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Àëþìèíèåâûå ãèáðèäíûå êîìïîçèòû Al+5%TiO2, Al+5%TiO2+2%Gr è Al+5%TiO2+4%Gr èç
èçìåëü÷åííûõ íà ãðàíóëÿòîðå ïîðîøêîâ ñèíòåçèðîâàíû ìåòîäîì ïîðîøêîâîé ìåòàëëóðãèè.
Èññëåäîâàíèÿ ìåòîäàìè ñêàíèðóþùåé ýëåêòðîííîé ìèêðîñêîïèè è ýíåðãîäèñïåðñèîííîé
ðåíòãåíîâñêîé ñïåêòðîñêîïèè ïîêàçàëè, ÷òî óïðî÷íÿþùèå äîáàâêè ïî îáúåìó îáðàçöîâ ðàñïðåäåëÿþòñÿ ðàâíîìåðíî. Èñïûòàíèÿ íà ãîðÿ÷óþ îñàäêó îáðàçöîâ, íàãðåòûõ äî 450°C, ïðîâåäåíû ñ ïîäðîáíûì èçó÷åíèåì õàðàêòåðèñòèê óïëîòíåíèÿ è äåôîðìèðîâàíèÿ ïóòåì êîððåëÿöèè èñòèííîãî îñåâîãî íàïðÿæåíèÿ ñ èñòèííîé îñåâîé äåôîðìàöèåé, ïðîäîëüíîé äåôîðìàöèåé è òåîðåòè÷åñêîé ïëîòíîñòüþ. Ïîêàçàíî, ÷òî ãåíåðèðóåìûå â ïðîöåññå ãîðÿ÷åé îñàäêè
íàïðÿæåíèÿ óâåëè÷èâàþòñÿ ïðè äîáàâêå ãðàôèòà â êîìïîçèò Al–TiO2 è äèîêñèäà òèòàíà â
Al áåç óïðî÷íÿþùèõ äîáàâîê. Âûïîëíåí àíàëèç ìèêðîñòðóêòóðû îáðàçöîâ ïîñëå ãîðÿ÷åé
îñàäêè.

Êëþ÷åâûå ñëîâà: êîìïîçèòû ñ ìåòàëëè÷åñêîé ìàòðèöåé, ãîðÿ÷àÿ îñàäêà, íàïðÿæåíèå,
ïîðîøêîâàÿ ìåòàëëóðãèÿ.
Introduction. Metal matrix composites (MMC) are under attention for many
applications in aerospace, defense and automotive industries. Among MMCs, aluminum
metal matrix composites are being considered as a group of new advanced materials for its
light weight, high strength, low thermal expansion coefficient and good wear resistance [1].
In contrast, Al does not have enough tensile strength for many applications. Because of this
weakness, ceramic particles (e.g., zircon) can be added for better hardness and tolerating
high temperatures. Also, they can improve mechanical and tribological properties of the
composite [2]. Recently, ceramics particulate reinforced metal matrix composites have been
developed with promising results by several laboratories and companies. Despite the
advantages listed above, particulate composites have not yet found a wide employment in
the commercial applications because the hard particles embedded inside the matrix cause
very serious problems in machining [3]. To avoid machining problems in composites,
© M. RAVICHANDRAN, V. ANANDAKRISHNAN, 2016
ISSN 0556-171X. Ïðîáëåìû ïðî÷íîñòè, 2016, ¹ 3

