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EFFECT OF MACHINING PROCESS PARAMETERS AND NUMBER OF PASS ON COMPACTION BEHAVIOUR
OF COMMERCIALLY PURE ALUMINIUM CHIPS CONSOLIDATED BY EQUAL CHANNEL ANGULAR
PRESSING (ECAP) USING RESPONSE SURFACE METHODOLOGY

This work investigates the compaction behaviour of commercial pure aluminium chips (CP Al) produced during a machin-
ing operation and subsequently consolidated by Equal Channel Angular Pressing (ECAP). Empirical models were developed to
describe the relative density and hardness of the compacted product of ECAP as functions of the initial machining input parameters
including cutting edge angle (CA), depth of cut (DOC) and then the number of consolidation pass during ECAP. The models were
developed utilizing response surface methodology (RSM) based on data from a central composite face centred factorial design of
experiments approach. The models were then validated by using Analysis of Variance (ANOVA). The effect of input parameters
on the relative density and hardness of the ECAP consolidated samples are presented and discussed including details as regards
to the mechanical and microstructural properties. An optimum set of input parameters are identified and presented where the best

relative density and hardness are demonstrated.
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1. Introduction

Recycling of non-ferrous metal scraps reduces the extrac-
tion of new ores and prevents the environmental impacts, includ-
ing emission of hazardous gases, disposal of solid wastes and
destruction of earth surface [1]. Besides, recycling of non-ferrous
metal scraps can conserve the energy however, care should also
be taken while recycling scrap metals [2]. The major two classifi-
cation of recycling non ferrous metal scraps, include, re-melting
and solid-state recycling (without melting). As far as re-melting
is concerned, melt loss, chemical reactivity, liberation of toxic
gases, energy consumption and recycling costs are the overall
challenges associated with it when compared to the solid-state
recycling of metallic scraps. Solid-state recycling of metallic
scraps is considered to be prolific particularly for machined chips
as it can transform the chips into semi-finished or bulk metallic
products with excellent mechanical properties [3].

Application of severe plastic deformation (SPD) methods
have been developed and evaluated successfully for the solid-
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state recycling of metal scraps. SPD methods like, equal channel
angular pressing (ECAP) [4], high pressure torsion (HPT) [5],
friction stir extrusion (FSE) [6], cyclic extrusion and compres-
sion (CEC) [7] etc., are viable metal forming routes followed
not only for producing ultra-fine-grained high strength materials
but also not limited to produce solid bulk products form waste
metal scraps.

Among the SPDs, the ECAP is a proven technique to
impart significant plastic strain in pure bulk metals, alloys,
composites and is typically also be used to refine grain sizes to
ultra-fine levels [8,9]. ECAP was used to consolidate aluminium
(Al) — Yttria composite powder by incorporating a back pres-
sure. This produced a nearly fully relative density compaction
at atmospheric temperature [4]. Back pressure assisted ECAP
of Al particles produces bulk material with better metallurgical
bonding when compared to the ECAP carried out with out the
aid of back pressure [10]. Metallic materials, which are difficult
to consolidate are improved by incorporating back pressure
or increasing the processing temperature [11,12]. Haghighi
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et al. [13] showed that the porosity of Al-5% Al,O; compos-
ites are gradually reduced by increasing the number of ECAP
passes. AZ91 Mg alloy machined chips were consolidation by
ECAP. The consolidated AZ91 Mg chips produced high strength
product when compared to a solid extruded ECAP sample. This
is due to a more refined grain size and dispersion of the oxide
contaminants when compared to the solid state recycle process
[14]. Zhilyaev et al. [15] used high-pressure torsion for the cold-
consolidation of copper chips produced by machining. Moreover,
by using the machined chips of pure titanium a completely dense
bulk product with fine grained structure with a combination of
high strength and ductility has been developed by ECAP [16].

