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Abstract 

A loading combination of hot compaction (HC) together with high-pressure torsion (HTP) was used to consolidate discs of 

AA6061 considering rotations up to 4 revolutions and loading pressure values of 1 and 3 GPa. Mathematical models were 

established to grasp the true functional interrelationships and variations in the resulting relative densities, mechanical 

properties, and micro-structural evolutions as affected by the HPT processing pressure and the imposed strain. Sequential 

iterative nonlinear regression procedures were employed to get the most suitable mathematical relationships that express the 

relationship between the variables under study.  The developed models were examined for its adequacy and significance by 

using ANOVA analysis as well as many other statistical criteria. Response surface and contour graphs were established for a 

better understanding of the true functional dependence and, for a quantitative assessment of the intended relationships. It was 

observed that uniformity of hardness distribution increased with increasing each of the equivalent strain (εef) and the imposed 

pressure. A remarkable increase in the compressive strength of deformed discs has been observed. HPT processing produced 

a tri-model structure with micron scale grains and subgrains, and nano-scale substructure. Copyright © 2017 VBRI Press. 

 

Keywords: AA6061, high pressure torsion, ultrafine grained materials, nonlinear regression procedures, response surface 

methodology. 
 

Introduction 

As a new and promising top-down approach for 

enhancing the properties of pure metals, processing via 

severe plastic deformation (SPD) has eventually produced 

alloys and composites with ultrafine-grained (UFG) and 

nanocrystalline materials with superior physical, 

mechanical and multi-functional characteristics [1]. Due 

to the sample unchanging geometry and shape, the SPD 

processing technique offers an attractive option because 

the straining pressure is practically unlimited [2]. Among 

various available SPD processing methods, two 

techniques were originated to produce porosity and 

impurity-free ultrafine-grained bulk crystalline samples 

with high strength and relatively good ductility [3]. The 

most attention has focused on the equal-channel angular 

pressing (ECAP) and on the high-pressure torsion (HPT) 

[4, 5]. Recent reviews [6, 7] demonstrated that HPT might 

be more effective in processing metallic materials to 

produce exceptionally small grain than ECAP. 

Accordingly, HPT may have the ability to adjust 

cumulative strain, applied pressure and strain rate and, at 

the same time, to obtain UFG materials with a fairly 

uniform structure if discs are deformed to saturation [8]. 

HPT has been also utilized for a wide variety of 

alternative applications such as, grain refinement [9], 

partial consolidation of hard and brittle materials such as 

ceramic materials [10] and machining chips[11], the 

formation and nano-crystallization of amorphous alloys, 

decomposition of heavily supersaturated solid solutions, 
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the stabilization of high pressure phases at room 

temperature and ambient pressure, dissolution of 

equilibrium phases and, consolidation of metallic 

composite powders [12, 13]. 

During HPT processing, a disc is usually placed 

between two massive anvils. A torsional strain is imposed 

on the disc by applying a very high pressure to the upper 

anvil and simultaneously rotating the lower one. During 

the HPT processing, the specimen expanded outwards 

into a barrel-shaped configuration to fill the die. Some 

experimental results are now available where HPT was 

conducted using larger cylindrical discs [14-16]. 

Greater strain is then introduced and grain refinement to 

the submicrometer and/or nanometer range is achieved by 

the HPT processing as higher strain and strain gradient is 

developed [17, 18]. The imposed strain varies across the 

radius of the disc, where the shear strain under HPT can 

be estimated by the relation [19]: 

 

𝛾 = (2𝜋𝑁𝑟
ℎ⁄ )                                                                (1) 

 

where, (N) is the number of revolutions, (r) is the distance 

from the disc center point, and (h) is the deformed disc 

wall thickness. The corresponding equivalent strain can 

be calculated from the equation [19]: 

 

𝜀𝑒𝑞 = 𝑙𝑛(2𝜋𝑁𝑟
ℎ⁄ ) + 𝑙𝑛(ℎ𝑜

ℎ⁄ ),                                   (2) 

  

where, (ho) is the initial wall thickness of the disc. The 

above relation implies that the imposed strain during HPT 

processing is inhomogeneous across the disc diameter; 

from a maximum at the edge of the disk to zero in the 

center where (r = 0) [7]. Therefore, a radial dependence of 

microstructure on the properties of the deformed discs is 

foreseeable [19]. Despite the implications of 

inhomogeneity through Eq. (1), and after processing via a 

relatively small number of revolutions, it showed that 

there is a gradual evolution in disc's structure, as recorded 

through hardness results, towards a reasonable level of 

homogeneity throughout the deformed discs. This level of 

homogeneity occurred with either increasing of applied 

pressure, P and/or increasing numbers processing 

revolutions [7, 18, 20]. 

