (annealed or non-annealed). This could be 

Fig. 4  Relative densities of 
fabricated HPT disks versus 
the amount of 7075 Al alloy 
chips (as for the legend in this 
diagram, the first letter shows 
annealing condition and the 
second part represents number 
of turns, as mentioned before)



1886 Metals and Materials International (2020) 26:1881–1898

1 3

explained by the following two reasons. First, with increas-
ing the number of turns the plastic strain increased, thus 
the mechanical bonding between chips and powder particles 
will be improved and simultaneously the porosity decreased, 
resulting in more effective densification. Second, increasing 
the number of turns HPT can yield a finer microstructure 
and a higher defect (e.g., dislocation) density. Therefore, the 
samples processed by 4 turns possess finer microstructure 
than the counterparts deformed by 1 turn, in accordance with 
previous studies [40]. As a result, the smaller grain size of 
the samples processed by 4 turns contributed to the higher 
yield strength in accordance with the well-known Hall–Petch 
equation. However, quantitative relationship between the 
grain size and the strength was not attempted to find in this 
study, since other effects, such as the porosity and the phase 
composition, also influenced the strength of the consolidated 
samples. The quantitative investigation of the correlation 
between the strength and the microstructural parameters, 
such as the grain size, dislocation density, phase content 
and porosity, is out of the scope of this research.

Regarding the effect of the heat treatment of the chips, 
it is apparent from Table 3 that the application of annealed 
chips led to better mechanical properties compared to 

non-annealed chips. For instance, the UTS values of A-1-
20% and A-1-60% samples are 1.7 times higher than that 
for their corresponding specimens with non-annealed chips, 
and the ductility of the former materials also remarkably 
better. This is mainly due to the fact that the annealed chips 
are more ductile, which facilitated the filling of the pores 
with material and the creation of mechanical bonds between 
the chips as well as between the chips and the Al powder 
particles during HPT. At the same time, the usage of non-
annealed chips in fabricating HPT-consolidated composite 
samples causes both weak densification and bonding, and 
thus poor mechanical behavior.

As a summary of the results of the tensile tests, color-
coded contour maps were prepared for a better illustration of 
the effects of the three variables, namely the number of HPT 
turns, the fraction and type of used chips, on the tensile per-
formance of the consolidated composites (see Figs. 6 and 7 
for UTS and elongation to failure, respectively). These maps 
are helpful to get more comprehensive know-how about the 
correlation between the processing conditions and mechani-
cal properties of the manufactured samples. Overall, it is 
evident that using annealed chips instead of non-annealed 
ones, increasing the number of HPT turns, and utilizing near 

Fig. 5  Engineering stress–strain 
diagrams for the consolidated 
specimens with a annealed 
chips and 1 turn, b annealed 
chips and 4 turns, c non-
annealed chips and 1 turn, d 
non-annealed chips and 4 turns



1887Metals and Materials International (2020) 26:1881–1898 

1 3

equal ratio of Al 7075 chips and pure Al powder, maximum 
values of tensile strength as well as elongation to failure will 
be obtained. 

Despite the extensive research efforts invested into the 
investigation of HPT-processing of metal chips in the litera-
ture [36–39, 41], only a few studies focused on the tensile 

properties of the consolidated samples. For instance, Edalati 
et al. [36] reported poor UTS and ductility of specimens 
consolidated from alloy chips using HPT technique, which 
was attributed to insufficient densification. In order to inves-
tigate the effectiveness of HPT in the consolidation of 7075 
chips/Al powder mixtures, the results of the tensile tests 
performed in the current research were compared with the 
values obtained formerly on similar samples consolidated 
by hot extrusion [29] (see Table 4). Generally, while it is 
evident that 4 turns of HPT, either performed on annealed 
or non-annealed chips, led to considerably higher tensile 
strength for samples containing 20, 40 and 60 wt% chips 
compared to hot extrusion, the ductility was much smaller. 
For instance, although the UTS of the present A-4-60% 
sample is more than twice the value obtained for the hot 
extruded specimen with the same chip fraction, the elonga-
tion to failure in the former material is only about half of 
the value measured for the latter sample. These differences 
can be interpreted by the different temperatures used in HPT 
and hot extrusion (room temperature and 500 °C, respec-
tively). Whereas hot extrusion provides the opportunity of 
dynamic recrystallization to take place in addition to the 
composite densification, as the HPT process was carried 
out at room temperature, recrystallization could not hap-
pen. Otherwise, intense strain hardening occurred during 
HPT, which resulted in an increased tensile strength and a 
reduced ductility.