Aluminium and its alloys are important materials in the
automotive, aviation and construction sectors due to their re-
duced density and adequate strength [17,18]. Limited literature
is available as regards to chip consolidation of aluminium by
ECAP[3,19]. The effects of the cutting parameters to produce the
chips are even less well described. Cutting parameters that have
a marked effect on the size and thickness of the chip include the
depth of cut (DOC) and the cutting edge angle (CA), also referred
to as the lead angle. These parameters along with the number of
consolidation passes may have a significant effect on the relative
density and hardness of the consolidated sample [20]. The quality
of the consolidated metal chips depends on chip characteristics,
die profile, and process parameters as it influences the quality
of bonding and microstructure of the consolidated product [3].
In this study, a right-angled channel (f) ECAP die with a corner
angle (y) of 20° was used to obtain the maximum shear stress
to make the consolidation better. Though, changes in die profile
has significant effect on consolidation behaviour, it involves ad-
ditional cost. However, studying the characteristics of chips on
the consolidation behaviour is lagging. This study aims to know
about the significance of turned chips based on the CA, DOC
in one hand and on the other hand the number of passes (ECAP
process parameter) is also chosen. Using the aforementioned
parameters, the present study deals with the understanding of the
consolidation behaviour and bonding quality of the chips and so
as the evolved microstructure of the consolidated product. The
optimization is conducted by Response Surface Methodology
(RSM), an integral statistical and mathematical tool for model-
ling and analysing of engineering problems.

The RSM is the mathematical and statistical techniques
based on applying a polynomial formula to experimental knowl-
edge, which must explain the behaviour of an information set to
make statistical predictions, enhance and optimize the empirical
model building parameter, and also to recognize the interaction of
different factors that affect it. Numerous researchers [21-26] have
used RSM in various engineering fields to predict the parameters
for best response. Chari et al. [21] developed RSM based model
to study the effect of equal-channel angular rolling parameters on
the equivalent plastic strain. They reported that RSM provides
artless relationships for the prediction of responses. Saleh et al.
[22] studied the effect of wear testing parameters on the weight
loss of the AZ91 magnesium alloy, which was generated by the
different number of passes through the rotary die-equal chan-

nel angular pressing process. Shahraki et al. [23] used RSM to
correlate relationship between factors and responses for spiral
equal-channel extrusion of AA7075. Yang et al. [24] made an
optimization for ECAP process to develop semisolid billet of
AA 6061 using RSM. They reported that the errors between the
experimental values and the predicted values of the response
surface models are small enough, which verifies the reliability
of the model. Velmanirajan et al. [25] utilised RSM to report
optimal tensile properties of Al sheet based on sheet thickness,
annealing temperature and specimen orientation as input vari-
ables. They also investigated the strain formability limit based on
blank width, annealing temperature and sheet thickness as input
parameters in the same study. Vettivel et al. [26] utilized RSM
to predict the frictional coefficient and wear rate of nanocom-
posite powders subject to input parameters including sintering
temperature, percentage weight of powders, load and distance of
sliding. Hence this investigation presents the effect of selected
process parameters (CA, DOC and number of passes) on the
relative density and hardness of consolidated aluminium chips
by ECAP. Optimal process parameters are obtained via RSM.

2. The experimental work was carried out as follows
2.1. Materials

The commercially pure (CP) Al with the chemistry (in wt.%)
0of 97.7% Al, 0.7 Mg, 0.58 Si, 0.53 Mn, 0.38 Fe and few traces
of Zn, Cr, Sn and Ti was chosen as the investigated material.

2.2. Machining & ECAP process

The chips were turned from the CP Al rod using a positive
rake angled (+12°) tungsten carbide tool as shown in Fig. 1. The
turning operation was carried out on a light duty engine lathe
with a spindle speed of 200 rpm. The cutting speed was kept

Fig. 1. (a) Turned CP Al chips



minimal to restrict the temperature rise in the chip formation
zone. Besides, the diluted soluble oil was used as coolant for the
entire turning operation. The chips were turned with three cutting
edge angles (CA) namely, 60°, 75° and 90° and the depth of cut
(DOC) was kept as 0.4 mm, 0.6 mm and 0.8 mm, respectively.
The chips were stored in the desiccator to minimalize the inter-
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action of chips with the atmosphere. The surface morphology
of the collected chips was observed for any contamination and
oxide layer formation through Vega 3 Tescan™ scanning electron
microscopy (SEM). The surface morphology of chips after the
machining operation is shown in Fig. 2-4 for the various CAs