The fundamental aim of powder processing techniques 

is to transform powder into useful bulk component, the 

conventional powder processing techniques are always 

accompanied by grain coarsening associated with the 

sintering process, which results in reducing the 

mechanical properties. Accordingly, a combination of 

powder processing and SPD was proposed in the current 

research to enhance the mechanical properties of the final 

product through retention and refinement of the 

consolidated ultrafine powders. In the second hand, an 

important disadvantage of the HPT is that the processed 

samples are extremely small [18]. Accordingly, the 

current study aims to explore the potential for scaling-up 

the HPT process for use with large samples. 

In the current study, the experimental data [21] were 

utilized to establish a qualitative and quantitative 

evaluation approach to explore the effect of the HPT 

processing conditions on each of the relative density, the 

mechanical properties, and the microstructural 

observations of AA6061. Also, the development of a 

general functional interrelationship describing the 

dependence of the relative density and hardness of the 

AA6061 on HPT processing pressure and the number of 

revolutions applied to the discs were searched for. 

Response surface in terms of three dimensions and 

contours graphs were accordingly developed to enhance 

understanding of the functional dependence of the 

intended variables so as to be considered as a database 

reference indicators in the design stages. 

 

Experimental 

Micron-powders of AA6061 with an average size of 30 

µm were employed as the matrix. Powders were subjected 

to single sided uniaxial HC into a cylindrical disc of 10 

mm in diameter and 9.7 mm in height. The HC process 

was carried out to produce a partial consolidation of the 

mixed powders under 525 MPa pressure at a temperature 

of 673 K (400 ºC) over the duration of 30 min. 

The HC discs were subjected to HPT as a secondary 

consolidation processing step. Each die was machined to 

have a central depression of 4.4 mm deepness and 10 mm 

in diameter, located centrally on its surface. Torsional 

straining was achieved by rotation of the lower anvil at a 

constant speed of 1 rpm. No lubricants were applied on 

the disc; however, some were applied on the die section 

adjacent to it. The upper surface of each disc was marked 

immediately after HPT prior to any microstructural 

analysis and hardness measurements. HPT was conducted 

under pressure values of P = 1 and 3 GPa, using 

continuous rotation in a forward direction via 1-up to- 4 

revolutions. 

The density of the specimens was measured before and 

after HPT processing using a Mettler Toledo XS 205 

digital densitometer that employs the Archimedean 

principle for density measurements. Vicker's hardness 

was tested along the disc cross-section; at center, at half 

radius, and at the periphery of the HPT-processed discs. 

Using materials testing system (MTS) the HCs discs were 

subjected to compression test before and after HPT 

processing at a value of 500 KN. Furthermore, the discs 

were compressed at a strain rate of 1 x10-5 S-1 at room 

temperature. The micro-structural evolution and 

consolidation behavior of the discs before and after HPT 

were characterized by a LEO field emission scanning 

electron microscopy (FESEM). Average grain intercept 

(AGI) method was used to determine the average grain 

and subgrain size. After mounting the AA6061 discs, 

surface was ground, polished using alumina solution, and 

finally etched using "keller" instrument. 
 

Data processing modeling methodology 

In order to obtain empirical functional interrelationship 

between a dependent variable, response (Y), and some 

dependent variables (
ξ

's), a first-order general 

multiplicative model may be proposed [22, 23]: 
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𝑌 = 𝑏𝑜 + ∑ 𝑏𝑗
𝑝
𝑗=1 𝜉𝑗 + 𝜀𝑛,                                              (3) 

 

or in the natural model: 

 

𝑌 = 𝑏𝑜 + 𝑏1(𝑥1) + 𝑏2(𝑥2)+. . . . +𝑏𝑛(𝑥𝑛),                     (4) 

 

Regression procedures, based on least squares of errors, 

were usually employed to estimate the b’s coefficients 

using the experimental data available. 

