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Abstract
On contrast to the qualitative approach used in the majority of researches, an evaluation quantitative 
approach is introduced not only to depict the plain individual effect of the influence of the high-
pressure torsion (HPT) processing conditions on the microstructural and Hv-values of the ultra-hard 
nanostructured AA6061-15%SiCp composite but also to detect its possible parameters functional 
interaction and nonlinear trends involved. Experimental data were used to establish many adequate 
and significant empirical models to detect and to evaluate the mutual functional interrelationships 
between the Hv-values of the composite, each of HPT processing pressure, and number of revolu-
tions. For each group of interrelated parameters, the preferred selected developed model has been 
exploited to generate the relevant contours and response surface graphs. On one hand, it is shown 
that HPT processing can be improved through applying the best effective methods to produce 
materials with a nanostructure, while maintaining higher durability; in addition to a superior hardness. 
On the other hand, the development of functional outcome in mathematical forms becomes an 
essential requirement in nowadays digital database era.
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Introduction

Aluminum matrix composites (AMCs) reinforced with 
nonmaterial is a specific type of materials which is 
based on a minimum of two distinctive phases of 

physical and chemical characteristics. Such a type is a rapidly 
rising branch of materials science especially with the emer-
gence of powder-based additive manufacturing methods 
[1,  2,  3]. These material systems revealed effectiveness in 
obtaining ameliorated properties of materials, which led to 
an obvious attraction to scientists working in materials area 
[4]. However, some design drawbacks still to be  resolved 
including the little interfacial bonding taking place through 
the reinforcement and the Al matrix, in addition to the disad-
vantages accompanied by having weak dispersion and low 
stability of reinforcement in Al composites [5, 6, 7].

Since its use for manufacturing, the AMCs, powder 
metallurgy (PM) technique proved merit to produce controlled 
properties of materials through an accurate manipulation of 
the microstructure. Reaching ameliorated composites’ 
mechanical properties is attainable via precise homogeniza-
tion, which allows reinforcement particles distributed evenly 
within the composite matrix [8]. Very high strains are the 
most essential requirements for the enhancement process of 
homogeneity, particularly when dealing with composites 
having fine particles [9]. As a result, many researchers 
[4, 10, 11] tended to use the severe plastic deformation (SPD) 
process, owing to its high potential of particle distribution 
homogeneity amelioration, and to its great efficiency in Al 
alloys grain refinement to ultra-fine scale, as well as to its 
tendency to decrease impurities and residual porosity [12, 13, 
14, 15]. It is also noticed that the strengthening process using 
SPD is a promising technique to enhance both mechanical 
and physical properties of pure metals or alloys [16, 17]. There 
are various available SPD processes nowadays; however, the 
ones which grabbed the most interest are the high-pressure 
torsion (HPT) and equal-channel angular pressing (ECAP) 
techniques [15, 18, 19, 20]. High-pressure torsion (HPT) is 
characterized by its ultimate fraction of high-angle grain 
boundaries (HAGBs) and very small grain size production 
[17, 21]. One way to achieve hardness homogeneity is through 
HPT discs via utilizing consecutive processing by adopting 
large number of revolutions [22, 23]. More comprehensive 
explanation and principles of the HPT can be found in [13, 21].

Based on a previous study [24], two most common SPD 
techniques, HPT and PM, are adopted to obtain a bulk of 
AA6061-15%SiC with ultra-hard nanostructured production. 
The effectiveness of HPT method in the production of ultimate 
refined grains within matrices of aluminum, particularly 
Al-based metal matrix composites (MMCs), was examined, 
evaluated and assessed. Particular type of composites was 
considered in this work, which is characterized by having 
ameliorated mechanical properties of modified consolidated 
ultrafine initial composite powders through refinement and 
retention. It is worth mentioning that the majority of past studies 
covering the processing of HPT for MMCs are with virtually 
qualitative conclusions. However, in the presented work, a 

quantitative evaluation approach was employed and adopted to 
discover the HPT processing conditions influence on the relative 
density, hardness, and microstructural observations of AA6061-
15% SiCp composite. Special consideration were devoted to the 
development of a generic method to explain the dependency 
interrelationship between the processing pressure of HPT and 
the implemented number of discs revolutions versus the 
composite mechanical properties. Mathematical models, to 
describe above-mentioned parameters interrelationships, were 
postulated and processed [25], using experimental data, to estab-
lish relevant three dimensional response surfaces and contours 
graphs. This is to reach a better trend understanding and to 
become as a prior digital database reference in the design stages.