and DOCs. The turned continuous chips were fragmented by

Fig. 3. Chip surface morphology for 0.6 mm DOC for: (a) 60°CA, (b) 75°CA and (c) 90°CA
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Fig. 4. Chip surface morphology for 0.8 mm DOC for: (a) 60°CA, (b) 75°CA and (c) 90°CA

hand, cleansed using toluene and then packed in the aluminium
cans before the ECAP process. The surface morphology of the
chip before encapsulating inside the Al can is shown in Fig. 5.
The fabricated aluminium can and the back-pressure system are
shown in Fig. 6a. Moreover, the full ECAP die setup is shown
in Fig. 6b. The ECAP process was done with the aid of back
pressure using a 589 MN capacity Universal Testing Machine
(UTM) manufactured by Fuel Instruments and Engineers ™
as shown in Fig. 6¢c. A right-angled channel (f) ECAP die with
a corner angle (y) of 20° followed by “route A” methodology
was utilized for the chip consolidation. The MoS, (molybdenum

Fig. 5. Surface morphology of turned CP Al chip recorded before en-
capsulating inside the Al can

disulphide) was used as lubricant for the side walls of ECAP die
and approximately 98 MN of load was applied for chip compac-
tion with a ram speed of 1 mm/s. The extruded samples of the
different chosen parameter sets are shown in Fig. 7-9. The actual
dimension of the extruded sample after 1% pass was around
50 mm in length and whereas, the final pass sample showed an
overall length of nearly 25-30 mm. The relative density of the
extruded samples was obtained by utilizing the Archimedes prin-
ciple. Vickers micro hardness (HV) testing was conducted with
aload 0f2.94 N for 15 seconds at 5 different places on the cross
plane of ECAP extruded sample and the average of the 5 read-
ings is presented in Table 2. The consolidation behaviour of the
chips with respect to various CA, DOC and number of passes,
were observed using a light optical microscopy (Olympus™)
on the cross plane of the extruded sample. For the optical
microscopic observations, standard metallographic polishing
method was adopted followed by 20s of etching using a Kel-
ler’s reagent (2.5 ml of HNO;, 1.5 ml of HCI, 1 ml of HF and
95 ml of distilled water). Furthermore, the etched surface was
observed using a light optical microscope (Olympus™ BX51M)
and using a SEM unit.

3. Response surface methodology (RSM) program

3.1. Input parameter selection

The input parameters selected for the current investigation
is the CA, the DOC and the number of consolidation passes.
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Al stopper for back
pressure aided
ECAP

Fig. 6. (a) Fabricated Al can and back pressure system, (b) ECAP die setup, (c) ECAP die loaded under universal testing machine

Fig. 7. Extruded ECAP samples, 0.4 mm DOC for 60°, 75° and 90°CA’s  Fig. 8. Extruded ECAP samples, 0.6 mm DOC for 60°, 75° and 90°CA’s
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Fig. 9. Extruded ECAP samples, 0.8 mm DOC for 60°, 75° and 90°CA’s

Although other cutting parameters may also play a role the
DOC and CA was selected based on other investigations in the
literature and due to their effect on both the width and thickness
of the chips which may be significant for chip consolidation. The
channel angle ¢ and corner angle y are kept constant at ¢ = 90°
and y = 20°. The variation of the three input parameters were
selected based on trail experimental runs that required that the
extruded ECAP sample should not have major cracks or other
significant defects. The variation levels of the input parameters
eventually selected are presented in Table 1.

TABLE 1
Machining and ECAP Parameters with their limits
. . Levels
Parameters Units | Notations
-1 0 1
Cutting edge angle
(CA) Degrees A 60 75 90
Depth of Cut (DOC) mm B 04 | 06 | 0.8
Number of passes — C 2 3 4

3.2. Developing experimental design

Table 2 presents the selected design matrix. It comprises
of a 23 = 8 full factorial point, 6 centre points and 6-star points
design which equates to 20 experimental runs. All input param-
eters at the intermediate level (0) constitute the centre points and
the combinations of each of the process variables at either their
minimum (—1) level or maximum (+1) level with the other two
variables at the intermediate levels relating to the star points.