For possible interaction and quadratic effect among the 

independent variables (xi), a second order structure is 

usually proposed [23]. For instance, considering two 

independent variables x1 and x2, it takes the form:  

 

𝑌 = 𝑏𝑜 + 𝑏1(𝑥1) + 𝑏2(𝑥2) + 𝑏11(𝑥1
2) + 𝑏22(𝑥2

2) +
𝑏11(𝑥1𝑥2),                                                                       (5) 

 

However, whenever data shows a nonlinear pattern, a 

model of the form (6) is usually proposed [23, 24]: 

 

𝑌 = 𝑎𝑜  𝑥1
𝑎1  𝑥2

𝑎2 … … … 𝑥𝑛
𝑎𝑛                                          (6) 

 

Regression statistical routine in SPSS-IBM program 

was used together with the experimental data to obtain the 

most adequate and significant relationship employing 

some pre-specified statistical criteria [24, 25].  

Within 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 micro-structural evolution [the grains size 

(GS) and the subgrains size (SGS)]. The considered 

independent variables were the HPT processing pressure 

(P) and the number of revolutions (N).  

Progressive strategy is followed starting with a first-

order model of form (3). If such a model prevailed, 

through residuals examination, a tendency to variables 

interaction and/or quadratic, a promoted model of form 

(5) should be suggested instead. Furthermore, whenever 

nonlinearity attitude is detected, a sophisticated nonlinear 

structure in form (6) is recommended. Fitting procedures 

were terminated once the best model is detected. Model 

adequacy and significant were judged through many 

ANOVA parameters and criteria using correlation factor 

(factor of determination) R2, tstatistics value and Fratio          

[23, 24]. 

While correlation factor R2 usually measures the 

percentage of variation in the response variable (Y) 

explained by the explanatory variable x, the student 

tstatistics value usually measures the influence strength 

(weight) of an estimated coefficient for a specific 

independent variable xi through comparing its estimated 

value to its calculated standard error. However, Fratio (F-

test) usually judges the ratio of regression mean squares 

to the residuals mean squares for a set of independent 

variables and number of data points (degrees of freedom). 

Based on the final accepted significant and adequate 

models, a response surface was developed using Surfer 

program. 

It is important to affirm here that the developed models 

are of empirical nature that is valid only for the data 

domain for which they were established. Generally, 

regression models can be interpolated but a possible trend 

extrapolation always requires further data extension.   

 

Results and discussion 

Effect of HPT processing conditions on the relative 

density 
 

The aforementioned fitting strategy is used to establish a 

relationship between the relative density (RD) of the 

AA6061 discs, as a dependent variable, and both of the 

HPT processing revolutions (N) and pressure (P) as 

independent variables using the experimental data listed 

in (Table 1) (See the supplementary information file). 

The nonconventional nonlinear iterative regression 

routine in SPSS program was used according to the 

default convergence criteria. The model derivatives are 

numerically calculated and examined against the specified 

criterion values. The process continues until it reaches the 

best model with minimum squares of residuals relevant to 

the specified criteria. This process has led to the model 

(7). 

 

𝑅𝐷% = 98.6(𝑁 + 1)0.006                                              (7) 

 

with R2 of 90.6% along with tstatistics of 1280, and 6 

together with Fratio value of 2763937. Such excellent 

values confirmed the significance and adequacy of the 

developed model. Technical interpretations of the 

developed model indicate that while the pressure (P) is 

found insignificant to enter the relation, the number of 

revolutions (N) is found to have a slight effect of the 

relative density (RD %). 

To examine the goodness of the resulting equation, 

predicted (estimated) values are compared to the 

experimental counterparts as shown in Fig. I (in the 

supplementary information file). Fig. Ia is dedicated to 

indicating how predicted values are close to its 

counterparts the experimental ones (Table 1 as shown in 

the supplementary information file). The residuals 

distribution for the HPT-processed discs RD% is shown 

in Fig. Ib. The effect of the number of revolutions and the 

imposed pressure on RD% for AA6061 compared to the 

predicted values from the model (7) is shown in Fig. 1. 