135

M. Ravichandran and V. Anandakrishnan

recently the hybrid composites are being developed. Ravindran et al. [4] suggested that the
graphite particulates are well suited to this application, and their addition improves the
machinability as well as wear resistance of Al–SiC composites. The use of TiO2 as
reinforcement in aluminum alloys has received a meager concentration although it possesses
high hardness and modulus with superior corrosion resistance and wear resistance [5].
Large volume of literature is available on the synthesis of powder metallurgy aluminum
composites using various reinforcements such as TiB2 [6], AlN [7], glass [8], graphene
nano sheets [9], Si [10], MgH2 [11], Al3Ti [12], B4C [13], BN [14], Fe [15], carbon nano
tubes [16], Ni3Al [17], fly ash [18], Al2O3 [19], ZrSiO4 [2], SiC [20], MoSi2 [21] however
very little attention has been given to the TiO2 reinforced composites through powder
metallurgy route.
Automotive manufacturers are always looking for new ways to reduce the weight of
vehicle components. The powder metallurgy (PM) process has become a considerable
interest in recent years. PM technique has been a traditional method of manufacturing
MMC materials and components [22]. Powder processes are more flexible than casting and
forging techniques, they are used in a wide range of industries, from automotive and
aerospace applications to power tools and household appliances [23]. The plastic deformation
of sintered powder preforms is similar to that of conventional fully dense materials, but
there are additional complications due to the substantial volume fraction of voids in the
preform. In particular, the voids must be eliminated by the application of metal forming
processes such as extrusion, forging, upset and coining [24]. Hot forging of sintered
aluminum preforms can also impart significant mechanical gains in terms of properties
[25]. In isothermal upset forging of pure aluminum, the change in the contact condition and
the lubricant behavior were evaluated by continuously measuring the ultrasonic reflection
intensity from the contact interface between the tool (die) and workpiece [26]. Forging
behavior of 2124 aluminum alloy containing 26 vol.% of SiC particles was investigated at
room and elevated temperature tensile tests. The results obtained were utilized to define the
forging parameters. The material exhibited excellent forgeability and after forging the
tested composite was found to be crack free. This feature is very likely due to the size of
the reinforcing SiC particles, smaller than those generally used for conventional metal/
ceramic composite processing. Furthermore, forging resulted in an increase of both tensile
strength and ductility with respect to the as-fabricated condition [27]. Composites of an
aluminum–silicon alloy containing different volume fractions of particulate silicon carbide
reinforcement and unreinforced matrix alloy samples were produced by the permanent die
casting technique. After forging, the yield strength of the matrix alloy and composite
samples was increased by about 80%, and the improvement in tensile strength was about
40%. The addition of increasing amounts of particulate SiC decreased the ductility and
increased the yield and tensile strength [28]. The mechanical response of AA2618
aluminum based metal matrix composite was investigated by means of hot compression
tests. The flow stress curves were obtained in the temperature and strain rate ranges of
350–500°C and 1–10-3 s -1 , respectively in order to obtain the processing and stability
maps of the studied material following the dynamic material model [29]. Forming behavior
of Al–TiO2–Gr hybrid composites (Al+2.5%TiO2+2%Gr, Al+2.5%TiO2+4%Gr, Al+5%TiO2+
+2%Gr, and Al+5%TiO2+4%Gr) during cold upset under plane stress state conditions and
EDAX, XRD, and SEM analysis of the ball milled powders also reported in the previous
studies [30, 31].
The present work aims to study the behavior of unreinforced Al, Al+5%TiO2
composites, and Al+5%TiO2+2%Gr and Al+5%TiO2+4%Gr hybrid composites during hot
upset. The hot upset studies were carried out for all the sintered preforms by correlating
true axial stress with true axial strain, lateral strain and percentage theoretical density. In
this paper the results of SEM and EDAX analysis for the sintered preforms were reported.
Microstructure analyses for the hot forged samples are also presented.
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1. Experimental Details. Atomized aluminum (Al) powder of 99.7% purity was used
for the matrix material and rutile phase of titanium-di-oxide (TiO2) and graphite (Gr)
powders are used as reinforcement materials. The reinforcement materials (TiO2) and (Gr)
are blended with matrix material (Al) in the weight percentages to yield the different
composites namely, Al+0%TiO2, Al+5%TiO2, Al+5%TiO2+2%Gr, and Al+5%TiO2+4%Gr
for the present work.
The compaction process setup is shown in Fig. 1 and Fig. 2a and 2b shows the green
compact before and after ceramic coating. The details of blending, compaction, ceramic
coating and sintering process were well explained in previous reports [31]. The sintered
preforms were cleaned and measurements such as initial height (H 0 ), diameter (D0 ), and
mass (m) were carried out. Cylindrical compressive specimens 24 mm in diameter and 12 mm
in height were machined from those sintered billets. Hot upset tests were conducted in the
temperature range of 450°C in step of 25°C. Graphite lubricant was used to ensure
homogeneous deformation during hot upset. The specimens were heated at 20°C/min up to
the deformation temperature, held for 10 min and then compressed. In experimental
process, the computer-processor of Venus instruments collected the data automatically and
obtained true stress–strain curves using standard equations. Deformed specimens were
water quenched. The density of the hot forged sample was determined using Archimedes
principles.

