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Effect of Deformation Temperature on the
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Mechanisms of Al-Al,O, Metal Matrix Composites
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Aluminum-alumina (Al-Al ,03) metal matrix composite (MMC) materials were fabricated using the powder
metallurgy (PM) techniques of hot pressing followed by hot extrusion. Different reinforcement weight frac-
tions were used, that s, 0, 2.5, 5, and 10 wt% AD3. The effect of deformation temperature was investigated
through hot tensile deformation conducted at different temperatures. The microstructures of the tested speci-
mens were also investigated to characterize the operative softening mechanisms.

The yield and tensile strength of the Al-AJO; were found to improve as a function of reinforcement
weight fraction. With the exception of Al-10wt%AIl,O3, the MMC showed better strength and behavior
at high temperatures than the unreinforced matrix. The uniform deformation range was found to de-
crease for the same reinforcement weight fraction, as a function of temperature. For the same deforma-
tion temperature, it increases as a function of reinforcement weight fraction.

Both dynamic recovery and dynamic recrystallization were found to be operative in Al-AD3; MMC as a
function of deformation temperature. Dynamic recovery is dominant in the lower temperature range,
while dynamic recrystallization is more dominant at the higher range. The increase in reinforcement
weight fraction was found to lead to early nucleation of recrystallization. No direct relationship was es-
tablished as far as the number of grains nucleated due to each reinforcement particle.

Keywords aluminum/alumina, deformation temperature, tially higher strength than that of the matrix material (Ref 10).
dynamic recovery, dynamic recrystallization, high Powder metallurgy (PM) techniques provide a powerful alter-
temperature deformation, metal matrix composites, native for conventional processing. These techniques allow
powder metallurgy, softening better control on reinforcement distribution and produce mate-

rials with superior mechanical properties (Ref 2,11).
1. Introduction Most of the work done and published in open literature has

concentrated on AI-SiC MMCs manufactured by different
One of the major driving forces for research and develop- techniques. Studies considering other reinforcement particles,
ment in the area of metal matrix composite (MMC) materials is fO" €xample alumina (ADs), iron, and so on, have been so lim-

the need for new high temperature resisting materials ited to date. Moreover, almost all of the published work inves-
Materials serving at high temperatures experience several.

tigated MMCs with an aluminum alloy matrix. Few
problems, for example, a greater mobility of dislocations, loss investigations were cond_ucted with a matrix Of. pure al_uminum.
of strengt’h oxidation éorrosion andsoon (Ref1l) Alumihum- In these cases, either h'gh percentage alumlna_ particles were
! T i e used (up to 61%), or alumina particles coated with MgO were
base MMCs are receiving considerable attention due to the

dvant th fer f le. liaht weiaht. high employed as reinforcement (Ref 12-14).
many advantages they ofler, for example, ight weight, hig The goal of the present work is to present an experimental
strength/weight ratio, superior corrosion resistance, and supe-

. : ; tudy on the high temperature behavior of A4 MMCs
rior elevated temperature mechanical behavior when compare anufactured using PM techniques of hot pressing followed by
to ingot aluminum and some conventional ingot steels (Ref 2- h

ot extrusion. The matrix is made of commercially pure pow-
6). der, and the reinforcement is pure alumina,QY) particles.

Unidirectional fiber-reinforced MMCs proved to be expen- The reinforcement weight fractions investigated range from 0
sive and have poor transverse strength (Ref 4, 6, 7). Othelg 10 wt% ALO,.
forms of reinforcement, for example, short fibers, whiskers,
and particles are meeting wide acceptance due to their avail-
ability and low cost. Isotropic properties can also be obtainedin2, Experimental Procedures
MMCs reinforced using these forms of reinforcement.