TABLE2

Experimental design matrix detailing the relative density
and hardness comparisons between the experimental
and predicted values

ECAP process Relative Density Hardness, HV
Trail parameter
No A B C Experi- | Predi- | Experi- | Predi-
(€A | 00 No. of | mental cted mental cted

Passes | value value value value

1 -1 -1 -1 71.41 71.89 53.02 53.58
2 1 -1 -1 77.3 77.43 58.27 59.02
3 -1 1 -1 79.14 78.79 61.01 60.60
4 1 1 -1 90.31 89.89 72.11 71.56
5 -1 -1 1 82.05 82.47 64.10 64.26
6 1 1 1 79.17 79.49 61.47 61.22
7 -1 1 1 91.09 90.93 73.01 72.80
8 1 1 1 94.01 93.51 76.01 75.28
9 -1 0 0 69.03 84.49 51.10 50.82
10 1 0 0 75.37 88.55 57.01 57.47
11 0 -1 0 81.41 87.35 63.13 62.25
12 0 1 0 97.31 97.81 79.11 79.96
13 0 0 -1 83.44 89.08 65.45 65.06
14 0 0 1 95.52 96.18 77.58 77.16
15 0 0 0 94.48 94.34 76.01 75.99
16 0 0 0 93.04 94.34 75.15 75.99
17 0 0 0 94.41 94.34 76.45 75.99
18 0 0 0 94.56 94.34 76.43 75.99
19 0 0 0 94.42 94.34 76.47 75.99
20 0 0 0 95.13 94.34 76.50 75.99

3.3. Development of empirical model

A second order polynomial regression model that includes
the effects of the input parameters was developed linking the
input parameters with the response outputs. Relative density
and hardness are then a function of CA, DOC and the number
of passes:

Y=F(A,B,C) (1)
Where
Y — The response (Relative density and Hardness),
A — Edge cutting angle, Degrees,

B — Depth of cut, mm,
C — Number of pass.
For the three factors, the selected polynomial is expressed as

Y= bO + b1A+ b2B + b3C + b11A2 + b22 B2 +
+b33C? + b,AB + b3 AC + by;BC )

Where by is the free term of the regression equation, the coef-
ficients b;, b,, and b; are linear terms, the coefficients by, b,s,
and b, are quadratic terms, and the coefficients, by,, b3, and
b,3, are interaction terms. The values of the coefficients for the
polynomial are calculated by regression analysis with the help
of Design Expert 8.0.7.1.



4. Results

The final numerical models as obtained from this process
is then:

Relative density = 94.34 + 2.03A + 5.23B + 3.55C +
+ 1.39AB - 2.13 AC + 0.39BC — 7.82A% — 1.76B* — 1.71C?

Hardness, HV = 75.99 + 1.98A + 5.27B + 3.60C
+1.38 AB-2.12AC + 0.38BC — 7.74A* - 1.73B* - 1.73C?
The performance of the mathematical models for both rela-

tive density and hardness are evaluated by ANOVA and tabulated
in Table 3 and Table 4 respectiely. The model F values 0f 343.03
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and 335.39, for relative density and hardness respectively im-
plies the model is significant. There is only a 0.01% chance that
a model F-Value this large could occur due to noise.

Values of Prob > F less than 0.05 indicate model terms
are significant. In this case A, B, C, AB, AC, A2, B2, C2 are
significant model terms. Values greater than 0.10 indicate the
model terms are not significant. The lack of fit F-value for rela-
tive density of 1.11 and hardness of 1.57 implies the lack of fit
is not significant relative to the pure error. There is a 45.51%
and 31.72% chance that a Lack of Fit F-value this large could
occur due to noise for relative density and hardness respectievely.
Non-significant lack of fit is good [27-30]. The Predicted R? val-
ues are in reasonable agreement with the Adjusted R? values.

