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Abstract: In situ TiB, reinforced 6351 Al alloy composites were subjected to compression testing at strain rates and temperatures
ranging from 0.001 to 10 s™' and from 300 to 550 °C, respectively, using Gleeble—1500D system. And the associated microstructural
transformations and instability phenomena were studied by observations of the optical and transmission electron microscope. The
power dissipation efficiency and instability parameter were calculated following the dynamic material model and plotted with the
temperature and logarithm of strain rate to obtain processing maps for strains of 0.2, 0.4, and 0.6. The processing maps present the
instability zones at higher strain rates. The result shows that with increasing strain, the instability zones enlarge. The microstructural
examination shows that the interface separates even the particle cracks or aligns along the shear direction of the adiabatic shear band
in the instability zones. Two domains of higher efficiencies correspond to dynamic recovery and dynamic recrystallization during the
hot deformation. Using the processing maps, the optimum processing parameters of stain rates and temperatures can be chosen for
effective hot deformation of TiB,/6351 composites.
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absorbed by the workpiece material during plastic flow is

1 Introduction

Discontinuously reinforced metal matrix composites
(MMCs) are attractive for many structural applications,
especially in the aerospace and automobile industries,
because they exhibit combinations  of
mechanical, physical and thermal properties, for example,
high strength, high elastic modulus, good wear resistance
and good dimensional stability[1]. Nevertheless, the
presence of ceramic phase in the metal matrix
composites deteriorates their workability. Workability of
a material is dependent on externally controllable
variables like strain (¢), strain rate (&), temperature (7)
of the workpiece, and on the inherent flow characteristics
of the material. Dynamic materials model (DMM) has
been developed for understanding workability
parameter[2]. FROST and ASHBY first attempted the
material response in terms of processing maps[3]. RAJ[4]
extended subsequently the concept of Ashby’s maps to
develop a processing map. According to DMM, at any
strain and temperature, the power P (per unit volume)

unusual

given by[5]
P=o-é=G+J:j;odé+J;édcr (1)

The first integral is defined as G content and
represents the major power input dissipated in the form
of a temperature rise; and the second integral, defined as
J co-content, represents the power dissipated by
metallurgical processes, such as recovery, recrystalli-
zation, cavity formation, superplastic flow, and phase
transformations. J can be defined by
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where o is the equivalent stress; & is the strain rate; and
m is the strain rate sensitivity coefficient of the material
under deformation given by the relationship:
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where ¢ is the equivalent strain.
The maximum co-content of dissipater, Jyy, 1S
given by

S, oLl _._P
2

max — 5 O0¢€= (4)
The power dissipation capacity of metals during
deformation can be properly measured by the efficiency

of dissipation (#) defined by

J _P-G
J

1 e .
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The integration in Eq.(5) for evaluation of # needs
input from £ =0. To overcome this problem, the integral
for G is split as:

G:j o-d£:.[0 O'dé‘—l—J.g_mmO'dE (6)
where &, expresses the lowest strain rate in the hot
compression tests. The first integral on the right side of
Eq.(6) is reckoned by supposing that the general form of
flow behavior at constant strain and temperature is
described as

o=Ké" @)
which leads to the following equation:
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The value of m at &, can be obtained by Eq.(3).
The second integral in Eq.(6) is calculated using the
trapezoidal rule[6].

Eq.(5) can be expressed by

nzzb—ﬁgﬁéfé)‘ +I;fﬂéﬂ (9)
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The regime of flow instabilities is evaluated using
the criterion developed by KUMAR and PRASADI[7].
The criterion was developed on the basis of the
continuity principle applied to large plastic flow by
ZIEGLER[8], according to which instability occurs when
Lo (10)
os &€
where D is the dissipation function at a given
temperature and & is the effective strain rate.
According to the dynamic material model, D is
equivalent to J, which represents the power dissipation
occurring through the microstructural changes, and hence
Eq.(10) becomes

LR (1)
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They used Eq.(7) and obtained the condition for
instability as[9]

m

Oln
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NARAYANA MURTY et al[10-11] considered
that if o vs £ curve follows the power law (Eq.(7)), the
strain rate sensitivity parameter (m) is independent of &
and the flow instability condition given by Eq.(12) could
be reduced to the relationship:

m<0 (13)

When the flow stress does not obey the power law,
Eq.(12) is incorrect. They have established the simple
instability criterion to be applicable for any type of o vs
& curve. The instability criterion is depicted as follows
[11-12].