Casting techniques are widely used to fabricate MMCs (Ref . L
7-9). However, cast fabricated MMCs do not exhibit substan- 2.1 Specimen Fabrication

Preweighed amounts of pure aluminaj®4) powder were

A.A. Mazen, Dept. of Engineering, The American University in mixed with preweighed amounts of commercially pure alumi-
Cairo, 113 Kasr El Aini St., PO Box 2511, Cairo 11511, Egypt. num powder (Al) in a mechanical mixer. The weights of the
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powders were calculated to achieve specimens of the followingaluminum (Ref 15). Different sections of the tested specimens
compositions: Al-OWt%AJO5, Al-2.5wt%Al,05, and Al- were cut and prepared for microstructural examinations by
10wt%Al,05. No additives or catalysts were added to the mix- mounting in cold resin mount followed by careful polishing
tures. Each mixture was hot pressed at a temperature of 873 Kand etching.

which was maintained at a maximum compaction stress of 150

MPa for 3 h. The produced billets were then hot extruded at an

extrusion ratio of 5 to 1 to impart densification. The extruded 3. Analysis and Discussion of Results

bars were used as raw stock out of which specimens were ma-

chined. Figure 1 shows a photograph of a powder mixture, ) )

hot pressed billets, extruded bars, and machined test speci3-1 Mechanical Behavior of Al-A0O; MMC

mens. Figures 2(a) through (d) show the conventional plastic
) o stress-strain curves for different materials at each of the testing
2.2 Testing and Characterization temperatures. At room temperature (298 K) work hardening

To determine the mechanical behavior of the different mate- dominates the plastic deformation behavior for all composi-
rials as a function of deformation temperature, hot tensile teststions (Fig. 2a). In the absence of thermal activation, the mecha-
were conducted at a constant strain rate of &&. The range nism of plastic deformation is slip by dislocation motion. As
of testing temperatures was room temperature (298 K), 200 octhese dislocations pile up against barriers to their motion they
(473 K), 250 °C (523 K), and 300 °C (573 K). These testing entangle, causing resistance to further deformation, that is,
temperatures are equivalent to 0.32, 0.56, and Q,6espec-  Strain hardening (Ref 15). The Al-2.5wt%/®k; shows reduc-
tively, whereT,,, is the melting point of the aluminum matrix. tion in strength compared to the unreinforced matrix (Al-
This range includes the upper bound of recovery temperaturesOWt%Nan)- This is the result of ineffective strengthening due

and goes well into the recrystallization temperatures of pure 0 Smaller weight fraction of reinforcement than the minimum
weight fraction required to induce strengthening (Ref 16, 17).

In a previous study (Ref 18), Mazen and Ahmed found that the
minimum reinforcement weight fraction needed for strength-

ening in an Al-ALO; MMC is 3.4 wt% alumina. Improvement
in strength was obtained for the Al-5wt%@; and Al-
10wt%Al,0; MMCs. Hardening due to plastic deformation at
room temperature still dominates the deformation for all mate-
rial compositions.

At higher temperatures, as shown in Fig. 2(b) (473 K), 2(c)
(523 K), and 2(d) (573 K), the tensile plastic stress-strain
curves for all compositions exhibit initial hardening up to a

(c) (d)

maximum load, followed by softening till fracture. The strain
range dominated by strain hardening decreased as the deforma-

I:]} (b) tior_1 temperature increased_, thus, it is_tempt_eratl_Jre dependent.
This is due to stress relaxation at matrix/particle interfaces and
Fig. 1 (a) Powder mixture. (b) Hot pressed billets. (c) Ex- the enhancement of recovery processes at these interfaces (Ref
truded bars. (d) Machined tension test specimen 19). However, it does not seem to be highly sensitive to rein-

Table 1 Summary of mechanical deformation parameters of Al-A0; MMC

Material T,K S, MPa S MPa El., % & Postg, (E,/%EL), % n

Al-0wWt%Al ,05 298 61.9 133.96 17.90 17.90 0 100.00 0.32
473 57.5 81.00 21.50 13.00 8.50 60.00 0.30
523 54.0 61.35 24.25 11.00 13.25 45.30 0.19
573 53.4 55.88 26.00 5.00 21.00 19.23 0.16