Fig. 1. Photograph showing compaction process.

Fig. 2. Photograph showing green compact (a) and compact after ceramic coating (b).

The microstructure analysis of sintered composite preforms was investigated by
scanning electron microscope (SEM) using JEOL JSM-35 CF SEM instrument.
Compositional analysis of the Al, TiO2, and Gr sintered composite preforms was analyzed
by energy dispersive analysis using X-ray (make: EDAX-AMETEK-TSL). Microstructures
of hot forged samples were analyzed using optical microscope (De-Wintor Inverted
Trinocular Metallurgical Microscope with Material plus version-2 software).
ISSN 0556-171X. Ïðîáëåìû ïðî÷íîñòè, 2016, ¹ 3

137

M. Ravichandran and V. Anandakrishnan

2. Results and Discussion.
2.1. SEM Analysis of Sintered Composite Preforms. SEM photograph of the sintered
preforms are shown in Fig. 3. The morphology of the sintered Al preform is shown in
Fig. 3a. Figure 3b shows the uniform distribution of TiO2 particles in the Al matrix. It can
be seen that the TiO2 particles distributed evenly within the Al boundary and there is no
agglomeration of TiO2. In Fig. 3c and 3d, it can be seen, that the uniform distribution of
graphite in the Al+5%TiO2 sintered composite preforms and also observed that the matrix
and reinforcements interfacial bindings are good in agreement.

Fig. 3. SEM images of sintered (a) Al preform, (b) Al+5%TiO2 composite, (c) Al+5%TiO2+2%Gr,
and (d) Al+5%TiO2+4%Gr hybrid composite preforms.
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2.2. EDAX of Sintered Composite Preforms. Figure 4 shows the EDAX spectrum of
the sintered Al, Al+5%TiO2, Al+5%TiO2+2%Gr and Al+5%TiO2+4%Gr sintered preforms
as an example of confirmation for the presence of oxide and titanium phases in Al phase.
Figure shows the appearance of peaks corresponding to the presence of Al, TiO2, and
graphite. Large number of peaks with highest intensity is pertained to Al who confirms the
major content is Al. The observed weight percentage of titanium dioxide content reveals
that, it is well incorporated into Al matrix.

a

b

c

d

Fig. 4. EDAX of sintered (a) Al, (b) Al+5%TiO2 composite, (c) Al+5%TiO2+2%Gr, and (d)
Al+5%TiO2+4%Gr hybrid composite preforms.

2.3. Hot Upset Studies.
2.3.1. True Axial Stress versus True Axial Strain. Figure 5 shows the graph drawn
between true axial stress and true axial strain of Al, Al+5%TiO2, Al+5%TiO2+2%Gr, and
Al+5%TiO2+4%Gr preforms to study the deformation during hot upset. It clearly
understands from the graph, initially true axial stress required is more for lower rate of
deformation. Among the different preforms, the sintered unreinforced Al exhibits the
largest level of deformation at lowest axial stress values. Addition of 5%TiO2 to the Al
matrix and 2 and 4% of graphite to the Al+5%TiO2 composite requires more applied stress
than the stress required for pure Al preforms at any stage of deformation. The sintered
composite preforms contain 5% titanium dioxide and 4% graphite needed more applied
load for the same level of deformation. Hence it is understand that, the addition of
reinforcement resists the plastic deformation during hot upset. The hard as well as soft
reinforcement is surrounded in the soft Al matrix resulting greater resistance to plastic
deformation.
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Fig. 5. Plots of true axial stress versus true axial strain.