Materials and 
Experimental Procedure
The matrix used in this work is based on micron-powders 
of AA6061 and reinforcement of SiC particulates having 
average sizes of 30 μm and 2 μm, respectively, where the 
as-received SiC powder had asymmetrical shape with a 
1-to-5 μm range of sizes. The production of the AA6061-
15%SiCp composite was prepared by mixing specific percent-
ages of both powders, AA6061 and SiC, in a vacuum ambient 
within a glove box. The next step was to employ a turbula 
blender in mixing at a 96 rpm rotational speed for three 
hours processing interval. Afterwards, a single sided uniaxial 
hot compaction (HC) process was applied for 30 minutes to 
the AA6061-15%SiCp composite powders, through a cylin-
drical disc of diameter, height, temperature, and compaction 
pressure of 10 and 9.7 mm, 400 °C, and 525 MPa, respectively.

HPT was then adopted, as a secondary step for HC discs 
consolidation processing, where it was performed at room 
temperature utilizing the earlier explicated apparatus [26], 
Figure 1a. A lower die rotation was taking place to reach a 
fixed 1 rpm speed, in order to realize torsional straining. 
Marking was done for every disc upper surface separately 
right after HPT and before any hardness or microstructural 
analysis. HPT was performed at 1 or 3 GPa pressure utilizing 
constant 1 and 4 revolutions in a forward direction.

The mechanical properties, density, disc consolidation 
behavior before/after HPT were described. Average grain 
intercept (AGI) method was adopted to get the average grain 
and sub-grain size. Entire experimental procedures are 
diagrammatically explained by Figure 1b.

Sequential iterative nonlinear regression procedures were 
employed to get the most suitable mathematical relationships 
that express the relation-ship between the variables under 
study, as stated previously [24, 27]. Based on the set of experi-
mental data obtained from hardness and compression tests 
in addition to the microstructure analysis which presented in 
Table 1, the appropriate models were postulated, developed, 
and finally examined against its adequacy and significance 
through ANOVA analysis [24]. Many statistical criteria such 
as correlation factor (factor of determination) R2, tstatistics value 
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 FIGURE 1  Experimental set-up and procedures sequence
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TABLE 1 Experimental data used in the analysis.

Condition N = 0 N = 1 N = 2 N = 3 N = 4
P = 1 GPa RD % 96.4 97.10 97.16 97.35 97.35

Hv- at the center (R0) 96.00 148.00 161.00 172.00 184.00

Hv- at half the radius (0.5R) 96.00 172.50 194.00 198.00 202.00

Hv- at the periphery (R) 96.00 201.00 205.00 206.00 209.00

Yield stress σy (MPa) 305.00 370.00 386.00 398.00 409.00

Compressive strength σc (MPa) 342.00 405.00 416.00 428.00 453.00

Facture strain (εf%) 23.00 11.00 11.00 10.00 10.00

Grain size μm 33.00 31.50 31.00 26.00 25.00

Subgrain size μm 3.00 2.70 2.50 2.00 1.60

Substracture size 420.00 260.00 243.00 225.00 184.00

P = 3 GPa RD % 96.40 97.10 97.20 97.30

Hv- at the center R0 96.00 158.00 174.00 198.00

Hv- at half the radius 0.5R 96.00 189.00 207.00 217.00

Hv- at the periphery R 96.00 220.00 222.00 224.00

Yield stress σy (MPa) 305.00 382.00 393.00 415.00

Compressive strength σc (MPa) 342.00 412.00 424.00 461.00

Facture strain (εf%) 23.00 10.00 10.00 9.00

Grain size μm 33.00 24.50 24.00 24.00

Subgrain size μm 3.00 2.20 1.90 1.60

Substracture size nm 420.00 258.00 230.00 154.00©
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and Fratio were used to judge the models’ eligibility. To enhance 
understanding of the true functional dependence, and to give 
a quantitative assessment of the intended true interrelation-
ships, the selected best models were implemented in terms of 
three-dimensional (3D) and contour graphs.