Al-2.5Wt%Al,04 298 60.0 110.72 17.40 17.40 0 100.00 0.34
473 59.30 72.60 18.70 10.00 8.70 535 0.24
523 51.30 60.00 18.75 8.80 9.95 46.9 0.22
573 45.96 50.80 16.00 5.20 10.80 325 0.20

Al-5wt%Al ,05 298 74.0 146.78 16.90 15.50 1.40 91.72 0.35
473 73.67 89.61 20.80 14.30 6.50 68.75 0.25
523 57.44 63.50 18.30 8.38 10.00 45.79 0.19
573 36.84 40.30 20.60 7.50 13.10 36.4 0.14

Al-10wt%Al,03 298 80.36 158.51 16.40 15.50 0.90 94.51 0.37
473 80.74 90.72 28.00 10.75 7.25 38.39 0.28
523 56.72 64.66 18.00 10.00 8.00 55.55 0.22
579 28.75 30.97 9.40 4.60 4.80 48.93

T, deformation temperaturg;, yield stress§,, tensile strength; El., elongaticg, uniform strain; Post,, post uniform straim, work-hardening exponent
(initital hardening up to maximum load).
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forcement weight fraction. In MMCs, barriers to dislocation shows the mechanical deformation parameters including work-
motion consist of submicron solute atoms or impurities in the hardening exponents for all cases. These values were obtained
matrix material, matrix grain boundaries, and the hard brittle by fitting the true stress-true strain data to the powerdaw
reinforcement particles. The decrease in work-hardening expo-ke", whereg, €, k, andn are the true stress, true strain, strength
nent as a function of temperature can be attributed to dislocacoefficient, and work-hardening exponent, respectively. The
tion annihilation or activation of dislocation motion by usual definitions were used for calculating true stresses and the
mechanisms other than glide, for example, climb (Ref 20). corresponding true strains.

Work hardening is the result of the plastic deformation of the  Also, the rate of initial hardening was strongly affected by
ductile matrix, that s, it is matrix controlled. This explains why the deformation temperature as can be seen from Fig. 3(a) to (d)
the effect of reinforcement weight fraction is insignificant and as indicated by the slope of the initial parts of the stress-
compared to the effect of deformation temperature. Table 1strain curves. However, it does not seem to be significantly af-
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Fig. 2 (a) Conventional plastic stress-strain curves for AIG4 (room temperature). (b) Conventional plastic stress-strain curves for Al-

Al>03 (T = 473 K). (c) Conventional plastic stress-strain curves for ARAT = 523 K). (d) Conventional plastic stress-strain curves for
Al-Al 203 (T = 573 K)
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Fig. 3 (a) Conventional plastic stress-strain curves for AAGY MMC (Al-Owt%Al ,03). (b) Conventional plastic stress-strain curves for
Al-Al 203 MMC (Al-2.5wt%Al»03). (c) Conventional plastic stress-strain curves for AJGY MMC (Al-5wt%Al ,03). (d) Conventional
plastic stress-strain curves for Al-&3 MMC (Al-10wt%Al,03)

fected by the reinforcement weight fraction because all curvesguished on the yield stress-temperature diagram. In zone |

in Fig. 2(a) to (d) look parallel at the initial part of the curve. (temperature range 298 to 473 K), the yield stress is not af-

Thus, it can be concluded that both work hardening and rate offected by deformation temperature but is dependent only on

work hardening are matrix controlled. material composition. This temperature range is equivalent to
Figures 4(a) and (b) show the variation of yield stress and0.32 to 0.5,

tensile strength of the tested materials with deformation tem-  Inzone Il (temperature range 473to 573 K, equivalentto 0.5

perature. It can clearly be seen that two zones can be distinto 0.6 T,,), the yield stress is highly temperature dependent.
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Fig. 4 Variation of yield stress with deformation temperature. (b) Variation of tensile strength with deformation temperature

Sharp reductlon in yield stress accompanied the increase in deiOWt%A|ZO3 increased between 298 and 473 K; afterward, it
formation temperature. Within zone Il, two subzones, IIA and