 

 
 

Fig. 1. The effect of HPT processing pressure and number of revolutions 

on RD of AA6061 disc compared to the predicted RD-values from 
model (7). 
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From Fig. I and Fig. 1 it can be seen that the nonlinear 

model (7) produces accurate estimation values regarding 

RD%-N interrelationship. The developed nonlinear model 

(7) showed quick rapid iterative convergence with tight 

confidence intervals (low residuals range). Also, 

examination of the residuals revealed nothing against 

their normality (no observed pattern). From the 

experimental results (Table 1) together with Fig. I and 

Fig. 1, some obvious and important trends for materials 

processed by HPT have been emerged. All plain AA6061 

discs processed via HPT revealed higher relative density 

(RD %) compared to the hot compacted counterparts (The 

relative density produced for the as-HC condition was 

98.5). Increasing the imposed strain through increasing 

the number of revolutions resulted has led to an increase 

the RD of the AA6061 discs. This can be stated that 

increasing the relative density (RD %) of the Al-alloy 

discs after HPT processing can be explained by the huge 

shear deformation applied. Accordingly, the shear 

deformation can facilitate the reduction of porosity; it can 

assist all three porosity reduction mechanisms (movement 

of particles into voids, deformation of particles, and 

flatting of the microscopic and submicroscopic features 

on the particle surface) [25] which can be attributed to the 

role of shear strain on the consolidation process based on 

particles localized fragmentation, mechanical 

interlocking, and realignment of the particles. In addition, 

the high imposed shear strain which accompanied HPT 

processing resulted in significant grain refinement which 

increases grain-to-grain contact surface that resulted in 

reducing porosity and hence increasing the relative 

density of the HPT-processed discs. In addition, the shear 

deformation may result in breaking-down the oxide layers 

which are naturally formed on the surface of Al-powder 

particles. These layers are known to significantly hinder 

effective bonding during sintering of Al-powder particles 

[26]. Breaking off this barrier can improve the cold and 

warm welding strength and sintering response by 

exposing oxide free surface which enhances diffusion 

[26]. 

 

Effect of HPT processing conditions on the hardness 

The same fitting procedure and strategy, which has been 

explained in the last section, are followed to develop a 

functional interrelationship between the alloy Hv-values 

as a dependent variable and both of the HPT processing 

revolutions (N), the position from the disc center (R) [at 

the center of the disc (R0), at midway between the disc 

center and its periphery (R0.5), at the periphery (R1)], and 

processing pressure (P) as influential independent 

variables. 

The non-linear model is found to have the following 

structures: 

𝐻𝑣 = 65.95(𝑁 + 1)(0.353)(𝑅 + 1)(0.256),                      (8) 

with R2 of 83.6% along with tstatistics of 18.3, 93 and, 3.7 

together with Fratio value of 915. Accordingly, model (8) is 

with good statistical criteria that satisfy the adequacy 

requirements. Fig. IIa (as shown in the supplementary 

information file) is dedicated to indicating how predicted 

(estimated) values are close to its counterpart 

experimental values. In addition, the residuals distribution 

for the Hv-values is shown in Fig. IIb. However, 

residuals indicate a convergence pattern as a function of 

the test order. This does not imply time-dependence 

experimental error due to inaccuracy in the testing 

hardware or in measuring instruments. Experiments were 

carried out in a random sequence. Again, a model (8) 

indicates that the imposed pressure (P) was not significant 

enough to enter the equation an influential parameter. 

 
(a) 

 

(b) 

 
  
(c) 

 

Fig. 2. The effect of number of revolutions (N) on Hv-values of AA6061 
disc processed at a pressure of (a) 1 GPa , (b) 3 GPa compared to (c) 

predicted Hv-values from model (8). 

From model (8) it is clear that the HPT processing 

pressure was not effective enough to impose its possible 

effect on Hv-values. Experimental effects of the number 

of revolutions and the position from the disc centeron Hv-

values at different processing pressures for AA6061 

compared to the predicted values from model (8) are 

shown in Fig. 2. 