In the current analysis, the dependent variables were the 
relative density (RD), the mechanical properties; [Vicker’s 
hardness (Hv), the yield strength (σy), the compressive 
strength (CS), and the fraction strain (εf)]; in addition to the 
microstructural evolution [the grains size (GS) and the 
subgrains size (SGS)]. The considered independent variables 
were the number of revolutions (N), distance from the 
processed disc center (R), and HPT processing pressure (P).

Results

Effect of the Processing 
Parameters on the Composite 
Relative Density
A relationship was created between the AA6061/SiCp compos-
ites discs RD, and other two independent variables, represented 
in HPT processing N and P, using the fitting strategy mentioned 
previously, with the adoption of a set of experimental system 
described in Table 1. The statistical package for the social 
sciences (SPSS) was utilized to perform an iterative regression 
for this unconventional non-linear case following the criteria 
of default convergence. Numerical calculation and testing were 
taking place for the derivatives of the model versus the specified 
values of criteria. Iteration continued till reaching the finest 
model having the least residuals squares, related to the intended 
criteria. The results of this process led to the model:
 RD N% . ,

.= +( )( )
96 52 1

0 006  Eq. (1)

with R2 of 88.5% along with parameters tstatistics of 1149 
and 6 together with Fratio value of 2354166. Such excellent 
values confirmed the significance and adequacy of the 

developed model. While P was not significant enough to enter 
the relation, N yielded a slight effect of the RD.

Figure 2. examines the goodness of the resulting equation 
where predicted (estimated) values yielded from Equation 1 
were compared to the experimental counterparts RD after 
processing through different processing parameters via HPT. 
It can observe from Figure 2a that predicted values are close 
to its counterparts the experimental ones, thus offering 
reliable estimation values regarding RD-N interrelationship. 
The residuals distribution for the HPT-processed discs RD is 
shown in Figure 2b where noting was observed against 
hypothesis that residuals are randomly distributed with zero 
mean. Comparison of the experimental and the predicted 
values at various processing revolutions are shown in Figure 3 
which, also indicating an excellent predicted-experimental 
agreement, which confirm the model robustness.

Effect of the Processing 
Parameters on the Composite 
Hardness
A functional interrelationship (2) was established between the 
dependent variable, the alloy of Hv-values, and the influential 
independent variables, R, N, and P. While (R0) represents the 
position at the disc centre, (R0.5) and (R1) determine the loca-
tions at midway between the disc centre, and that at the 
periphery respectively. The best model was in the form:

 Hv N R= +( ) +( )( ) ( )
108 58 1 1

0 369 0 277
. ,

. .  Eq. (2)

with good statistical criteria of R2 of 77% along with 
parameters tstatistics values of 14, 7.4 and, 3 together with Fratio 
value of 529. Figure 4a is dedicated to indicating how predicted 
(estimated) values are close to vits counterpart experimental 
values. In addition, the residuals distribution for the Hv-values 
is shown in Figure 4b. Model (2) implies that the HPT processing 
pressure was not effective enough to impose its possible effect 
on Hv-values. Comparisons between the Experimental and 
predicted effects of the number of revolutions and the position 

 FIGURE 2  Experimental results vs. predicted of the RD for the HPT-processed discs as depicted at (a) and Residuals 
distribution at (b).
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from the centre of disc on Hv-values at different processing 
pressures for AA6061-SiCp are presented in Figure 5.