0,
IIB, can be distinguished. In zone IIA the magnitudes of yield started to decrease at a steep rate to decrease by 35.7% at 523 K

tress are ordered N S S In zone and by 67.8% at 573 K. The effect of reinforcement weight
ISIB tshse order is revg.leé)(;& sggﬁlty%h;yils-?oﬁz()% haz the fraction on the ductility of MMCs results from the role of parti-

lowest yield stress ’ %404 cle/matrix interface. The matrix material contained between re-
. . . inforcemen rticl lly experience highly | liz n

Figure 4(b) indicates that the tensile strength of the Al- orcement particles usually experience highly localized and

. - concentrated stress distribution (Ref 21, 22). Such stress con-
Al;03 MMC in the present work is both temperature and com- centration could lead to cavitation at these interfaces (Ref 23),

position dependent for the entire temperature range con&deredthus, terminating the ductility of the material. As reinforcement

However, the deformation temperature dependency of the ten'weight fraction increases, this effect becomes more significant.

zgi Etée dr:gttrr: 'igﬁ;&%ﬂt?ﬁg gi‘:t gr;h;esyvl\zﬁ Sztcr)izsl' ;xvdollquk?; Usually, elongation percent to fracture can be split into two
9 9 ’ ) ain components: uniform elongation (starts at yielding and up

dlﬁerence between th? two zones Is the order of arrangement ofg onset of necking or up to maximum load) and post-uniform
tensile strength magnitudes, which follows the same observa-

tion mentioned previously for vield strenaths. zone IIB elongation (from necking to fracture). Figure 5(b) shows the
The effect ofpdeforma}tlion %lem eratu?e 0|:1 the streﬁ th be_variation of uniform elongation with deformation temperature.
Co P . . 9™ D€t is clear that the uniform elongatiepdecreased as a function
comes more significant as more alumina weight fraction is

added to the matrix. If the reduction in tensile strength for the 2: etaesn;ze[}a\rt]trse ta;]r;d c?it:rbitrigknz‘r;%r:ti?;ixv)(rerlr?rgl c]:;%(;![?onn ',[n o-
i'ﬁaerzzntsgnsaﬁ“?: fgr%%%sét'?hn; '?Ofotrr?ga'&igvsgw-émﬁ? total elongation increases as temperature increases and as rein-
o ! 0 . °.é03’ forcement weight fraction increases, as shown in Fig. 5(c).
2.5W%AL05, and Al-LOW%AL0;, the reductions in strength The effect of deformation temperature on elongation per-

are 32, 30, 55, and 65.8%, respectively, as compared to room.,

: . . nt to fracture becomes apparent if the post uniform elonga-
temperature strength. This can be attributed to early nucleat|orh0n for two cases of Al-10wt%ADs is compared. At 573 K it
of dynamic recrystallization in MMCs containing higher alu- 3 )

. . : . . ; . . comprised 51% of the total elongation to fracture, while at 298
mina weight fractions, which will be discussed in the following K (room temperature) it comprised only 5% of the total elonga-
paragraphs. :

Figure 5(a) shows the variation of elongation percent to tion.
fracture versus deformation temperature as a function of mate- . .
rial composition. The elongation percent to fracture continued 4.2 Hot Deformation Mechanisms
to increase monotonically for the unreinforced matrix as a  Softening during hot deformation is usually attributed to
function of deformation temperature. The rate of increase intwo main mechanisms: dynamic recovery and recrystallization
elongation percent was slower for the Al-2.5wt%®@d and Al- (Ref 24). In dynamic recovery, entangled dislocations move
5wt%Al,O; MMCs. The elongation percent for Al- and reorganize themselves into a more stable structure of
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subgrains characterized by low angle grain boundaries (Refprovementin ductility. Dynamic recrystallization is commonly
25). This process is usually accompanied by loss of strengthobserved in low SFE metals, for example, face-centered cubic
with little or no improvement in ductility. Dynamic recovery (FCC) metals except aluminum (Ref 26).