TABLE 3
ANOVA analysis of relative density
Source Sum of Squares Degrees of freedom Mean Square F Value p-value Prob > F | Significance
Model 1560.39 9 173.3771 343.0338 <0.0001 Yes
A-CA 56.44 1 56.4376 111.6641 <0.0001 —
B-DOC 372.88 1 372.8766 737.7519 <0.0001 —
C-Number of passes 172.07 1 172.0695 340.4467 <0.0001 —
AB 15.35 1 15.3458 30.3623 0.0003 —
AC 36.21 1 36.21005 71.64309 <0.0001 —
BC 1.23 1 1.23245 2.438453 0.1495 —
A? 881.75 1 881.7473 1744.574 <0.0001 —
B? 44.39 1 44.39092 87.82927 <0.0001 —
C? 42.27 1 42.27068 83.6343 <0.0001 —
Residual 5.05 10 0.505423 —
Lack of Fit 2.66 5 0.532166 1.111736 0.4551 No
Pure Error 2.39 0.47868 —
Core Total 1565.45 19 —
R-Squared 0.99
Adjusted R-Squared 0.99
Predicted R-Squared 0.98
Adequate Precision 58.41
TABLE 4
ANOVA analysis of hardness
Source Sum of Squares Degrees of freedom Mean Square F Value p-value Prob > F | Significance
Model 1549.42 9 172.16 335.39 <0.0001 Yes
A-CA 53.74 1 53.74 104.69 <0.0001 —
B-DOC 378.63 1 378.63 737.63 <0.0001 —
C-Number of passes 177.11 1 177.11 345.05 <0.0001 —
AB 15.13 1 15.13 29.47 0.0003 —
AC 36.12 1 36.12 70.38 <0.0001 —
BC 1.13 1 1.13 2.19 0.1696 —
A? 862.98 1 862.98 1681.23 <0.0001 —
B? 43.03 1 43.03 83.83 <0.0001 —
C? 43.03 1 43.03 83.83 <0.0001 —
Residual 5.13 10 0.51 —
Lack of Fit 3.13 5 0.63 1.57 0.3172 No
Pure Error 2 0.4 —
Core Total 1554.55 19 —
R-Squared 0.99
Adjusted R-Squared 0.99
Predicted R-Squared 0.98
Adequate Precision 57.62
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The Adequate Precision measures the signal to noise ratio. A ratio
greater than 4 is desirable. There is an adequate signal in both
models. Therefore these models can be used to navigate the
design space. The normal probability graph of relative density
and hardness shown in Fig. 10 which indicates that the residuals
follow a straight line and this trend shows that there is a normal
spread of errors for both models. Fig. 11 indicates that the ran-
dom scatter pattern of residuals which denotes that, the proposed
models are adequate and there is no violation of independent or
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constant variable. Fig.12 displays the predicted values versus ex-
perimental values of scattered responses and is close to the 45-de-
gree line indicating that the predicted values and experimental
values agreed with each other [31]. The influence of all param-
eters on the relative density and hardness of ECAP processed
samples are represented by perturbation plots illustrated in Fig.
13. This graph indicates the change of output i.e response. When
each input parameter moves away from reference point while
the other parameters maintained with constant reference value.

Fig. 10. Normal probability plot of residuals: a) Relative density, b) Hardness
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Fig. 13. Influence of all parameters on relative density and hardness (Perturbation plot)

5. Discussion

5.1. Effect of CA, DOC and Number of pass
on microstructure

Extruded samples of the different parameter sets are shown
in Fig. 7-9. The length of the specimen typically relates to the
effectiveness of the consolidation albeit not exactly due to the dif-
ferences in final shape. Longer means less consolidation whereas

shorter implies better consolidation and higher relative density.
The reduction in length due to the improved consolidation after
successive passes are clearly visible. When the machined chips
are consolidated by ECAP, the quality of the consolidated prod-
uct is decided by its density and microstructure as reported by
Misiolek et al. [32].

Optical micrographs and SEM surface morphology of the
consolidated specimen after the 4™ pass for the various process
conditions are presented in Fig. 14(a-1) and Fig. 15(a-i). Chip

Fig. 14. Optical microstructure of consolidated chips for: (a) 0.4 mm DOC & 60°CA, (b) 0.4 mm DOC & 75°CA, (c) 0.4 mm DOC & 90°CA,
(d) 0.6 mm DOC & 60°CA, (e) 0.6 mm DOC & 75°CA, (f) 0.6 mm DOC & 90°CA, (g) 0.8 mm DOC & 60°CA, (h) 0.8 mm DOC & 75°CA,