The derivative form for J =I80dé with respect

to & inEq.(1)is

8_J_8_0'. Olno

= 14
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From Egs.(4) and (5), the ratio of J to & can be
expressed as
J 1
L po 15
R (15)
Employing Eqgs.(14) and (15) to replace items of
Eq.(11), the instability criterion can be given by

28 =2"_1<0 (16)
7

which is valid for m>0.

When ¢ vs ¢ curve follows the power law, the
instability criterion in Eq.(16) becomes Eq.(13).

If the left hand side of Eq.(16) or m is negative, then
it indicates microstructural instability in the material.
The instability map is drawn between temperature and
logarithm of strain rate. The processing map is drawn by
superimposing the instability map on the power
dissipation map.

2 Experimental

The material used in this study was 6351 Al
composite reinforced with 8% (mass fraction) TiB,
particulates and produced by using the in situ process
[13]. The size of the specimen was 15 mm in height and
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10 mm in diameter. Two sets of specimens were
lubricated by applying a layer of boron nitride.
Isothermal, constant-strain rate compression tests were
carried out on a Gleeble—1500D testing system over the
temperature range of 300-550 ‘C (in step of 50 C) and
in the strain rate range of 0.001-10 s™'. All the tests were
performed at a heating rate of 3 C/s. The specimens
were preserved for 5 min at the testing temperature prior
to deformation, deformed to a true strain of 0.2, 0.4 and
0.6, respectively, and water cooled to room temperature
after deformation. Specimens deformed in compression
were sectioned parallel to the compression axis and
microstructure was observed by using the optical and
transmission electron microscopy.

3 Results and discussion

3.1 Flow curves
Typical true stress vs true strain curves at different
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temperatures with strain rate of 0.1 s and different
strain rates at 450 ‘C are shown in Fig.1. It can be seen
that the flow stress decreases with increasing temperature
and decreasing strain rate, thereby, exhibiting typical
behaviour of metal deformed under hot working
conditions. True stress—true strain curve at 300 C
exhibits work hardening (Fig.1(a)), whereas at higher
temperature the flow softening is observed after a critical
strain. The curves are characterized by an initial sharp
increase of flow stress with strain up to a certain value
that is followed by slope of flow decreasing and very
limited flow softening.

3.2 Contour maps of strain rate sensitivity and
efficiency of power dissipation
Table 1 shows the data of flow stress (o) with strain
(¢), strain rate ¢ and temperature. Above all, a cubic
spline fit for the data of Table 1 is used to generate a
greater number of data points. The data of flow stress
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Fig.1 Typical true stress—true strain curves of TiB,/6351 composite at different temperatures with strain rate of 0.1 s™' (a) and

different strain rate at 450 ‘C (b)

Table 1 Flow stress values for TiB,/6351 composite at different strain rates, strains and temperatures

