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Abstract

The present study aims to enhance the hardness and wear resistance of AZ91 Magnesium (Mg) alloy using Equal Channel
Angular Pressing [ECAP]. Specimens were initially prepared using the die casting technique and were homogenized at
420°C for 24 hours. Both homogenized and non-homogenized specimens were subjected to an ECAP single pass under
different temperatures. A Scanning Electron Microscope was used to study the influence of die heating temperature on the
microstructure of AZ91 Mg alloy. A reciprocating wear test was carried out using the weight loss method to analyse the
importance of ECAP on wear resistance. Results revealed that the microhardness and wear resistance of AZ91 were found
to have increased after ECAP. Homogenization of specimens showed improved properties compared to non-
homogenized specimens. Grain refinement was observed in both homogenized and non-homogenized samples. Cracks were
observed on the ECAPed specimen when the ECAP temperature was maintained at 435°C—455°C. Overall, ECAP caused

grain refinement, increased hardness and wear resistance in the AZ91 Mg alloy.
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1.0 Introduction

The ever-increasing demand to decrease the weight of parts in
the aerospace and automobile sectors has increased the
interest in magnesium alloys as lightweight materials.
Magnesium is lighter than aluminium and is used in various
applications because of its low density, high specific strength,
stiffness, superior damping capability, and machinability'. The
AZ91 variant of Mg alloy is well known and is widely used in
structural applications as it exhibits excellent corrosion
resistance, casting characteristics and mechanical properties
along with abundant availability in the commercial sector?. The
ductility and formability of AZ91 alloy are poor because of its
crystal structure being hexagonal close packed and the
presence of secondary phases, which limit its use in the
industrial applications®. Owing to their favourable engineering
properties and most importantly because of their density, which

-
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is comparable to that of the human bone. Currently, magnesium
alloys are used as biomaterials for the production of bio-
absorbable implants and medical devices because of their
harmless nature towards the human body as compared to
several other structural materials*. The major disadvantage of
magnesium is its low corrosion resistance. Low corrosion
resistance results in the faster release of degradation products.
A high rate of degradation can cause a reduction in the
mechanical integrity of the implants before the bones are
sufficiently healed>®. Hence, there exists a need to improve the
properties of magnesium alloys. Fine-grained AZ91 alloys can
be obtained by severe plastic deformation (SPD). Among
various SPD methods, Equal Channel Angular Pressing is the
most widely used technique.

2.0 Methodology

AZ91 Mg alloy was produced using a die casting method,
then the alloy was subjected to a machining process to
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obtain circular billets of a height of 45 mm and a diameter of
9 mm using wire EDM where the dielectric chosen was a
combination of JR3A gel and demi water to ensure low
conductivity and hence fine surface finish’. For
homogenization, specimens were treated thermally in an
electric heat furnace at a temperature of 420°C for 24 hours®.
Thermally treated specimens are referred to as homogenized
specimens, while thermally untreated specimens are referred
to as non-homogenized specimens. To determine the effect
of homogenization, the results were compared. Then, all the
specimens were subjected to the ECAP secondary process
using a die having a die insertion angle of 135° to ensure
equivalent strain distribution” when pressed under a load of
15kN in UTM at a plunger velocity of 2mm/min. Different
trials were conducted at different DIE temperatures. Fig.1
shows the 3D model of die used in present study which was
designed using solidworks.

Figure 1: Die

3.0 Results and Discussion

3.1 Equal Channel Angular Pressing

In order to perceive the optimum temperature of
processing the non-homogenized and homogenized AZ91 Mg
alloy, trials at various die temperatures were conducted and
the surface observations were recorded as shown in the
tables below. Table 1 and Table 2 show the results obtained
after passing non-homogenized and homogenized AZ91 Mg
alloy through the ECAP die at different temperatures,
respectively.

Observations from the tables show that the optimum
temperatures for drawing processing the non-homogenized
and homogenized AZ91 Mg alloy through equal channel
angular pressing die with an insertion angle of 135° was found
out to be 420°C and 425°C respectively.
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Table 1: Non-homogenized specimens after processing at
different temperatures

Trial Process Condition of
Number Temperature the specimen

1 Room Temperature Fracture

2 415°C Small cracks

3 420°C No cracks

4 425°C Small cracks

5 435°C Moderate cracks
6 445°C Moderate cracks
7 455°C Moderate cracks

Table 2: Homogenized specimens after processing at
different temperatures

Trial Process Condition of
Number Temperature the specimen
1 Room Temperature Fracture