It is noticed that the predicted (estimated) values are close 
to its counterpart experimental values for the AA6061 composite 
discs processed at a pressure of 1 and 3 GPa. It is clear that when 
hardness values are higher at the peripheral regions, they are 
lower at the centers of discs. Also, it could be deducted from 
the reached results that augmenting the Hv-values along with 
applied pressure was a consequence of elevated Hv-values 
formation all-around the discs peripheries, subsequently, a 
homogeneous distribution of high hardness zone swept across 
the discs. Similar agreement with was reached [28] regarding 
the effect of Hv-values of discs processed by HPT through cross 
section area of AA6061-SiCp attitude concerning material states 
of low stacking faults energy (SFE) and face-cantered cubic 
(FCC) structure. Hardness values were found to be lower at the 
discs centre and higher at peripheries. In addition, Figure 5 
shows that the Hv-values of the AA6061-SiCp composite discs 
processed at 1 GPa at a different number of revolutions were 
very close to the counterparts processed at 3 GPa. The insig-
nificant increase in the Hv-values noticed in the discs processed 
at 3 GPa compared to that within the 3 GPa applied pressure.

Figure 6 indicates response surfaces and contours for each 
of the experimental results and the corresponding expected 
values using model (2). The functional Hv-N-R relationships 
are well qualitatively explained. It is shown a strong influence 
of both N and R on the deformed product. However, surfaces 
indicate that Hv nonlinearly increases as each of N and R 
increases with a higher slope for N.

A quantitative evaluation of the results is diagrammati-
cally expressed in details within Figure 5. It is shown that 
using 1-revolution lead to augmenting the AA6061/SiCp 
composite Hv-values to 210 at the disc peripheries from 150 
at the centre. This finding could be a great indication for that 
lacks of properties distribution homogeneity all-around the 
disc cross-section. On the other hand, this lack of homoge-
neity in hardness vanished bit by bit by additional straining 
up to 4-revolutions, resulting in an average constant Hv value 
over the entire disc of 217, which could be stated as reasonable. 
This outcome means that the Hv-values increased by ~126% 
post HPT processing compared to the un-processed counter-
parts (Hv = 96) as shown in Figure 5. It should be noted that, 
for AA6061/SiCp composite compared to AA6061discs [29], 
4-revolutions were not enough to achieve full homogeneity in 
the composite discs and the maximum Hv-values did not 
change significantly with increasing the strain.

For the sake of reaching a better explanation for the 
rotation effect on hardness, a relationship between hardness 
variations (Hvvariation = Hv_N = 0 – Hv_N = 1,2,3,4) and both the 
influential parameters N and R was established to have the form:

 Hv N Rvariation = +( )68 77 10 146 0 612
. ,. .  Eq. (3)

with R2 = 77.1%; tstatistics = 16, 3.17, 6.58; and Fratio = 558, 
the developed model (3) is found reasonable enough to repre-
sent the experimental data.

Figure 7 indicates the hardness variation attitudes as it 
has been affected by N and R using both the experimental 
data, Figure 6a, and those extracted from model (3), Figure 
7b. As can be seen from response surface topography and 
contour maps, an accurate quantitative and qualitative corre-
lation is obtained. Vickers’s hardness is prominently influ-
enced by each of N and R especially at N ≥ 3 and R ≥ 0.5.

 FIGURE 3  The effect of HPT processing pressure and 
number of revolutions on RD of AA6061/SiCp disc compared to 
the predicted RD-values from model (1).
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 FIGURE 4  Experimental results vs. predicted data of the Hv-values for the HPT processed discs as depicted at (a) and Residuals 
distribution at (b).
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Effect of the Processing 
Parameters on the Composite 
Compressive Properties
Similar fitting procedures and strategy were employed to 
develop a functional interrelationship between σy; model (4), 
the CS; model (5), and ɛf; model (6) as dependent variables 

and both of N, and P as influential independent variables for 
AA6061-SiCp composite.

 sy N= +( )( )
317 93 1

0 172
.

.  Eq. (4)

with R2 of 90.6% along with tstatistics of 39.5 and, 7.8 
together with Fratio value of 3467.
 CS N= +( )( )

350 62 1
0 165

.
.  Eq. (5)

 FIGURE 5  Effect of number of revolutions (N) on Hv-values of AA6061-SiCp composite disc processed at (a) 1 GPa, (b) 3 GPa 
compared to (c) the obtained from model (2).

©
 S

A
E 

In
te

rn
at

io
na

l

 FIGURE 6  Response surface and contours for Hv of AA6061/SiCp discs processed via HPT.
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with R2 of 94% along with tstatistics of 52.6 and, 10.3 
together with Fratio value of 6082.