3.2.2  Hardness

Table 5 lists the microhardness values obtained for the two 
types of annealed and non-annealed Al 7075 chips before 
HPT processing. As it can be seen, annealing resulted in a 

Table 3  The values of UTS and elongation to failure obtained by ten-
sile testing of the consolidated samples

Sample UTS (MPa) Elongation to 
failure (%)

A-1-20% 280 2.7
A-1-40% 278 2.5
A-1-60% 349 3.1
A-1-80% 198 1.4
A-1-100% 35 0.5
A-4-20% 294 2.5
A-4-40% 433 5.4
A-4-60% 508 7.9
A-4-80% 297 3.0
A-4-100% 64 0.7
N-1-20% 164 1.9
N-1-40% 199 2.1
N-1-60% 202 1.6
N-1-80% 71 0.9
N-1-100% 11 0.3
N-4-20% 183 1.7
N-4-40% 267 3.3
N-4-60% 231 2.0
N-4-80% 114 1.0
N-4-100% 12 0.4

Fig. 6  Color-coded contour maps of UTS versus the chip fraction and the number of HPT turns. (Color figure online)
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decrease of the microhardness to about 46% of the value of 
the non-annealed state. In fact, the annealing treatment of 
the chips at 415 °C may lead to recrystallization and grain 
growth in the machined chips, leading to a decrease in mate-
rial strength. It should be noted that the strength of Al 7075 
alloy is also susceptible to the precipitate structure which 
might change during annealing of the chips. Also, it is note-
worthy to mention that the as-received machined chips are 
quite brittle due to the work hardening caused by the large 
imposed strain during the machining process.

Since the interpretation of microhardness measure-
ments in composite samples would be too complicated 
due to the random distribution of two phases (pure Al and 
Al 7075 alloy) characterized by different hardness values 
in any cross-section of the fabricated specimens, Vickers 
microhardness tests were exclusively conducted only on the 
samples consisting of 100% Al 7075 chips. Figure 8 dem-
onstrates the changes in Vickers hardness values of N-1-
100%, A-1-100%, N-4-100% and A-4-100% samples as a 
function of the distance from the center of the HPT-pro-
cessed disks. Also, the mean microhardness values of two 
types of annealed and non-annealed Al 7075 chips prior to 
the HPT process were represented in this figure by dotted 
and dash lines, respectively. First of all, it is evident that 
when non-annealed machined chips were used, the fabri-
cated samples exhibited superior hardness values compared 
to the specimens processed from annealed chips. However, 
while HPT processing significantly increased the hardness 

Fig. 7  Color-coded contour maps of elongation to failure versus the chip fraction and the number of HPT turns. (Color figure online)

Table 4  A comparison 
between the values of UTS and 
elongation to failure obtained 
for HPT-consolidated samples 
containing 20, 40 and 60 wt% 
7075 Al chips and similar 
composites fabricated by hot 
extrusion process. The data 
were taken from this study and 
[29]

Reference Conditions Sample UTS (MPa) Elongation 
to failure 
(%)

Present study HPT (N = 4 and 
p = 1.2 GPa) at 
room temperature

A-4-20% 294 2.5
A-4-40% 433 5.4
A-4-60% 508 7.9
N-4-20% 183 1.7
N-4-40% 267 3.3
N-4-60% 231 2.0

Sherafat et al. [29] Hot extrusion 
(p = 240 MPa) at 
500 °C

20 wt% 7075 Al chips 159 18
40 wt% 7075 Al chips 220 16
60 wt% 7075 Al chips 248 14

Table 5  Microhardness values for the annealed and non-annealed 
7075 Al chips before HPT processing

Condition Microhardness (HV)

Non-annealed Al 7075 chips 183 ± 3
Annealed Al 7075 chips 84 ± 3
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values of the latter samples, the specimens manufactured 
from non-annealed machined chips only slightly hardened 
due to HPT consolidation. This is because the machined 
chips had already been strain-hardened during machining, 
and additional HPT deformation did not yield further hard-
ening. It is noted that significant hardness evolution was not 
observed either with increasing the number of turns or the 
variation of the distance from the disk center. These observa-
tions suggest that the saturation of the microstructure inside 
the chips was achieved even after 1 turn of HPT and fur-
ther deformation resulted only in the reduction of porosity 
between the chips (see Fig. 4).