2.3.2. True Axial Stress versus Lateral Strain. Figure 6 shows the plot between true
axial stress and lateral strain for Al, Al+5%TiO2, Al+5%TiO2+2%Gr, and Al+5%TiO2+4%Gr
preforms. It clearly understands from these curves, the lateral deformation trend is similar
to that observed for axial deformation. But the value of lateral strain is smaller than the true
axial strain and it could be understood that the lateral deformation is lower than the axial
deformation for Al+5%TiO2, Al+5%TiO2+2%Gr, and Al+5%TiO2+4%Gr composites than
unreinforced Al preform. Better lateral deformation was observed for the unreinforced Al
preforms and the addition of TiO2 to the Al matrix and addition of graphite to the
Al+5%TiO2 composite affects the both axial and lateral deformation of the composites.

Fig. 6. Plots of true axial stress versus lateral strain.
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2.3.3. True Axial Stress versus Percentage Theoretical Density. Figure 7 shows the
variation of percentage theoretical density with respect to true axial stress for the preforms
containing various weight percentages of TiO2 and Gr during hot upset. The better
densification was observed for the unreinforced Al preforms for the lowest applied load.
Addition of 5 wt.% of TiO2 to the Al matrix decreases the densification and requires more
applied load. In the same way, the addition of 2 and 4 wt.% of graphite to the Al+5%TiO2
composite decreases the densification and further the required applied true axial stress
increases. In the case of unreinforced Al preforms the presence of pores are deformed
during hot upset however for the composite preforms, the pores are occupied by the (TiO2
and Gr) reinforcements and it resists the deformation and requires a higher applied stress
for the further densification. The poor densification was observed for the Al+5%TiO2
composite containing 4 wt.% of Gr as compared to the unreinforced Al preform.

Fig. 7. Plots of true axial stress versus percentage theoretical density.

2.3.4. Percentage Theoretical Density versus True Axial Strain. Figure 8 shows the
plots of percentage theoretical density versus true axial strain to study the densification and
deformation behavior of the preforms during hot upset. The trend observed for all the
preforms are similar and the better densification and deformation was observed for the
unreinforced Al. Addition of TiO2 and Gr to the unreinforced Al matrix decreases the
densification and deformation due to the matrix work hardening.
It was observed during hot upset that, some of the tested composites were cracked.
Therefore, the ductile-brittle transition behavior was taken in consideration. Thus,
fractographs of different deformed composites at are shown in Fig. 9. The addition of
reinforcements caused circumferential cracks and the crack width increased with increasing
weight fraction of TiO2 and Gr reinforcements (Fig. 10). The similar results were obtained
by Abouelmagd during hot deformation and wear resistance studies of Al–Al2O3 PM
composites [32].
2.3.5. Microstructure Analysis of Hot Upset Samples. Microstructures of composites
with the content of 5%TiO2 and 2 and 4 wt.% Gr, hot upset at 450°C are shown in Fig. 11.
Because of difference between the densities of TiO2 and Al, the contrast of the micrographs
is high enough for further investigations. Al matrix and bright particles of TiO2 can be
clearly observed. The phases are indicated by arrows on the above images. It should be
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Fig. 8. Plots of percentage theoretical density versus true axial strain.
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Fig. 9. Photograph showing (a) Al, (b) Al+5%TiO2, (c) Al+5%TiO2+2%Gr, and (d) Al+5%TiO2+4%Gr
PM preform after hot upset.