 FS N= +( ) -( )
21 85 1

0 664
.

.  Eq. (6)

with R2 of 86.4% along with tstatistics of 14.3 and, −6.8 
together with Fratio value of 174.

Accordingly, it is clear that the developed models (4-to-6) 
are regarded as significant and satisfactory for the relevant 
functional interrelationship representation. Once more, the 
imposed pressure was not significant enough to enter the 
equation as an influential parameter on any of the yield 
strength, the compressive strength or the fracture strain.

Figure 8a, c, and e show the similarity between the 
predicted (estimated) values and experimental values for the 
yield strength, compressive strength, and fracture strain. In 
addition, the residuals distribution of the compressive proper-
ties is shown in Figure 8b, d, and f.

For practical predictability, Figure 9 represents how 
the values of the predicted (estimated) model are close to the 
experimental ones for both the yield stress (Figure 9a), the 

compressive strength (Figure 9b), and the fracture strain 
(Figure 9c). From the models (4-to-6) it is clear that the HPT 
processing pressure had insignificant inf luence on the 
compressive properties. It can be said that, the properties of 
deformed AA6061-SiCp discs of compressive and yield 
strengths were considerably greater than the un-deformed. 
Meanwhile, compressive and yield strengths of HPT-processed 
discs augmented considerably with augmenting the imposed 
strain, which was accompanied with a decrease in the ductility.

Effect of the Processing 
Parameters on the Composite 
Grains, Subgrains 
Substructure Size
Scanning electron microscopy (SEM) analysis was employed 
in order to investigate the internal structure of AA6061/SiCp 
composite HCs discs before and after HPT processing. The 
as-HC discs microstructure of AA6061 composite is displayed 

 FIGURE 7  Hardness variations of the (a) experimental results vs. the (b) predicted values, as affected by R and N.
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in Figure 10. Figure 11 shows the development in the micro-
structure at the peripheries of the surface of discs after HPT 
processing through 1-rev. (a, c), and 4-rev. (b, d) at a pressure 
of 1 GPa (a, b) and 3 GPa (c, d), respectively.

SEM micrographs confirmed a potential of achieving 
UFG after HPT processing. Influence of the amount of strain, 
formed during deformation, on the size and shape of the 
substructure, subgrains, and grains was clearly depicted at 
the displayed micrographs, which was achieved via 
augmenting the revolutions from 1-up to-4. The average 
grains, subgrains, and substracture sizes of the HC was 33, 
3 μm, and 420 nm, respectively. HPT straining via εeq = 1.57 
(corresponding to N = 1-rev.) resulted in refining the sizes 
of substructure to 260 nm, subgrains to 2.7 μm, and grains 

to 31.5. Moreover, Increasing the amount of strain up to 
εeq = 3.1 (4-rev.) exposed additional refinements of substruc-
ture to 184 nm, subgrains to 1.9 μm, and grains to 25 μm. 
(Figure 10a, b).

When the processing pressure of HPT was augmented 
from 1 till a maximum of 3 GPa, an extra minor substruc-
ture, subgrains, and grains refinement was achieved. This 
could be attributed to the SPD induced with augmenting 
number of revolutions till a maximum of 3 GPa, where an 
elongation in various ways was taking place in the consoli-
dated powders equiaxed subgrains following the slip planes 
orientation, as shown in Figure 7d. HPT processing via 
4-revolutions at 3 GPa showed additional refinement of the 
of the substructure to 154 nm, subgrains to 1.5 μm, and 

 FIGURE 8  Experimental results vs. predicted data and the residuals distribution of the yield strength, compressive strength, 
and fracture strain for the AA6061/SiCp processed discs.
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grains to 24 μm. The arrangement of the particles of SiC 
alongside the boundaries of grains of the consolidated 
sheared grains augmented the deformation resistance around 
the ceramic hard particles; therefore, the strain hardening 
increased, which could be interpreted by having a dynamic 
recovery act. Both dynamic recovery and strain hardening 
could be the reason behind the noticeable augmented refine-
ment when the imposed pressure augmented from 1 GPa 

(Figure 10a, b)-to-3 GPa (Figure 11c, d), which is related the 
high subgrain level disorientation.