It is also worth noting that the higher hardness of the 
samples consolidated from the non-annealed chips is in an 
apparent contradiction with the lower UTS of these samples 
as compared to the specimens manufactured from annealed 
chips (see Table 3). This difference can be explained by the 
fact that hardness testing is much less sensitive to the cracks 
and other discontinuities in the disks than tensile testing. In 
the samples manufactured from 100% non-annealed chips, 
the pores and cracks resulted from the incomplete consolida-
tion yielded a much lower UTS as compared to the samples 
processed from annealed chips even if the non-annealed 
chips are harder.

Figure 8 reveals considerable fluctuations and larger 
errors of the hardness values for the samples formed from 
non-annealed chips when compared to the specimens pro-
cessed from annealed chips. This observation can be attrib-
uted to the higher amount of porosities and discontinuities in 
the samples processed from non-annealed chips which was 
also indicated by their lower densities and will be shown in 
the study of their microstructures in the next section. In the 
present hardness tests, the indentation size (about 30 µm) 
is much smaller than the chip size, therefore the hardness 

value is less sensitive to the cracks and other discontinuities 
as compared to other mechanical parameters such as UTS. 
At the same time, the hardness value is slightly influenced 
by the cracks and voids in the immediate environment of the 
indent. This effect is illustrated in Fig. 9 where two indenta-
tions are shown for sample N-1-100% at relatively similar 
locations (about 6 mm from the disk center). In accordance 
with ASTM E384 standard, the distance of the center of the 
indentation from the sample surface should be higher than 
2.5 times the diameter of the indentation. If this is not the 
case, the specimen exhibits a lower hardness. When the sam-
ple is not densified appropriately, such as for material N-1-
100%, there are cracks and other discontinuities between 
the chips. Therefore, the hardness values measured in the 
vicinity of these defects are lower than that obtained in the 
middle of the chips (compare the indent sizes in Fig. 9a, b). 
This effect resulted in larger errors and fluctuations of the 
hardness values measured on the sample manufactured from 
non-annealed chips. In contrast, much smaller error bars 
were allocated to the samples fabricated from the annealed 
chips due to the more effective densification, as illustrated 
in Fig. 4.

3.3  Microstructure of the Consolidated Specimens

The microstructures of the HPT-processed Al 7075 chips/
pure Al powder composites were investigated on the cross 
sections of disks at the center, half radius, and periphery (see 
Fig. 3). Figures 10, 11, 12 and 13 show optical micrographs 
taken on the various composites processed by 1 and 4 turns 
using annealed and non-annealed chips. Although the chips 
and the powder regions have distinctive colors in the micro-
graphs, the regions of the consolidated pure Al powder are 
indicated by black arrows. It can be seen that with increasing 

Fig. 8  Variation of the micro-
hardness as a function of the 
distance from the disk center 
for samples fabricated from 
100 wt% chips. The hardness 
values were measured on the 
cross-section of the disks
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the distance from the center of the disks, the thickness of the 
Al 7075 chips decreases and they are become more elon-
gated. This trend is more evident for the samples processed 
for 4 turns with either annealed or non-annealed chips. This 
effect can be explained with the higher shear strain when the 
distance from the disk center increases. Furthermore, it has 
been reported that in concurrent deformation of dissimilar 
metals [42], instabilities may happen due to non-identical 
flow properties of the different components (chips and pow-
ders), leading to necking and fracturing in the harder phase 
which is the 7075 alloy in these composites. Nevertheless, 
the co-existence of Al 7075 chips and pure Al powder plays 
an important role in the mechanical performance of the con-
solidated materials. If the weight percentage of the chips is 
low (20 wt%), there is a dominance of the soft and deform-
able pure Al powders in the deformation of the consolidated 
material. Therefore, the rigid chips may move freely in the 
Al matrix, without experiencing severe deformation. The 
microstructural observations confirm this mechanism. For 
example, in the samples containing 20 wt% 7075 alloy, the 
thickness of the chips at the periphery of the HPT disks 
is not smaller than in the center, despite the much higher 
plastic strain, indicating the lack of large deformation of 
this phase in the presence of the dominant pure Al powder.