Flow stress/MPa

Strain rate/s ' Strain
300 C 350 C 400 C 450 C 500 C 550 C
0.2 52.97 41.27 33.86 25.44 21.79 14.43
0.001 0.4 52.37 40.44 31.53 24.71 20.09 12.79
0.6 51.94 42.79 32.15 25.32 20.79 13.50
0.2 62.52 47.53 42.03 31.64 28.01 19.33
0.01 0.4 63.09 46.78 40.23 30.81 26.38 18.43
0.6 64.74 48.65 39.95 30.54 26.07 18.11
0.2 73.29 58.86 50.55 41.14 34.98 2591
0.1 0.4 78.65 61.48 50.49 40.12 34.06 25.13
0.6 79.13 61.67 50.89 40.50 34.49 25.58
0.2 86.26 73.39 60.52 51.76 43.78 33.90
1 0.4 92.35 78.63 62.41 51.72 43.82 33.57
0.6 92.01 77.57 62.13 51.45 43.51 33.25
0.2 100.37 85.95 72.93 61.30 55.57 43.04
10 0.4 105.49 90.34 74.03 63.70 56.35 44.40
0.6 98.09 87.08 70.82 59.66 50.64 38.49
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and strain rate are changed into logarithmic scale, in
order to decrease the magnitude of strain rate from 0.001
to 10 s™', to avoid calculation error. With this changing,
the first derivative of the spline fit immediately is used to
calculate the strain rate sensitivity parameter m. Using

Eq.(9), the efficiency of power dissipation (#) is obtained.

And using Eq.(13) and Eq.(16), values of &(£) are
gained.

Fig.2 and Fig.3 illustrate the contour maps of strain
rate sensitivity and efficiency of power dissipation
calculated at strain 0.2, 0.4 and 0.6, respectively. If the
values of m and # are negative, the material presents
some types of unstable flows. Furthermore, it is
generally considered that higher values of m and #
reduce the tendency for flow localization and result in
the maximum ductility. It can be noted form Fig.2 and
Fig.3 that the valves of m and # are both positive. The
contour maps for strain rate sensitivity parameter and
efficiency of power dissipation, corresponding to strains
of 0.2, 0.4 and 0.6, exhibit two interesting domains. At
strains of 0.2 and 0.4, the shapes of power dissipation
efficiency maps are similar, and two domains situate near
the same position. The first domain of # maps occurs
roughly in the temperature range of 320-380 C and
strain rate range of 0.02—0.25 s '; and the second domain
occurs approximately in the temperature range 500—550
‘C and lower strain rate range of 0.001-0.1 s '. The
maximum values of # for strains of 0.2 and 0.4, in this
domain, have increased up to 0.23 and 0.28 at the highest
deformation temperature of 550 °C with strain rate
0.032 s' and the lowest strain rate of 0.001 s,
respectively. It is observed that, at strain of 0.6, contour
map of efficiency of power dissipation changes its shape,
and the first domain of # maps occurs roughly in the
temperature range of 320-380 C and strain rate range
of 0.032-0.2 s' The second domain occurs
approximately in the temperature range of 440550 C
and lower strain rate range of 0.002—0.2 s '. The
maximum values of # reach 0.26 and exist at the highest
deformation temperature of 550 C and strain rate of
0.02s".

In addition, there is a significant shape of sensitivity
maps like power dissipation maps at the particular strain.
And the maps also exhibit two interesting domains. As
can be seen from Fig.2 and Fig.3, locations of domains
and the maximum values of m are situated in the
sensitivity maps like those of domains and the maximum
values of # in power dissipation maps at a constant
strain.

The strain of 0.6 corresponds coarsely to the strain
of steady state. In Fig.3(c), the peak efficiency in the first
domain is 0.19 at 350 ‘C and 0.1 s, and the dissipation
efficiency is about 0.16 at 300 ‘C and 0.1 s .
Corresponding to two conditions, the transmission
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Fig.2 Contour maps of efficiency of power dissipation (7) at
strains of 0.2 (a), 0.4 (b) and 0.6 (c) of TiB,/6351 composites
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Fig.3 Contour maps of strain rate sensitivity at strains of 0.2 (a),
0.4 (b) and 0.6 (c) of TiB,/6351 composites
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electron micrographs are shown in Fig.4. It is observed
that at low temperature, the microstructure has higher
density dislocation domains and dislocation cell
structures. And the more complex dislocation structures
were formed around TiB, particles. The high dislocation
density regions restrict the plastic flow and contribute to
the strengthening and strain hardening. The flow curves
exhibit work hardening at 300 C with strain rate of 0.1
s”' in Fig.1(a). The flow deformation behavior mainly
presents working hardening under this
Fig.4(b) shows that, with deformation temperature

increasing, the number of dislocations decreases and

condition.

subgrains form by dynamic recovery. At the same time,
the dislocation density around TiB, particles reduces. As
the temperature increases, the strengthening effect of
TiB, is considerably diminished, so that the material
shows a similar softening behavior of the pure metals.
The first domain, therefore, can be interpreted to
represent the region of possible dynamic recovery.