As shown in Figure 11, the deformation amount was clear 
through the alignment in the shear orientation of the AA6061/
SiCp consolidated grains, which augmented with augmenting 
the number of revolutions and/or the imposed pressure. The 
equiaxed subgrains of the consolidated powders were noticed 
to have been prolonged in various ways following the slip 
planes, due to the induced SPD when strain is greater; as 
shown in Figure 11d. Moreover, regarding the same grain, 
different subgrains coordination exhibited deformations in 
multiple slip zones, which is a clear indicator of the case of 
multiple slips. The different orientation of the grains made it 
more difficult for the dislocation to change its direction of 
motion which resulted in increasing the hardness and the 
strength of the processed disc. As a result, this could be consid-
ered as an indicator for a probable evolution in the substruc-
ture from medium-to-high angle boundaries. More research 
and examinations via transmission electron microscopy 
(TEM) are essential for this claim validity.

The fitting procedures have led to the following nonlinear 
functional interrelationship between the alloy grain, subgrain, 
and substructure size (GS, SGS, and SSS, respectively), as a 
dependent variable, and N and P, as inf luential 
independent variables.

 GS N= +( ) -( )
33 52 1

0 197
.

.  Eq. (7)

 FIGURE 9  Experimental results vs. predicted ones of the yield stress, compressive strength, and fracture strain of AA6061/SiCp 
processed via HPT.
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 FIGURE 10  SEM micrographs of the HCs discs for AA6061/
SiCp composite, with arrows pointing at the triple junctions of 
SiCp and alongside GBs.
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with R2 of 64% along with tstatistics = 125 and, −3.6 together 
with Fratio value of 471, the obtained model is an appropriate 
relevant representation of the functional interrelationship.

 SGS N= +( ) -( )
3 04 1

0 341
.

.  Eq. (8)

with R2 of 84% along with tstatistics = 19.5 and, −6 together 
with Fratio value of 427, the model is adequate and satisfactory.

 SSS N= +( ) -( )
412 655 1

0 539
.

.  Eq. (9)

with R2 of 96% along with tstatistics = 30 and, −12.5 together 
with Fratio value of 838, therefore, it is concluded that it is 
appropriate, well significant, and satisfactory to be used for 
the representation of experimental data.

Figure 12 shows the experimental and the counterpart 
predicted results comparison. Also, residual values and distri-
bution for each parameter are included. The influence of the 
HPT processing pressure and a number of revolutions on 
microstructural evolutions for AA6061 compared to the 
predicted values from models (7-to-9) is shown in Figure 13.

Discussion
Based on the RD findings (Figure 3), some obvious and impor-
tant trends for materials processed by HPT have been emerged. 

All AA6061/SiCp composite discs processed via HPT revealed 
higher RD compared to the hot compacted counterparts (The 
RD produced for the as-HC condition was 96.4). Increasing 
the number of revolution imposed greater strain leading to 
an increase in RD of the AA6061/SiCp due to the huge shear 
deformation applied. Greater shear deformation usually facili-
tates the reduction porosity as: particles deformation, in 
addition to its travel into voids, and flatting of the submicro-
scopic and microscopic characteristics on the surface of 
particle [29]. This can be correlated to the main part of shear 
strain action on consolidation process based on particles 
realignment, mechanical interlocking, and localized fragmen-
tation. In addition, the shear deformation may result in 
breaking-down the oxide layers, naturally created on the 
Al-powder particles surface, which cause a main delay for the 
effective bonding during sintering of Al-powder particles [30]. 
Breaking off this barrier can enhance diffusion [30]. Besides, 
the huge local diffusion reduction among Al-particles without 
reinforcement was obvious, as a result of the build-up on the 
aluminium matrices particles of fine SiC particles. The 
presence of various SiC particle sizes, if linked to the particles 
of Al matrix, leads the absence of uniformity in the reinforce-
ment distribution within the matrix; therefore, an obvious 
density drop occurred.