From Fig. 2 it is revealed that the predicted (estimated) 

values are close to its counterpart experimental values for 

the AA6061 discs processed at a pressure of 1 and 3 GPa. 

It is clear that the lower hardness values were reported at 
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the centers of discs while the higher values are detected at 

the peripheral regions. 

It is reasonable to conclude from these results that the 

increase in the Hv-values with increasing applied pressure 

was due to the development of higher Hv-values around 

the peripheries of the discs and, subsequently, a 

homogeneous distribution of high hardness zone swept 

across the discs. Recent experiments showed that the 

applied high pressure led to a significant increase in 

hardness across the discs cross-section even in the 

absence of any torsional straining [17].   

In addition, Fig. 2 showed that the Hv-values of the 

AA6061 discs processed at 1 GPa at a different number of 

revolutions were very close to the counterparts processed 

at 3 GPa. The insignificant increase in the Hv-values 

noticed in the discs processed at 3 GPa compared to the 

counterparts processed at 1 GPa can be attributed to the 

relatively unimportant slippage in Al alloys below applied 

pressure of 3 GPa. 

Fig. 3 indicates response surfaces and contours for each 

of the experimental results and the corresponding 

predicted values using model (8). 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) 

 
(b) 

 
Fig. 3. Response surface and contours for (a) experimental results and 
(b) corresponding predicted values using model (8) for Hv of AA6061 

discs processed via HPT. 

A quantitative evaluation of the results is 

diagrammatically expressed in details within Fig. 2 and 

Fig. III (as shown in the supplementary information file). 

It is shown that a 1-revolution has resulted in increasing 

the Hv-values of AA6061 from 80 at the center of the disc 

to 122 at the peripheries. This indicates a significant 

degree of inhomogeneity in the distribution of properties 

across the cross section of the disc. However, this 

hardness inhomogeneity gradually disappeared with 

further straining up to 4-revolutions leaving reasonably 

constant Hv-distribution over the entire disc with an 

average value of Hv = 125 which mean that the Hv-values 

increased by ~ 200% post HPT processing compared to 

the un-processed counterparts as shown in Fig. 2 and  

Fig. III which agreed with [14]. 

The Hv-values along the cross-section area of AA6061 

discs processed by HPT in this work were in full 

agreement with what reported by other authors 

considering materials with face-centered cubic (FCC) 

structure and low stacking faults energy (SFE) [27]. 

Higher hardness values were reported in the peripheral 

regions and lower values at the center of the discs. 

Knowing that AA6061 alloy has low SFE, recovery 

usually occurs at a slower rate, which produces a steady 

sate increase in the rate of hardening through the initial 

stages of processing [28]. Lower recovery rates usually 

cause a high initial strain hardening that is associated with 

friction at the discs-die walls interface compared to lower 

hardness in the central region [8, 29]. As the torsional 

strain continued to reach a sufficiently high total value, a 

homogeneous hardness distribution along the disc cross 

section was observed. This was consistent with the basic 

concepts of the strain gradient plasticity modeling that 

were developed to explain the evolution of homogeneity 

with increasing numbers of revolutions when processing 

in HPT [8]. 

In order to obtain a more clear interpretation of the 

effect of rotation on the 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 = 32.911 𝑁(0.244) (𝑅 + 1)(0.625),                            (9) 

 

with R2= 75; tstatistics= 12, 4, 5.3; and Fratio=345, the 

developed model (9) is found reasonable enough to 

represent the experimental data. 

Fig. 4 indicates the hardness variation attitudes as it has 

been affected by (N) and (R) using both the experimental 

data, Fig. 4a, and those extracted from model (9), Fig. 4b. 

As can be seen from response surface topography and 

contour maps, a very accurate quantitative and qualitative 

correlation is obtained. Vicker’s hardness is prominently 

influenced by each of (N) and (R) especially at N≥3 and 

R≥0.5.  