The optical microstructures of samples tested at 450
‘C and 550 ‘C with strain rate of 0.1 s are presented
in Fig.5. The flow curves in this domain represent
oscillations in the flow curves before reaching steady
state. In Fig.5, it can be seen that uniform and fine grains
were formed, which can be attributed to the occurrence
of dynamic recrystallization (DRX). Traditionally, DRX
is associated with hot working of low stacking fault
energy (SFE) metals which exhibit flow softening after
reaching a critical strain. Aluminium is a high stacking
fault energy material and is characterized by easy
dislocation climb and cross slip during deformation.
However, the added TiB, particles affect the density and
distribution of dislocations in the matrix, and may
influence the driving force for recrystallization. In
addition, the accumulation of dislocations in the vicinity
of TiB, particles may lead to the fact that those regions
become sites for recrystallization nucleation. Dynamic
recrystallization thus becomes easier to occur. Hence, the
second domain can be interpreted to represent the region
of possible dynamic recrystallization[ 14—16].

3.3 Processing maps

Fig.6 illustrates instability maps calculated at strains
of 0.2, 0.4 and 0.6. By superimposing contour plots of
instability parameter on those of power dissipation
efficiencies, processing maps were developed and shown
in Fig.7. In the process maps, the contour numbers
represent efficiency of power dissipation and shaded
region corresponds to flow instability (valves of &£(¢)
are negative).

The contour numbers represent the valves of the
instability parameter £(£) in the instability maps. It
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Fig.4 TEM micrographs of TiB,/6351 composites at temper-
atures of 300 C (a) and (b) and 350 C (c) for strain of 0.6

can be noted form Fig.6 that at different strains, the
features of instability maps are considerably diverse. The
values of parameter £(¢) are negative at the lower
deformation temperature and higher strain rate; with
increasing strain, the region of negative contour becomes
larger. The region in which the value of parameter £(¢)
becomes negative suggests the possibility of unstable

Fig.5 Optical microstructures of TiB,/6351 composites at
temperatures of 450 “C (a) and 550 °C (b) for strain of 0.6

flow. The greater the negative magnitude of £(¢), the
higher the possibility of unstable flow. The minimum
values of &(&) are —0.03, —0.04 and —0.05 at strains of
0.2, 0.4 and 0.6, respectively, at the higher strain rate and
lower temperature. The maximum values of £(&) are
0.03, 0.07 and 0.05 at strains of 0.2, 0.4 and 0.6,
respectively, at the higher temperature and lower strain
rate.

Fig.8(a) shows the interface cracking and particle
breakage at 500 ‘C with the strain rate of 10 s ' for
strain of 0.6. Fig.8(b) illustrates that the particle
debonding is due to interfacial failure at 400 ‘C with the
strain rate of 10 s ' for strain of 0.4. The presence of
TiB, particles in aluminum matrix during deformation
causes the interface to crack since the matrix undergoes
plastic flow while the particles do not deform. When the
accumulated stress becomes large, the interface may
separate at relatively lower temperature and higher strain
rates. The particle breakage is due to accumulated stress
at the interface exceeding the yield stress of the particle;
hence, this results in particle breakage[15].