(i) 0.8 mm DOC & 90°CA
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Fig. 15. Surface morphology of consolidated chips obtained by SEM for: (a) 0.4 mm DOC & 60°CA, (b) 0.4 mm DOC & 75°CA, (c¢) 0.4 mm
DOC & 90°CA, (d) 0.6 mm DOC & 60°CA, (e) 0.6 mm DOC & 75°CA, (f) 0.6 mm DOC & 90°CA, (g) 0.8 mm DOC & 60°CA, (h) 0.8 mm

DOC & 75°CA, (i) 0.8 mm DOC & 90°CA

interfaces are clearly visible for the micrographs associated with
the lower DOC (0.4 mm, Fig. 14(a-c)). This improves slightly
with less interfaces visible for the 0.6 mm DOC (Fig. 14(d-f)).
A largely chip interface free and void less microstructure is
visible for the 0.8 mm DOC (Fig. 14(g-i)) corresponding to
the highest demonstrated consolidation and hardness. It should
also be noted from Fig. 14(a-i) that, even though the number of
passes is all similar (four) the chip interfaces are clearly visible
in the cases of both the 0.4 and 0.6 mm DOC. This shows that the
DOC and CA is more significant when compared to the number
of passes for chip consolidation for these conditions.

5.2. Effect of CA, DOC and Number of pass
on relative density

The effect of CA and DOC on relative density is shown
in Fig. 16(a-b). The effect of CA on the concerned the relative
density displays a bell-shaped curve which implies that the
maximum relative density is achieved at an intermediate CA
value of approximately 75°. The maximum relative density (best
chip consolidation) of 97% is achieved for a 0.8 mm DOC and
75°CA. A smaller CA implies a thinner but wider chip and sub-
sequently an increased chip surface area. This implies additional



surface strain energy and subsequently a larger consolidation area
between chips that needs to be overcome if full consolidation is
to be achieved. Furthermore, as the chip surface area increases,
the formation of oxide layer also increases. The oxide layer is
directly related with the size of the machined Al chip [33]. Hence,
during the ECAP process an adequate amount of oxide layer has
to be broken down before the bonding of chip interface for the
chips with larger surface area, in the case of smaller CA. This
resulted to insufficient consolidation as observed in the SEM
images (refer to Fig. 15(a, d, g). In agreement with the above
statement, Peng et al. [34] justified better consolidation in the
solid-state recycling of machined chips when the surface area of
the chip is more due to higher influence of oxide layer.

In the present study, a high CA implies the smallest chip
surface area but does imply thicker chips that may require addi-
tional mechanical loading to deform and fully consolidate. An in-
termediate CA seems to balance these two effects and results in
the best relative density. Besides, serrated and curled chips were
produced during turning operation with the intermediate CA.
This kind of chips have the tendency to turn into granules and
powders during the ECAP process and occupy the voids between
chip interfaces [35]. This is also one of the possible reasons for
the better consolidation of chips with intermediate CA (refer to
Fig. 15(b, e, h). The lowest relative density achieved is 71% for
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a 0.4 mm DOC and 60°CA. This parameter set displayed poor
consolidation of chips due to the low CA effects alluded to above.

As far as DOC is concerned, in general the relative density
is highest for the highest DOC and lowest at lower DOC. The
effect is however relatively mild when compared to for example
the chip angle. This is due to that fact that a high DOC implies
wider chips with essentially the same thickness. This does how-
ever imply an increased surface area that need to be consolidate
similar to the effect mentioned above for CA with one important
difference in that the chip cross-sectional surface area effectively
increases whereas with a change in CA it remains constant. This
implies that effectively less chips are required for full consolida-
tion due to their large cross-sectional area that effectively prob-
ably negates the effect of a larger consolidation surface area. The
larger chips are effectively more likely to deform significantly
during the initial passes of the ECAP process rather than just
being displaced consolidation is mildly improved.

The effects of CA and the number of passes is presented
in Fig. 17(a-b). It clearly shows that relative density increases
progressively with each successive pass. Reports on ECAP chip
consolidation showed improved hardness value on compacted
chips than that of parent bulk material [19]. In this work a maxi-
mum relative density of 97% is achieved after the 4™ pass at the
optimum 75°CA.