The strengthening mechanisms associated with SPD 

may include solid solution strengthening, strain 

hardening, grain refinement strengthening, as well as 

oxide dispersion strengthening [29-31]. 
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Fig. 4. Hardness variations as affected by (R) and (N). 

 

The interstitial and substitution solute atoms of the 

alloying elements in AA6061 distort the crystal lattice, 

resist dislocation mobility, and hence strengthen the alloy. 

Dislocation piling at the boundaries resulted in increasing 

resistance to deformation and hence higher hardness.  

   Dislocation strengthening assisted significantly in the 

strength and hardness enhancement. The excess 

dislocations within grains and subgrain boundaries make 

dislocation glide more difficult. The dislocation density 

usually increases with HPT processing, due to dislocation 

multiplication or the formation of new dislocations. Thus 

the mobility of a dislocation is reduced by the presence of 

other dislocations, which is consistent with the significant 

increase of hardness after HPT processing [28, 30, 32]. 

Effect of HPT processing conditions on the compressive 

properties 

Similar fitting procedures and strategy were followed to 

develop a functional interrelationship between the 

AA6061 yield stress (σy), the compressive strength (CS), 

and the fracture strain (FS), as dependent variables and 

both of the HPT processing revolutions (N), and the 

processing pressure (P) as influential independent 

variables.   

The non-linear model has been found to have the 

following structures for the yield strength {model (10)}, 

the compressive strength {model (11)}, and the fracture 

strain {model (12)}, respectively: 

 

𝜎𝑦 = 225.2 (𝑁 + 1)(0.179),                                         (10) 

 

with R2 of 85% along with tstatistics of 29.5 and, 6.2 

together with Fratio value of 1950. 

 

𝐶𝑆 = 249.15 (𝑁 + 1)(0.171),                                        (11) 

with R2 of 85% along with tstatistics of 31 and, 6.1 together 

with Fratio value of 2134. 

𝑆 = 29.023 (𝑁 + 1)(−0.948),                                        (12) 
 

with R2 of 93% along with tstatistics of 16.2 and, -8.7 

together with Fratio value of 128. 

Accordingly, it is clear that the developed models (10-

to-12) are considered adequate and significant to 

represent the relevant functional interrelationship. 

Once more, the imposed pressure (P) 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. 

For practical predictability comparison between the 

experimental and the predicted results of the nonlinear 

models, Fig. 5 is dedicated to indicate how predicted 

(estimated) value is close to its counterpart experimental 

value for both the yield stress (Fig. 5a), the compressive 

strength (Fig. 5b), and the fracture strain (Fig. 5c). From 

the models (10- to -12) it is clear that the HPT processing 

pressure has insignificant influence on the compressive 

properties, especially on the fracture strain. 

 

 
Fig. 5. Experimental results vs. predicted ones of (a) yield stress,  

(b) compressive strength, and (c) fracture strain of AA6061 processed 
via HPT. 

(a)

(b)
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It can be revealed that, the compressive strength and the 

yield strength of deformed AA6061 discs were 

significantly higher than that of their un-deformed 

counterparts. At the same time, compressive strength and 

the yield strength of the HPT-processed discs increased 

significantly with increasing the imposed strain, which 

was accompanied with a decrease in the ductility. 

A significant increase of the material strength after HPT 

processing can be mainly attributed to the formation of 

the homogeneous UFG microstructure that provided a 

significant strengthening according to the Hall-Petch law 

[33]. From this relationship, it is readily apparent that the 

materials strength post HPT should be increased because 

of their extremely small grain sizes. Based on Hall-Petch 

relationship, the refinement of the material’s structure to 

nano-scale level has led to an increase in its strength.  

In addition, finer grains size usually increases the grain 

boundaries area that impedes dislocation motion. These 

pile-ups introduce stress concentrations ahead of their slip 

planes, which generate new dislocations in adjacent grains 

[34]. 
 

Effect of HPT processing conditions on the 

microstructural evolution 

SEM analysis was employed in order to investigate the 

internal structure of AA6061 HCs discs before and after 

HPT processing. The microstructure of the as-HC discs of 

AA6061 is shown in Fig. IV (as shown in supplementary 

information file). Fig. 6 shows microstructural evolution 

of the discs surfaces at the peripheries post HPT 

processing via 1-rev. (a, c), and 4-rev. (b, d) at a pressure 

of 1 GPa (a, b) and 3 GPa (c, d), respectively. 