Fig. 10. Fractography of Al+5%TiO2 composite and Al+5%TiO2+4%Gr hybrid composite.
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Fig. 11. Microstructure of (a) Al, (b) Al–5%TiO2, (c) Al–5%TiO2–2%Gr, and (d) Al–5%TiO2–4%Gr
hot forged preforms.

noted that micron size TiO2 particles were well dispersed in the matrix of Al and just a
partial agglomeration in composites with high content of TiO2 can be detected in Fig. 11b.
As demonstrated, there are some black points representing the presence of graphite in the
composites. On the other hand, increasing the volume percent of TiO2 and Gr particles
decreases the uniformity and homogeneity of the samples, and the number of TiO2 and Gr
clusters tends to increase. The reason for fine distribution of reinforcement particles is to
determine the appropriate time and method of mixing.
Conclusions. Aluminum matrix composites composed of TiO2 and Gr as
reinforcements were synthesized by the powder metallurgy method. The hot upset studies
had been carried out and the following conclusions are drawn:
1. SEM and EDAX analysis of sintered preforms show the distribution of the
reinforcements (TiO2 and Gr) with the matrix material is homogeneous.
2. Hot upset studies reveal that the maximum true axial stress and minimum axial
strain obtained for hybrid composite preforms are higher than those in unreinforced Al
preform.
3. Addition of TiO2 and Gr reinforcements to the Al matrix decreases the densification
and deformation (both axial and lateral) during hot upset.
4. The addition of TiO2 and Gr causes the ductile-brittle transition phenomenon of
the investigated composites. The crack width increases with weight percentage of
reinforcements.
Ðåçþìå
Àëþì³í³ºâ³ ã³áðèäí³ êîìïîçèòè Al+5%TiO2, Al+5%TiO2+2%Gr é Al+5%TiO2+4%Gr ³ç
ïîäð³áíåíèõ íà ãðàíóëÿòîð³ ïîðîøê³â ñèíòåçîâàí³ ìåòîäîì ïîðîøêîâî¿ ìåòàëóðã³¿.
Äîñë³äæåííÿ ìåòîäàìè ñêàíóâàëüíî¿ åëåêòðîííî¿ ì³êðîñêîï³¿ òà åíåðãîäèñïåðñ³éíî¿
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ðåíòãåí³âñüêî¿ ñïåêòðîñêîï³¿ ïîêàçàëè, ùî çì³öíþâàëüí³ äîì³øêè ïî îá’ºìó çðàçêà
ðîçïîä³ëÿþòüñÿ ð³âíîì³ðíî. Âèïðîáóâàííÿ íà ãàðÿ÷ó îñàäêó íàãð³òèõ äî 450°Ñ çðàçê³â ïðîâåäåíî ç äåòàëüíèì âèâ÷åííÿì õàðàêòåðèñòèê óù³ëüíåííÿ ³ äåôîðìóâàííÿ
øëÿõîì êîðåëÿö³¿ ³ñòèííîãî îñüîâîãî íàïðóæåííÿ ç ³ñòèííîþ îñüîâîþ äåôîðìàö³ºþ,
ïîçäîâæíüîþ äåôîðìàö³ºþ ³ òåîðåòè÷íîþ ù³ëüí³ñòþ. Ïîêàçàíî, ùî ãåíåðóþ÷³ â
ïðîöåñ³ ãàðÿ÷î¿ îñàäêè íàïðóæåííÿ çá³ëüøóþòüñÿ ïðè äîäàòêó ãðàô³òó â êîìïîçèò
Al–TiO2 ³ äèîêñèäó òèòàíó â Al áåç çì³öíþâàëüíèõ äîì³øîê. Âèêîíàíî àíàë³ç
ì³êðîñòðóêòóðè çðàçêà ï³ñëÿ ãàðÿ÷î¿ îñàäêè.
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