Fig.9 shows the particles alignment along the shear
direction at 300 ‘C with the strain rate of 10 s ' for
strain of 0.6. At higher strain rates, since the time is short,



30650350

Ig[é/s™!]

lg[é/s™]

0N
-0.5 ?L}

lg[é/s™]

| |

OL’l (=]
™

GUO Sheng-li, et al/Trans. Nonferrous Met. Soc. China 20(2010) 267275

~

N v
=)

Y

02

400
Temperature/'C
(a)

500

400 450

Temperature/'C

(b)

(X

-2.5 [ ?
_3 M I —0na T
'0300 350 400 450 500 550
Temperature/'C
(c)

Fig.6 Instability maps of strains of 0.2 (a), 0.4 (b) and 0.6 (c) of
TiB,/6351 composites

273

7

g 0

™

le[é/s™]
- &

= n =
14

1

L1

ﬁ)
"A—‘)_
\%

Al

400 450 5

- -15F),2
-2.0 ?‘ﬂ
~

Lol

350

Temperature/'C

(a)

RS &
W
1.5 \ /
/;
[

20 /“_ﬂ, ,
= A

lg[&/s™]

3'%00 350 400 450 500 550
Temperature/'C
(b)
1.0
0.5
0
)
—0‘5
= F
2105
=
-1.5p A5
\,_\o '
3
. ey L= q’ o.
Lol WE (SN YNNS
'%00 350 400 450 500 550
Temperature/'C
(©)

Fig.7 Processing maps of strains of 0.2 (a), 0.4 (b) and 0.6 (¢)
of TiB,/6351 composites



274 GUO Sheng-li, et al/Trans. Nonferrous Met. Soc. China 20(2010) 267275

(a)

Fig.8 TEM micrographs showing interface separating and
particle cracking at 500 ‘C and 10 s~ for strain of 0.6 (a), and
400 'C and 10 s for strain of 0.4 (b)

Fig.9 Particle alignment along adiabatic shear bands observed
at 300 ‘C and 10 s for strain of 0.6

the heat generated by plastic deformation is not
conducted away to the colder parts of the body, a drop in
the flow stress occurs locally and therefore slip becomes
localized. This is called adiabatic shear bands which
exhibit cracking, recrystallization along macroscopic
shear planes and this generally occurs sharply at 45° with
respect to the principal stress axis[16]. The TiB, present
in the aluminium matrix is disturbed due to the flow of
matrix in the shear direction. So, the particles alignment

along the shear directions is observed. The flow
localization is due to the interface cracking or the TiB,
particle itself breaking and adiabatic shear bands present
in the metal matrix, which are the manifestations of flow
instability predicted by the instability maps. Therefore,
those flow instability regions must be avoided in the
processing of TiB,/6351 composite.

It is concluded that with increasing strain, the flow
instability manifestation of composites becomes more
significant at higher stain rate, owing to increased defects
such as particle fracture, debonding and adiabatic shear
band. The stable deformation mechanisms include
dynamic recovery and DRX. The occurrence of dynamic
recovery and DRX at higher temperatures and moderate
strain rate deformation results in flow stress decreasing
in those deformation ranges. Nevertheless, DRX is more
efficient and has lower stress than the dynamic recovery.
DRX is a beneficial process in hot deformation as it
gives good intrinsic workability by simultaneous
softening and reconstituting the microstructure.
Therefore, DRX is a chosen domain for hot workability
optimization and good microstructure control in the safe
zone. So, the optimum processing parameters attained by
the maps are the temperature and strain rate ranges of
440-550 ‘C and 0.001-0.316 s, respectively.

4 Conclusions

1) The contour maps for strain rate sensitivity
parameter and efficiency of power dissipation,
corresponding to strains of 0.2, 0.4 and 0.6, exhibit two
interesting domains. There is no significant effect of
strain on the location of domains in sensitivity and power
dissipation maps.

2) Dynamic recovery of TiB,/6351Al composite
occurs in the first domain and composite exhibits
dynamic recrystallization in the second domain, which is
the optimum condition for hot working of the material in
the processing maps.

3) The processing maps present the instability zones
at higher strain rate; and with increasing strain, the
instability ~ zones  enlarge. The  microstructural
examination shows that composites exhibit flow
localization as bands of flow localizations, the interface
cracking and particle breakage.
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