The SEM micrographs confirmed the potential for 

achieving UFG after HPT processing. Influence of the 

amount of strain via increasing the number of revolutions 

from 1-up to-4 revolutions on the size and shape of the 

grains, the subgrains, and the substructure developed 

during deformation was clearly depicted at the displayed 

micrographs. The average grains, subgrains, and 

substracture sizes of 35, 3.2 µm, and 610 nm, 

respectively. HPT straining via εeq = 1.57 (corresponding 

to N = 1-rev.) resulted in refining the grains, subgrains, 

and substructure sizes to 33, 2.8 µm, and 360 nm, 

respectively. Increasing the amount of strain up to εeq = 

3.1 (4-rev.) revealed further refinement of the grains, 

subgrains, and substructure sizes to 30, 1.9 µm, and 250 

nm (Fig. 6a, b). 

Increasing the HPT processing pressure from 1 up to 3 

GPa resulted in an additional slight refinement of the 

grains, subgrains and substructures. Due to the SPD 

induced with increasing number of revolutions up to 

under pressure of 3 GPa, the consolidated powders 

equiaxed subgrains were elongated but rather in different 

directions following the orientation of slip planes as 

shown in Fig. 6d. 

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 both of the HPT 

processing revolutions (N) and processing pressure (P) as 

influential independent variables. 

 

 𝐺𝑆 = 34.86(𝑁 + 1)(−0.1),                                           (13) 

 

with R2 of 78.5 % along with tstatistics=126 and, -12.5 

together with Fratio value of 358, the developed model is 

considered adequate and significant to represent the 

relevant functional interrelationship. 

 

SGS = 3.157(N + 1)(−0.321),                                        (14) 

 

with R2 of 96% along with tstatistics = 17.6 and, -5.2 

together with Fratio value of 23895, the model satisfies the 

adequacy requirements. 

 

𝑆𝑆𝑆 = 587.24 (𝑁 + 1)(−0.614),                                    (15) 

 

with R2 of 89.4 % along with tstatistics = 17 and, -7.8 

together with Fratio value of 254, therefore, it is concluded 

that it is adequate and significant enough to represent the 

set of experimental data for which it was developed. 

Fig. V (supplementary information file) shows a 

comparison between the experimental and the counterpart 

predicted results. Also, residual values and distribution 

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 (13-to-15) is shown in  

Fig. 7. 

 

 
 

Fig. 6. SEM micrographs of AA6061 discs processed at 1 GPa (a, b) and 

3 GPa (c, d) via (a, c) 1-revolution, and (b, d) 4-revolutions, 

respectively. 

 

As shown in Fig. 6, intensity of deformation was 

observed via the alignment of the AA6061 consolidated 

grains in the direction of shear, which increased with 

increasing the number of revolutions and/or the imposed 

pressure. Due to the SPD induced with increasing amount 

of strain, the consolidated powders equiaxed subgrains 

were elongated but rather in different directions following 

the orientation of slip planes as shown in Fig. 6d. Even 

within the same grain, several orientations of the 
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subgrains showed deformation on more than one slip 

system indicative 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. 
 

 
 

Fig. 7. The effect of HPT processing pressure and number of revolutions 

on (a) grains, (b) subgrains, and (c) substructure size of AA6061 disc 
compared to the predicted values from models (13-to-15). 

   

This could provide an indication of the evolution of 

substructure of medium-to-high angle boundaries. Further 

investigation with TEM is necessary to validate this 

observation. This agreed with the fact that in the (FCC) 

metals the grains were refined by the formation of arrays 

of subgrains and subsequent evolution of low-angle 

boundaries into boundaries having high angles of 

misorientation [14]. 

   A combination of strain hardening and dynamic 

recovery might have resulted in the observed slight 

increase in grains and subgrains refinement associated 

with the increased misorientation on the subgrain level as 

the imposed pressure increased from 1 GPa (Fig. 6a, b)-

to-3 GPa (Fig. 6c, d). This in-turn influenced positively 

the hardness level measured post HPT processing. Since 

dislocations were introduced into the discs throughout 

HPT processing, it can be concluded that saturation 

corresponded to a condition where the rate of dislocation 

nucleation was approximately balanced by the rate of 

recovery [35]. 