Various mechanisms are adopted for strengthening when 
using SPD, which could involve strain hardening, solid 

 FIGURE 11  AA6061/SiC composite discs SEM micrographs, processed at 1 GPa (a, b) and 3 GPa (c, d) via (a, c) 1-revolution, and 
(b, d) 4-revolutions, respectively.
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solution, oxide dispersion, and grain refinement [31, 32, 33]. 
Strengthening the alloy could be explained by the substitution 
and interstitial solute atoms of the elements in alloying of 
AA6061, which in its turn alter the crystal lattice and delay 
dislocation mobility. The great level of strain produced 
through HPT usually leads to the creation of ultimate disloca-
tions density, which interacts effectively with the pinning 
solute and secondary phases in AA6061 consolidated particles 
at their boundaries by SiC particles [34]. It should be stated 
that with the addition of SiC there has been a reduction in 
grain size of the processed AA6061, where the particles of SiC 
supported in the refinement of grains by restraining their 
boundaries relocation [35]. In addition, SiC particles usually 
help to delay the grain growth. Moreover, higher strength and 

hardness were obtained as a result of cumulative dislocation 
at the boundaries, which in its turn lead to augmented resis-
tance to deformation. As a result of the high proportion of 
deformation per revolution, it could be deduced that the huge 
amounts of dislocations were created so that the common 
dislocations interaction reach an improvement and the 
boundaries of subgrain grow into grain boundaries with large 
angles of disorientation, which is usually assisted with 
dynamic recovery [33].

Dislocation strengthening assisted significantly in the 
strength and hardness enhancement of the HPT processed 
discs. The additional dislocations through subgrain and grains 
boundaries make the dislocation slip harder. The density of 
dislocation typically augments with HPT processing, as a result 

 FIGURE 12  Experimental results vs. predicted and the residuals distribution for grains size, sub-grains size, and 
substructure size.
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of the occurrence of multiplication or new dislocations; there-
fore, the dislocation motion is impeded by other dislocations, 
which is correlated with the hardness substantial increase after 
HPT processing [32, 36, 37]. The SiC reinforcement led to addi-
tional stuck dislocations in the grain boundaries and interior 
[33, 38]. Therefore, the imposed stress required for metal defor-
mation increased with increasing cold work, and hence the 
composite showed higher strength and hardness than the alloy.

It is worth mentioning here that even though the adoption 
of the reinforcement of SiC ameliorated the overall hardness 
of discs, relative to the monolithic alloy; it helped in increasing 
the hardness distribution inhomogeneity even after 4-revolu-
tion. This finding could be  correlated to the augmented 
hard-SiC particles friction at the interfaces of discs-die wall, 
which resulted in a strain hardening amelioration at the discs 
peripheries compared to centers. When composite discs were 
subjected to SPD, it could be also deduced that the SiC parti-
cles fragmentation, on the relatively soft Al-matrices, all along 
the boundaries and their impingement was a sign of the 
resulted ultimate strain hardening.

It could be said that after HPT processing, according to 
the Hall-Petch law, the noticeable enhancement in the strength 
of material is mostly related to the homogeneous ultra-fine 
grained (UFG) microstructure formation, which could lead 
to a major strengthening [39]. In addition, finer grains size 
usually increases the grain boundaries area that impedes 
dislocation motion. As a result, the formation of these pile-ups 

would lead to a concentration of stress onward their slip 
planes; consequently, adjacent grains would have new disloca-
tions [38]. It is worth mention here that dislocations take place 
more often at grain boundaries (GBs) and interiors with the 
repeated revolutions of HPT, which could be attributed to the 
large strain and solute effect. When the density of dislocation 
topped to a critical value with the augmenting in strain, the 
disorientation through the subgrains augmented as a result 
of accumulation and annihilation of dislocation. On the other 
hand, the disorientation ultimately was developed quite suffi-
cient to change from low-angle grain boundaries (LAGBs) to 
high-angle grain boundaries (HAGBs) [40], which would lead 
to increasing the compressive properties.