When the fractions of the chips and the powder are com-
parable (for the samples containing 40 and 60 wt% chips), 
the interaction between the chips increases which does not 
allow the individual chips to displace rigidly in the soft 
matrix. Rather, during HPT-processing the chips interact 
with each other, contributing to significant plastic deforma-
tion and eventually necking and fracturing which results in 
finer microstructures as shown in Fig. 13. Additionally, in 
these samples the sufficient amount of pure Al powder is 
effective in filling the pores between the chips, improving 

the degree of densification. At the same time, in the sam-
ples with high chip fractions (particularly for 100 wt% chip 
content), coarse microstructures with large porosity were 
observed since the less ductile chips cannot fill in the pores 
during HPT. Hence, the best mechanical properties can be 
achieved for composites with near-equal fractions of 7075 
chips and pure Al powder. Furthermore, while in the sam-
ples containing 20 wt% chips the shape of the chips negligi-
bly altered, in the specimens with 40 and 60 wt% 7075 alloy 
the chips were fragmented into fine and elongated grains. 
The best microstructure with a high density (see Fig. 4) was 
achieved in the sample A-4-60% which exhibited the fin-
est microstructure and the most homogenously distributed 
chips, that is absolutely compatible with its highest UTS 
and fracture strain.

Annealing of the chips has also an effect on the micro-
structure of the consolidated samples. For instance, the com-
parison of Figs. 10 and 12 reveal significant differences in 
the size, morphology, and distribution of the chips as well 
as the amount of pores. Although cracks and voids were 
observed in both N-1-100% and A-1-100% samples, their 
amount is significantly higher in the former specimen. This 
difference is in accordance with the density results and can 
be explained with the easier plastic deformation of the sof-
tened chips during HPT which facilitated the filling of the 
pores with material and also the creation of strong mechani-
cal bonds between the chips. Moreover, while various sharp 
discontinuities existed for the samples processed by 1 turn 
using as-machined chips with the fractions between 20 and 
80 wt%, these defects were hardly detectable in the speci-
mens processed by 1 turn from the annealed chips.

The number of HPT turns has also a significant effect on 
the microstructure developed during consolidation. It is not 
surprising that with increasing the number of turns the initial 

Fig. 9  Optical micrographs showing indentations made on the cross-
section of sample N-1-100% at similar distances of 6  mm from the 
disk center. In a, b the spacing between the indentation and the chips 
interface are lower and higher than 2.5 times of the indentation diago-

nal. In the former and latter cases, the hardness values were 148 and 
190 HV, respectively. The white arrow in a indicates a weak interface 
between two chips
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Fig. 10  Microstructures of the samples consolidated from non-annealed Al 7075 chips at room temperature by 1 turn of HPT. The arrows indi-
cate the Al powder components of the microstructures
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Fig. 11  Microstructures of the samples consolidated from non-annealed Al 7075 chips at room temperature by 4 turns of HPT. The arrows indi-
cate the Al powder components of the microstructures
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Fig. 12  Microstructures of the samples consolidated from annealed Al 7075 chips at room temperature by 1 turn of HPT. The arrows indicate 
the Al powder components of the microstructures
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Fig. 13  Microstructures of the samples consolidated from annealed Al 7075 chips at room temperature by 4 turns of HPT. The arrows indicate 
the Al powder components of the microstructures
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chips transformed into more elongated, fractured and more 
homogeneously dispersed particles within the Al matrix, 
and the overall microstructure became substantially finer 
due to the higher imposed strain. In addition, for the sam-
ples processed from non-annealed chips when the number 
of turns increased from one to four the porosity decreased 
significantly or even vanished, leading to better mechanical 
properties.