 

Conclusion 

Discs of AA6061 successfully produced via a 

combination of HC followed by HPT processing to nearly 

99.5 % of the theoretical density.  HPT processing was 

conducted under different conditions of pressures and 

numbers of revolutions at room temperature. Nonlinear 

model structures are proposed with sequential preference 

strategy and robust statistical criterion judgment to 

examine the model predictability and its residuals pattern. 

For the set of experimental data investigated, all the 

developed models are found significant and adequate to 

act as a good prediction tool only for the data domain 

under investigation. A universal model can be then 

reached whenever the experimental domain is widened. It 

was found that the developed models indicated that the 

imposed pressure (P) was not significant enough to enter 

the equation an influential parameter. It was clear that 

HPT processing has improved densification of HC discs. 

In addition, Hv-values of the HC discs increased by 200% 

post HPT processing for AA6061 consolidated powders. 

It was clear that the uniformity of hardness distribution 

throughout the discs increased with increasing the 

equivalent strain. HPT processing produced trimodel 

structure with micro-scale grains and subgrains, and nano-

scale substructure. For AA6061 discs processed via HPT 

produced significant grain refinement an average grain, 

subgrain and substructure sizes of 28, 1.8 µm, and 240 

nm, respectively. Accordingly, increasing the imposed 

pressure to 3GPa resulted in a slight increase in the 

intensity of deformation of the consolidated discs. 
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Supplementary Information 
 
(a) 

 
(b) 

 
 
Fig. I. Experimental results vs. predicted (a) and the residuals 

distribution (b) of the RD for the HPT-processed discs. 

  
(a) 

 
(b) 

 
 
Fig. II. Experimental results vs. predicted data (a) and the residuals 
distribution (b) of the Hv-values for the HPT processed discs. 

 

 

 
(a) 

 
(b) 

 
(c) 

 
 

Fig. III. The effect of the position from disc center (R) on Hv-values of 
AA6061 disc experimentally processed at a pressure of (a) 1 GPa, (b) 3 

GPa compared to (c) predicted Hv-values from model (8).  

 

 
 
Fig. IV. SEM micrographs of the HCs discs for AA6061. 
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(a) 

 

(b) 

 
(c) 

 

(d) 

 
(e) 

 

(e) 

 
 
Fig. V. Experimental results vs. predicted (a, c, and e) and theresiduals 

distribution (b, d, and f) for (a, b) grains size, (c, d) sub-grains size, and 
(e, f) substructure size. 

 

Table 1. Experimental date used in the analysis. 

 

Condition N = 0 N = 1 N = 2 N = 3 N = 4 

 

 

 
 

 

P = 1GPa 

RD % 98.5 99.12 99.2 99.33 99.5 

Hv- at the center (R0) 63 80 98 105 118 

Hv-  at half the radius (0.5R) 63 106 116 120 124 
Hv- at the periphery (R) 63 120 122 125 126 

Yield Stress σy (MPa) 220 254 262 279 288 

Compressive Strength σc (Mpa) 245 278 289 296 325 
Facture Strain (εf%) 30 12 12 10 9 

Grain Size µm 35 33 31 30.4 30 

Subgrain Size µm 3.2 2.8 2.5 2.2 1.9 
 Substracture Size 610 360 330 295 250 

 

 
 

 

 
 

P = 3GPa 

 
 

RD % 98.5 99.25 99.3  99.5 

Hv- at the center R0 63 83 98  121 

Hv-  at half the radius 0.5R 63 108 117  125 
Hv- at the periphery R 63 124 124  128 

Yield Stress σy (MPa) 220 272 291  312 

Compressive Strength σc (Mpa) 245 299 316  339 
Facture Strain (εf %) 30 11 9  8 

Grain Size µm 35 32 30.5  30 

Subgrain Size µm 3.2 2 2  1.8 
 Substracture Size 610 277 270  240 

 