2 415°C Small cracks
3 425°C No cracks

4 435°C Small cracks

£}

Figure 2: Non-homogenized AZ91 Mg alloy processed at 420°C

Figure 3: Homogenized AZ91 Mg alloy processed at 425°C
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Figure 4: Microstructure of non-
homogenized AZ91 Mg alloy after
etching with the glycol

3.2 Microstructure Characterization

Figures 4, 5, and 6 show the microstructure of non-
homogenized AZ91 Mg alloy etched with different etchants.
Fig.4 shows the microstructure of a non-homogenized AZ91
Mg alloy etched with glycol reagent!. It was observed that
glycol etchant washes out grain boundaries, making it
extremely difficult to distinguish between primary a-Mg
matrix, precipitate f-Mg,,Al,, phase and divorced eutectic of
a+f. Fig. 5 shows the microstructure of the non-homogenized
AZ91 Mg alloy etched with phospo-picral etch!!. It is
observed that phospo-picral darkens the massive a-Mg matrix
preferentially. It also brightens the 8-Mg,;Al,, phase, which
slightly hinders the visibility of the o+ phase. Fig. 6 shows
the microstructure of a non-homogenized AZ91 Mg alloy
etched with acetic-picral etch!?. It is observed that acetic-
picral denaturates the f-Mg,-Al,, phase, making the a-Mg
matrix appear lighter in comparison. It also reveals the grain
boundaries better than the other two etchants.

Based on the results drawn from the comparison made
using different etchants as discussed above, acetic-picral was
chosen as a standard etchant for further studies. The
following figures show the microstructure of non-
homogenized and homogenized AZ91 Mg alloy etched with
acetic-picral etchant, prior to the ECAP process. Fig.7 shows
the microstructure of non-homogenized AZ91 Mg alloy
etched with acetic-picral etchant. From the figure typical
dendritic segregation in the microstructure of AZ91 Mg alloy
can be observed, the coarse and reticular f-Mg,-Al,, phases
are distributed along with the original grain boundaries
besides a-Mg matrix to a large extent. The lighter coloured
materials surrounds the dark p-Mg, Al , phase, which is
known as the divorced eutectic of f-Mg - Al,, phase while
the a-Mg, precipitate f-Mg ,Al,, and divorced eutectic of
ot constitute the main phase of the microstructure. Fig.8
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Figure 5: Microstructure of non-
homogenized AZ91 Mg alloy after etching
with the phospho-picral

Figure 6: Microstructure of non-
homogenized AZ91 Mg alloy after etching
with the acetic-picral

shows the microstructure of homogenized AZ91 Mg alloy
etched with acetic-picral etchant. A large amount of variation
in the amount and form of second phase along with, the
decrease in the amount of -Mg, Al , phase near to grain
boundaries and inside @-Mg matrix can be observed.

Fig.9 shows the microstructure of non-homogenized AZ91
Mg alloy etched with acetic-picral after ECAP processing at
420°C. It was observed that the amount of B-Mg ,Al,, is
similar to the specimen prior to the ECAP, with a great
reduction in the a+f eutectic phase. The average grain size
is reduced considerably in comparison with the
microstructure prior to ECAP. While, Fig.10 shows the
microstructure of homogenized AZ91 magnesium alloy etched
with acetic-picral, after ECAP processing 425°C. It was
observed that the microstructures of specimens processed at
415°C and 425°C (No figures in the paper) had more amount
of p-Mg,,Al,, phase when compared to the microstructure
of the specimen processed at 420°C. All the specimens had
very negligible amount of a+f eutectic phase. The average
grain size was reduced considerably when compared to the
specimen prior to ECAP process.

>

Figure 7: Microstructure of non-homogenized AZ91 Mg alloy
etched with acetic-picral prior to ECAP process
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Figure 8: Microstructure homogenized
AZ91 Mg alloy etched with acetic-picral
prior to ECAP process

3.3 Microhardness

The following results have been obtained for
homogenized and non-homogenized AZ91 magnesium alloy
specimens prior to ECAP.

It is observed that, for the as-cast AZ91 Mg alloy
specimen, the microhardness is 47.9+5.3 Hv. Microhardness
increased to 77.3+11.2 Hv for the homogenized specimen.
There is an increase of about 61.37% in the microhardness

Table 3: Microhardness number of homogenized and non-
homogenized AZ91 Mg alloy specimens prior to ECAP

Specimen Microhardness Number (Hv)

47.945.3
77.3+£11.2

Non-Homogenized

Homogenized

773

o]
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Figure 11: Graph showing microhardness number of homogenized
and non-homogenized AZ91 Mg alloy specimens prior to ECAP
process
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Figure 9: Microstructure of non-
homogenized AZ91 Mg alloy etched with
acetic-picral after ECAP processing 420°C

Figure 10: Microstructure of
homogenized AZ91 Mg alloy etched
with acetic-picral after ECAP
processing at 425°C

value of homogenized specimens when compared to non-
homogenized specimens.