3.4  Fracture Surfaces

SEM fractography was utilized to investigate the deforma-
tion and fracture mechanisms (the adhesion between Al 
powder and chips) in the pure Al/Al 7075 composites pro-
cessed by 4 HPT turns. Figure 14 shows fractographs with 
low magnification obtained after the failure of the minia-
ture tensile specimens. First of all, no evidence of neck-
ing was observed in the low-magnification fractographs, 
which is fairly consistent with relatively low ductility for 
all HPT-processed samples. The variation of UTS and ɛf 
as a function of the chip fraction can be explained as fol-
lows. For samples A-4-100% and N-4-100%, the lack of 
pure Al powder binder resulted in a weak interface bond-
ing between the chips, leading to an easy intergranular 
fracture during tension. This leads to the lowest level of 
mechanical properties for these samples. The addition of 
20 wt% Al powder to the chips yielded improved mechani-
cal behavior due to the strengthened bonding between the 
chips. However, pull-out of the chips still existed (not as 
remarkable as in the specimens with 100 wt% chips) since 
the amount of the powder was not enough to fill all voids 
between the chips. For the composite samples with 40 and 
60 wt% chips, the fracture surfaces are not so bumpy as 
for other samples. At the same time, the higher magnifica-
tion images in Fig. 15 reveal a large number of dimples on 
the fracture surface of sample A-4-60% while the fracture 
surface of the specimen A-4-100% was smooth, which is 
in accordance with the much better ductility of the former 
sample. In addition, chips delamination occurred in A-4-
20% and N-4-20% samples, perhaps because of insufficient 
deformation of chips in the matrix, resulting in deteriora-
tion of the mechanical properties. In general, the sam-
ples fabricated from non-annealed chips exhibited lower 
ductility than the specimens manufactured from annealed 
chips. This is in accordance with the different morpholo-
gies of the fracture surfaces. Namely, the surfaces of the 
samples produced from non-annealed chips (right column 
in Fig. 14) show a larger amount of deep grooves than 
for the specimens consolidated from annealed chips. The 
uneven fracture surfaces of the former samples could be 
attributed to the weaker bonding between the chips and/or 
the powder/chip interfaces due to the limited formability 

of the as-machined chips during HPT. Then, subsequent 
tension after HPT can yield sliding of the chips and even-
tually their extensive pull-out from the specimens.

4  Conclusion

HPT-processing was utilized for cold consolidation of Al 
7075 chips and also composites of Al 7075 chips/commer-
cially pure Al powder, including 20, 40, 60, 80 and 100 wt% 
chips in annealed or as-machined states by applying 1 and 
4 turns. The results obtained in this study are summarized 
as follow:

1. The relative densities of the disks containing annealed 
chips, even for the one processed only from chips, were 
higher than 99%. At the same time, for the samples 
fabricated from non-annealed chips the relative densi-
ties were more than 99% only for the chip fractions not 
higher than 40 wt%. For high chip fractions, the low 
ductility of the non-annealed chips impeded achieving 
high levels of densification.

2. Tensile tests on miniature specimens revealed that the 
samples produced with annealed chips possessed higher 
UTS and fracture strain than for the materials fabricated 
from non-annealed chips. This effect can be explained 
by the softer and more deformable state of the heat-
treated chips compared to the as-machined chips which 
facilitated the filling of the pores with material and made 
the bonds stronger between the chips and the powder 
particles through plastic deformation during HPT.

3. It was shown that the weight percentage of chips played 
a crucial role in determining the mechanical properties. 
Composites with the high content of chips or powders 
showed poor mechanical characteristics as well as inho-
mogeneous microstructures. At the same time, the sam-
ples fabricated with near 50–50 wt% contributions of 
chips and powder exhibited optimum mechanical prop-
erties along with fine homogenous microstructures.

4. In all of the fabricated composites, with increasing the 
number of HPT turns and the distance from disk center 
the microstructure became finer. For the samples pro-
cessed from non-annealed chips, the higher number of 
turn yielded a decreased porosity too.

5. Investigation of the tensile fracture surfaces demon-
strated that in the absence of binder Al powders, chips 
debonding occurred as a result of the weak interface 
bonding which allowed sliding of the chips during ten-
sion. A rough fracture surface with numerous dimples 
was observed for the sample processed from 60 wt% 
annealed chips by 4 turns of HPT, suggesting a more 
ductile fracture during tension.
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Fig. 14  Low magnification SEM fractographs for the samples processed by 4 turns of HPT after tensile tests
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