occurs in metals of high stacking fault energy (SFE), for exam-  Authors disagree on which softening mechanism occurs
ple aluminum and most body-centered cubic (BCC) metals during hot deformation of aluminum, aluminum alloys, and
(Ref 24). Dynamic recrystallization proceeds by dislocation aluminum-matrix MMCs. Olla and Virdis (Ref 24) found
annihilation, grain boundary migration, and grain growth. Itis thatin high temperature deformation of a commercially pure
accompanied by a sharp drop in strength and significant im-aluminum, the dominating softening mechanism is dynamic
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Fig. 5 (a) Variation of elongation percent with deformation temperature. (b) Variation of uniform elongation with deformation-tempera
ture. (c) Variation of post-uniform elongation with deformation temperature
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recovery. This conclusion was based on the observation of subtallization at 400 °C and 226%and complete recrystallization
grains in the microstructures of specimens elongated to frac-at 490 °C and 114 in a commercially pure aluminum.
ture. The same conclusion was drawn by Sheppard and Zaidi In the present study, the micrographs of the unreinforced
(Ref 27, 28). McQueen et al. (Ref 29) reported dynamic recrys-matrix showed small grain sizes at room temperature and up to
) . 373 K. Small grains and low angle grain boundaries dominate
e 3 1l ; i y the micrograph. Such features play a major role in accumula-
tion of dislocations and dislocation entanglements. Thus, the
stored strain energy at these grain boundaries is raised. At a de-
formation temperature of 473 K, the micrograph in Fig. 6(b) is
dominated by grain substructures, although partially recrystal-
lized grains can also be observed. These grain substructures are
evidence of dynamic recovery. As the deformation temperature
increased to 523 K, dynamic recrystallization dominates the
micrograph. At 573 K, the microstructure experienced com-
plete recrystallization (Fig. 6¢). These observations are in ex-
cellent correlation with the mechanical testing results. The
unreinforced matrix experienced a sharp drop in yield stress
coupled with significant improvement in ductility at 573 K,
while in the range 298 to 473 K the material continued to lose
its strength at a slight rate and continued to gain more ductility.
In the range of 473 ¥4 < 573, wherel is the deformation
temperature, dynamic recrystallization proceeded at a faster
rate where it was completedTat= 573 K.

The role of second phase particles in aluminum and its al-
loys and their effects on the softening mechanisms during hot
deformation has been examined by several authors (Ref 30-
32). Sheppard et al. (Ref 30) and Sheppard and Tutcher (Ref
31) reported partial recrystallization in an Al-5wt%Mg alloy
when extruded at 450 °C at a ratio of 40 to 1. As the solute con-
tent increased, the fraction of microstructure that experienced
dynamic recrystallization increased. Zhong et al. (Ref 33) ob-
served that recrystallized grains were found in the micro-
structure of a 5083 aluminum alloy near large insoluble
chromium, iron, and manganese rich particles. The role of high
concentration of solute atoms in inducing dynamic recrystalli-
zation was explained in two ways: solute atoms are believed to
hinder the dislocation motion, thus, increasing the stored strain
energy, which promotes recrystallization nucleation (Ref 33).
The other explanation is that solute atoms reduce the SFE of the

material (Ref 34), thus increasing the driving force for dynamic
recrystallization. However, Sheppard et al. (Ref 30), Sheppard
and Tutcher (Ref 31), and McQueen et al. (Ref 29) argued that
the role of solute atoms in reducing SFE is not obvious.

From this discussion, the role of second phase particles in
promoting dynamic recrystallization during hot deformation
can be explained in two ways: (a) second phase particles
strongly bonded to the matrix are effective barriers to disloca-
tion motion leading to accumulation and entanglements of
these dislocations and (b) the presence of second phase parti-
clesleads to finer grain sizes with larger grain boundary surface
area. Both ways lead to raising the stored strain energy, thus,
promoting dynamic recrystallization rather than dynamic re-
] covery during hot deformation.