The following results have been obtained for non-
homogenized AZ91 Mg alloy specimens after ECAP
processing at different temperatures.

It is observed that, after ECAP processing at 415°C,
microhardness of the alloy increased to 107+8 Hv i.e. an
increase of about 123.38% when compared to the specimen
prior to ECAP. The microhardness of the specimens after
ECAP processing at 420°C and 425°C is observed to be 10845
Hv and 10647 Hyv, respectively. It is to be noted that, there is
a marginal variation in the microhardness values for the
specimens ECAP processed at 415°C, 425°C and 435°C. The
microhardness of the specimen after ECAP processing at
435°C is observed to be 118+17 Hv, which is an increase of
about 146.34% when compared to the specimen prior to
ECAP, and an increase of about 9.26% when compared to the
specimen ECAP processed at 415°C.

The following results have been obtained for
homogenized AZ91 Mg alloy specimens after ECAP
processing at different temperatures.

Table 4: Microhardness number of non-homogenized
AZ91Mg alloy specimens after ECAP processing at different
temperatures

Process Temperature Microhardness Number(Hv)
415°C 107+8
420°C 108+5
425°C 106+7
435°C 118£17
445°C 11949
455°C 120+17
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It is observed that, after ECAP processing at 415°C,
microhardness of the alloy increased to 111+£5 Hv i.e. an
increase of about 43.6% when compared to the specimen prior
to ECAP, and an increase of about 3.74% when compared to
the non-homogenized specimen processed at the same
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o .
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o 445°C I 119

435°C —— 118
425°C I 106
420°C  I—— 108

415°C | 107

process temperatur

90 100 110 120 130
Microhardness number (Hv)

Figure 12: Graph showing microhardness number of non-
homogenized AZ91 Mg alloy specimens after ECAP processing
at different temperatures

Table 5: Microhardness Number of homogenized AZ91 Mg
alloy specimens after ECAP processing at different
temperatures

114
1135 113 113
113
1125
112
111.5 11,1-"‘
111
110.5
110
109.5

Microhardness number (Hv)

415°C 425°C 435°C
process temperature (2C)

Figure 13: Graph showing microhardness number of homogenized
AZ91 Mg alloy specimens after ECAP processing at different
temperatures

temperature. The microhardness of the specimens after ECAP
processing at 425°C and 435°C is observed to be 113+6 Hv
and 113+8 Hyv, respectively. For both the specimens, there is
an increase of about 1.8% in microhardness values when
compared to the specimen processed at 415°C. It is to be
noted that there is a negligible change in microhardness
values for the specimens ECAP processed at 425°C and 435°C.

3.4 Wear Rate

The following results have been obtained for different
specimens tested through the Linear Reciprocating Wear
Tester for load 15 N, stroke 10 mm, time 45 min.
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Process temperature Microhardness number (Hv) Table 6 shows wear conditions defined for specimens. In
which load and stroke length were maintained constant and

415°C 111+5 . . . .
velocity and time were varied at 2 levels. From the previous
425°C 113+6 studies it is indicated that velocity and time has significant
435°C 113+8 influence on wear rate. Hence in the present study only
velocity and time parameters are varied and load and stroke
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Figure 14: Graph for frequency of 4 Hz for non homogenized specimens prior to ECAP process
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Figure 15: Graph for frequency of 6 Hz for non-homogenized specimens prior to ECAP process
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Figure 16: Graph for frequency of 4 Hz for homogenized specimens prior to ECAP process
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Figure 17: Graph for frequency of 6 Hz for homogenized specimens prior to ECAP process
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Figure 18: Graph for frequency of 4 Hz for non-homogenized specimens after ECAP processing at 420°C
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Figure 19: Graph for frequency of 6 Hz for non-homogenized specimens after ECAP processing at 420°C
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Figure 20: Graph for frequency of 4 Hz for homogenized specimens after ECAP processing at 425°C
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Figure 21: Graph for frequency of 6 Hz for homogenized specimens after ECAP processing at 425°C

were kept constant. From the results it can be observed that
homogenized specimens have better wear resistance
compared to non-homogenized specimens before ECAP. This
may be attributed because homogenized samples reported
with increased hardness. Therefore homogenized samples
have developed resistance to wear.