In addition, it should notice that there are several impor-
tant phenomena resulting from the difference in mechanical 
and physical properties of the metal matrix and ceramic rein-
forcement phase. The main difference in the thermal expansion 
coefficients (CTE) between the reinforcement and matrix 
arouse when using the required high temperatures of HC 
process, which produces residual stresses within the material 
after cooling. Dislocations are suggested to be created within 
the matrix when increasing pressure. This could be attributed 
to compressibility differences between reinforcement and 
matrix. Moreover, this obtained pressure, resulted from inside 
matrix dislocations, is considered the same as the one produced 
from dislocation during thermomechanical processing, 
resulting from CTE mismatch among the two phases [41].

 FIGURE 13  The effect of HPT processing pressure and number of revolutions on grains, subgrains, and substructure size of 
AA6061/SiCp composite compared to the predicted values from models (7-to-9).
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Conclusion
A fabrication of AA6061 discs with a reinforcement of 15% SiCp 
was successfully achieved, through a hot compacted mixed 
powders assortment going through a process of high pressure 
torsion to nearly 97.3% of the theoretical density. The process 
of high pressure torsion was accomplished at different settings, 
where multiple numbers of revolutions were adopted, along 
with various levels of pressures. Structures of non-linear models 
were presented using a strategy for the sequence of favorite 
selection and reliable statistical measures, to examine the 
prediction capacity and dependency of the model, while exam-
ining and analyzing the residuals trends. The next deductions 
could be concluded out of the performed effort of this article:

 1. Processing under one revolution led to a case of strain 
hardening being distributed in an inhomogeneous 
pattern, which found to be most effective and higher 
at the peripheries of the disc. On the other hand, it 
was reduced slowly when going to the center.

 2. The uniformity in the distribution of hardness 
throughout the discs increased with increasing the 
equivalent strain.

 3. The Vicker’s hardness values of the hot compacted 
discs increased by 126% after the process of high 
pressure torsion for the consolidated powders of 
AA6061/SiCp.

 4. The processing of high pressure torsion produced a 
structure, which is described as a trimodel having 
microscale and subgrains, and nanoscale substructure. 
High pressure torsion processing at 3 GPa through 4 
revolutions revealed significant grain refinement of 
average grain, subgrain and substructure sizes of 24, 
1.5 μm, and 154 nm, respectively.

 5. Structures of non-linear models were presented using 
a strategy for the sequence of favorite selection and 
reliable statistical measures, to examine the 
prediction capacity and dependency of the model.

 6. Regarding the investigated experimental data, all the 
developed models were found to be significant and 
adequate to act as a good prediction tool for the data 
domain under investigation. A universal model can 
be then reached, whenever the experimental domain 
is widened.

 7. The developed models indicated that the imposed 
pressure was not significant enough, to enter the 
equation as an influential parameter.
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Nomenclature
HPT - high-pressure torsion
AA6061 - aluminum alloy 6061
SiCp - silicon carbide particles
Hv-values - Vicker’s hardness values
AMCs - aluminum matrix composites
Al - aluminum
PM - powder metallurgy
SPD - severe plastic deformation
ECAP - equal-channel angular pressing
MMCs - metal matrix composites
HC - Hot compaction
AGI - average grain intercept
ANOVA - analysis of variance
R2 - R-squared
tstatistics - the ratio of the departure of the estimated value of 
a parameter from its hypothesized value to its standard error
Fratio - test statistic for multiple independent variables
RD - relative density
σy - yield strength
CS - compressive strength
εf - fraction strain
GS - grains size
SGS - subgrains size
N - number of revolutions
R - distance from the processed disc center
P - high pressure torsion processing pressure
SPSS - statistical package for the social sciences
R0 - represents the position at the disc centre
R0.5 - represents the position at the disc half centre
R1 - represents the position at the disc periphery
Hvvariation - difference in vicker’s hardness value
Hv_N  =  0 - vicker’s hardness value measured before 
disc processing
Hv_N = 1,2,3,4 - vicker’s hardness value measured after disc 
processing via 1-up to-4 revolutions
SFE - stacking faults energy
FCC - Face centered cubic
UFG - ultra-fine grained
GBs - grain boundaries
LAGBs - low angle grain boundaries
HAGBs - high angle grain boundaries
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CTE - thermal expansion coefficients
SEM - scanning electron microscopy
SSS - substructure size
TEM - transmission electron microscopy
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