{6} T =51k Ty In the present study, the Al-2.5wt%/8l; MMC exhibited
Fig. 6 Micrographs of Al-OWt%6A$03 MMC. (a) T =373 K dynamic recovery when (_jgformed in the temperature range 373
: e ; 2’3 ' ' . to 473 K. This can be verified by the presence of subgrain struc-
small grain size dominates the microstructure, same observation . o
at room temperature. ()= 473 K, grain substructures and par- tures. However, above 523 K, dynamic recrystallization was

tial recrystallization. (cJ = 523 K, complete dynamic recrsys- dominated by grain grovv_th and grain boundary migrqtion (Fig.
tallization. 1526 7c¢). The absence of grain substructures from the micrographs
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verifies this conclusion. Similar observations were noted for dynamic recrystallization was observed at a deformation tem-

the Al-5wt%ALO,. As the reinforcement weight fraction in-
creased to 10 wt% AD,, the grain structure became finer, and

10u

(©)

Fig. 7 Micrographs of Al-2.5wt%AJO3 MMC. (a) T =373 K,
dynamic recovery (grain substructure). To¥ 473 K, dynamic
recovery with partial dynamic recrystallization. ¢y 523 K,
dynamic recrystallization. 1520

4941 Volume 8(4) August 1999

peratureT = 473 K (Fig. 8b), that is, the material showed early
nucleation of recrystallization. Thus, it can be concluded that
the softening mechanisms in Al-&; MMC manufactured by

PM techniques are structure and temperature dependent. The
main structure parameter controlling the softening mechanism
is the grain size, which is controlled by the processing route and

(¢) T = 523K

Fig. 8 Micrographs of Al-10wt%AJO3 MMC. () T =373 K,
room temperature microstructure. {b¥ 473 K, dynamic recov-
ery with and dynamic recrystallization. (EF 523 K, complete
dynamic recrystallization. 150

Journal of Materials Engineering and Performance




reinforcement weight fraction. For lower reinforcement weight 5.
fractions, the matrix is decisive.
In the analyzed microstructures, the,®4 particles were

found to be located inside the recrystallized grains or near the 6.
grain boundaries. This indicated that®} particles presented
favorable sites for nucleation of recrystallization; however, nu-
cleation could also occur at grain and subgrain boundary junc-
tions. Humphreys (Ref 35) and Miller and Humphreys (Ref 36)
suggested that each reinforcement particle nucleated one graing,
Zhong et al. (Ref 33) found that each reinforcing particle nucle- g,
ated several grains. So the role of reinforcement particles in re .
crystallization nucleation is significant. In the present work, it
was not possible to establish a clear relationship between theai.
number of grains nucleated due to each reinforcing particle.

12.

5. Conclusions 13.
14.
The following conclusions can be drawn:

* The high temperature deformation behavior of A}@y
MMCs of different reinforcement weight fractions starts by
initial hardening at low strains—up to a maximum load fol-
lowed by softening.

* Therate of initial hardening is strongly affected by the de- ;4
formation temperature. However, it does not seem to be
strongly affected by the reinforcement weight fraction.

¢ Inthetemperature range of 298 to 473 K, the yield stress of19.
an MMC is composition and temperature independent. In
the temperature range 473 to 573 K, the yield stress is20.
highly temperature dependent.

+  The tensile strength of the MMC is highly temperature and 21-
composition dependent over the entire range of deforma-
tion temperatures investigated. The effect of deformation
temperature is more significant for higher reinforcement 9
weight fractions.

¢ Bothdynamic recovery and dynamic recrystallization were ,
observed to operate for the high temperatures used. For thgg
unreinforced matrix, dynamic recovery dominated up to
473 K, but as the temperature reached 523 K, dynamic re-g
crystallization became more dominant. This same trend
was observed for the MMC containing up to 5 wt%@ 27.
For Al-OwWt%Al,O5 dynamic recrystallization started at 2g.
473 K, that s, the increase in reinforcement weight fraction 29,
lead to early nucleation of recrystallization.

e The observed microstructural features are in good agree-30.
ment with the mechanical testing results.

15.

16.
17.

3.

31.
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