Contrary to these results after ECAP homogenized
specimens were resulted in increase in wear rate compared to
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non-homogenized specimens. That is wear rate of specimens
after ECAP was increased from 0.46 to 0.47 and 0.60 to 0.70.
This can be attributed due to increase in ductility of the
specimens after ECAP. Reduction in hardness values after
homogenization and ECAP thus affected wear rate. i.e
increase in wear rate. It can be concluded that ECAP after
homogenization induces grain refinement and increases the
ductility.
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Table 6: wear rate of specimens under different conditions

Wear rate of non-homogenized specimens prior to ECAP process

Load Stroke Frequency  Velocity Time Weight at Weightat Loss of % wt. Wear rate
N) (mm) (Hz) (mm/sec) (min) start (gm)  end (gm) Weight (gm) loss (mm?/N)
15 10 4 80 45 1.2505 1.2444 0.0061 0.48 10.135 x 107
15 10 6 120 45 1.2375 1.2293 0.0082 0.66 9.320 x 1077
Wear rate of homogenized specimens prior to ECAP process
Load Stroke Frequency  Velocity Time Weight at Weightat Loss of % wt. Wear rate
(N) (mm) (Hz) (mm/sec) (min) start (gm)  end (gm) Weight (gm) loss (mm?/N)
15 10 4 80 45 1.3447 1.3394 0.0053 0.39
15 10 120 45 1.3394 1.3310 0.0084 0.62
Wear rate of non-homogenized specimens after ECAP processing at 420°C
Load Stroke Frequency  Velocity Time Weight at Weightat Loss of % wt. Wear rate
(N) (mm) (Hz) (mm/sec) (min) start (gm)  end (gm) Weight (gm) loss (mm?/N)
15 10 4 80 45 1.1898 1.1843 0.0055 0.46
15 10 120 45 1.1843 1.1771 0.0072 0.60
Wear rate of homogenized specimens after ECAP processing at 425°C
Load Stroke Frequency  Velocity Time Weight at Weightat Loss of % wt. Wear rate
(N) (mm) (Hz) (mm/sec) (min) start (gm)  end (gm) Weight (gm) loss (mm?/N)
15 10 4 80 45 1.1712 1.1656 0.0056 0.47
15 10 120 45 1.1656 1.1574 0.0082 0.70

4.0 Conclusions

In the present work, homogenized and non-homogenized
samples of AZ91 Mg alloy were processed by ECAP with a
die having an insertion (internal) angle (®) of 135° between
two channels. The process was carried out only by a single
pass. All the samples were attempted to be processed at
temperatures below the solidus temperature. Microstructural
characterization was carried out at each stage of processing.
Mechanical properties were assessed before and after ECAP
processing. Wear properties were evaluated before and after
ECAP processing. The exposure obtained when picric acid
was used as an etchant gave better results compared to that
of glycol and phospho-picral acid, as the picric acid did not
react with the alloying elements of AZ91 Magnesium alloy.
Based on the experimental results obtained and the
discussion presented, the following conclusions are drawn.

The samples of AZ91 magnesium alloy processed by
ECAP at room temperature were fractured, while the
samples processed by ECAP after supplying constant heat
to the die were not.
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The samples processed by ECAP at a lower temperature
range (415°C-425°C) had fewer cracks when compared to
the samples processed at a higher temperature range
(435°C-455°C).

420°C was found to be the optimum ECAP processing
temperature for non-homogenized AZ91 Magnesium alloy
samples, whereas 425°C was found to be the optimum
ECAP processing temperature for homogenized AZ91
Magnesium alloy samples, as no cracks were observed
after a single pass.

The microhardness of non-homogenized AZ91
Magnesium alloy sample was increased by 61.37% after
the homogenization process.

The microhardness of non-homogenized AZ91
Magnesium alloy samples after ECAP processing was
increased by up to 146.34% when compared to the non-
homogenized sample prior to ECAP processing, while the
microhardness of homogenized AZ91 Magnesium alloy
samples after ECAP processing was increased by up to
46.18% when compared to the homogenized sample prior
to ECAP processing.

Journal of Mines, Metals and Fuels



Effect of ECAP on Microstructure and Wear Resistance of AZ91 Magnesium Alloy

When compared to the non-homogenized sample prior to
ECAP processing, the wear rate of non-homogenized
AZ91 Mg alloy sample processed by ECAP at 420°C was
reduced by 12.38%, while the wear rate of homogenized
AZ91 Mg alloy sample processed by ECAP at 425°C was
reduced by 2.38%.
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