D) os-

Depth of cut, mm

I
_ 75
Cutting angle, Degrees

Fig. 16. Surface and contour plots representing the effect of DOC and CA on relative density

Relative density

Relative density

b) .-

Number of pass
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75 90
Cutting angle, Degrees

Fig. 17. Surface and contour plots representing the effect of number of passes and CA on relative density
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5.3. Effect of CA, DOC and Number of pass
on hardness

The effect of DOC and CA on the hardness as well as the
effect of number of pass and CS on hardness are shown as surface
and contour plots in Fig. 18(a-b) and Fig. 19(a-b), respectively.
A very similar trend as outlined above for relative density is
demonstrated for the hardness. A maximum hardness of 80 Hv
is attained for a DOC of 0.8 mm and a 75°CA. Once again, the
maximum hardness is attained at the maximum depth of cut and
an intermediate value of the cutting angle. High and low cutting
angles have a negative effect on hardness. It follows then that
the hardness is essentially a nearly proportional function of the
relative density and the hardness therefore varies for the same
reasons as described above for the relative density. The hard-
ness therefore also varies in a similar manner as a function of
the number of passes. The best hardness of 80HV is achieved
after the 4™ pass at a DOC of 0.8 mm at the optimum 75°CA.

The main aim of the consolidation of machined chips is to
produce a bulk CP Al product with refined grain structure by
utilizing ECAP. The mechanism of chip consolidation in Al and
its alloys follows two ways [34]: Firstly, the turned chips will
develop oxide layer which hinders the consolidation and under
the shear deformation during ECAP process, the layer will break.

This leads to contact between chip surfaces and interface bond-
ing of chips are attained. This kind of consolidation that takes
place in ambient temperature conditions will develop physical
consolidation of chips. As the shear stress developed will not be
sufficient enough to break complete oxide layers, some micro
cracks and voids are observed on the surfaces of the consoli-
dated product as reported in the work of Gtiley et al. [36]. This
is in line with the present study, where the microstructure of the
consolidated chips showed clear chip interfaces and micro void
in most of the conditions (refer to Fig. 14). In the present study
due to the availability of micro voids, a full dense compact could
not be attained (refer to table 2). Secondly, if the chip consolida-
tion is conducted at elevated temperatures under severe plastic
deformation, atomic diffusion bonding (metallurgical bonding)
takes place as the chip interfaces are dissolved. A fully dense
compact with no micro voids between chips are achieved due
to plastic flow of metal that occurs during high temperature
SPDs [37]. Furthermore, post heat treatment is suggested by
McDonald et al. [38] where the chips consolidated by ECAP is
subjected post heat treatment at elevated temperature can result
in fully dense compact.

The present process may be further enhanced by conducting
ECAP at elevated temperatures. An improvement in both relative
density and hardness may be subsequently realized at elevated

b)os

Depth of cut, mm

T
75
Cutting angle, Degrees

Number of pass
w

: T
60 75 20
Cutting angle, Degrees

Fig. 19. Surface and contour plots representing the interaction effect on number of passes and CA on hardness



temperatures. The chip interface behaviour may also be improved
due to defect diffusion across the interface. The mechanism of
granulated chips is well documented in the work of Ravishankar
et al. [39]. Higher temperatures may eventually help to achieve
a 100% relative density bulk fine grained commercially pure Al
with optimum hardness.

6. Conclusions

The following conclusions are drawn from this work:

*  The relationships between process parameters for ECAP
of CP Al have been established using response surface
methodology. These were evaluated for accuracy with an
ANOVA and scatter diagrams, and found to be satisfactory.

*  Response graphs and contour plots were subsequently
presented to demonstrate the effect of depth of cut, cutting
angle and number of passes on the relative density and
hardness of ECAP CP Al

*  The maximum relative density obtained is 97% for chips
prepared with a 0.8 mm depth of cut, a 75° cutting angle
and after 4 passes. This corresponded directly to the best
hardness achieved of ~ 80OHV.

e The hardness is essentially proportional to the relative
density achieved. The maximum and minimum values of
hardness corresponds directly the maximum and minimum
values for the relative density.
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