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Abstract:

Hot deformation behavior of a stir cast and hotwed 14 vol.% SiCp/2014Al
composite was studied at temperatures from 359%P€ and strain rates from 0.001
to 1 §%, including microstructure evolution and damagerfation. Stress-strain rate
fitting was optimized to construct accurate prooessmaps based on modified
dynamic materials model (MDMM). In addition, theash rate sensitivity maps were
plotted, indicating more significant effect of teemature on deformation mechanism
than strain rate. The dissipation efficiency vermmperature curves indicated: (i) a
transition from dynamic recovery (DRV) to dynamecrystallization (DRX) at 400
°C; (ii) occurrence of dynamic grain growth (DGG)480-440 °C; (iii) existence of
equicohesive poinflgy) of 450 °C (~0.8,) above which grain boundaries weakened
and contributed to plastic deformation. The paléicUluctuation of temperature
sensitivity at 440 °C was caused by an abnormah grawth.
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1. Introduction

Particulate reinforced aluminum matrix compositBRAMCs) have found wide
applications in aerospace, electronic and automatidustries over the past decades
[1-4]. Among of themslicon carbide particulate reinforced aluminum (SI&l)
composites with relatively low cost generally off@mproved wear resistance, higher
elastic modulus, lower coefficient of thermal exgpian (CTE) and dimensional
stability compared to unreinforced matrix alloydthdugh the SiCp/Al composites
can be subjected to conventional hot working swgfoeging, rolling, and extrusion
[5-8], the addition of SiCp reinforcements increasie resistance to plastic
deformation and then brings the risk of damagenduhniot working. Furthermore, the
complicated microstructures of the SiCp/Al compesitalso restrict accurate
identification of hot deformation mechanisms, |e&dito low controllability of
microstructures.

The dynamic materials model (DMM) [9] provides aseful tool for studying the
deformation behavior of the SiCp/Al composites. Mgtructure evolution can be
predicted by analyses of the power dissipatiornciefficy combined with essential
microstructure observations [10-17]. In the DMM [Ble stress-strain rateg{<)
relation is presumed to satisfy the power law iry anstance. However, most
materials cannot actually follow this assumptiomb&quently, Murty et al. [18]
modified the DMM to reduce the deviation by theegrial of fitted stress versus strain
rate curves rather than the power law assumpti@veiNheless, details of the fitting

method for stress versus strain data were not skecliin the related references [12,

2



13, 18, 19]. Because of the uncertain integrati@hod and the complicated solution
procedure, for various alloys and composites tliegssing maps so far were mostly
established by the DMM [20-27] instead of the miedifDMM (MDMM) with higher
accuracy.

In fact, deformation mechanisms are related to nfantors including dislocation
movement, grain boundary migration, concentratibpaint defects, phase transition,
etc. Variation of these factors couldfoether reflected by temperature dependence of
flow stress. During hot working, the temperaturassgvity of flow stress g value)
was generally used to evaluate the instabilityegatderived from Liapunov function
[14, 19, 28-30] and rarely was employed to expltie transformation of hot
deformation mechanism. Taking the correlation ®fvalue and deformation
mechanism into account can overcome the inadequbayacterized only by the
dissipation efficiency.

The physical meaning of the instability criterionthe DMM is that if the system is
unable to generate entropy at a rate to matchnipwsed rate, the plastic flow of
materials will localize, which would cause the floimstability [31]. Typical
metallurgical features of instability during hot rkimg include flow localization,
adiabatic shear bands, kink bands, intense defmméatnds, dynamic strain aging
etc. [32]. The instability generally refers to g®vere local deformation in the view of
solid mechanics, whereas the concept of damagdlyisuglies the unrecoverable
breaking of macro or micro-structures. During hetodmation, the damage processes

involve ductile fracture at hard particles, wedgacking, intercrystalline cracking,
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cracking along prior particle boundaries, etc. [31]

In the studies of hot workability for Al or Mg matrcomposites [23, 24, 33, 34],
the instable region of DMM commonly was used tonidg the unsafe processing
parameters. With respect to the distinction betwinenconcepts of instability and
damage, the observation of single deformed samjplenwnstability parameter (from
DMM) [10, 11, 35] instead of the all samples is rmmmpletely reliable for
conforming damage condition.

This study aims to rationalize the variation offpanance parameters in a stir cast
14 vol.% SiCp/2014Al composite, including temperatwsensitivity, strain rate
sensitivity andpower dissipation efficiency with microstructureostion based on
the MDMM. Microstructure evolution was investigateatiroughout the whole
cross-section of the samples after hot compres3iba.instability flowing behaviors
were checked using all deformed samples. In adittbe evolution of internal
damage in SiCp/Al composite was discussed.

2. Experimental details

A 14 vol.% SiCp/2014Al composite with a nominal S@rticle size of 2@um was
fabricated by stir casting and hot extrusion. Tleenmal chemical composition of
2014Al is Al-4.8Cu-0.6Mg-0.7Mn-0.7Fe-0.9Si [35], dapreparation method of the
composite was described in the references [36]ailBebdf the processing technique
are considered to be proprietary by the manufactGrdindrical specimens 8 mm in
diameter and 12 mm in height were machined fromettteuded bar with the axis of

specimens parallel to the extrusion direction. ylendrical surface of the specimens
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was polished using 400 grit paper in order to oles@racks on the surface of the
compressed specimens.

Isothermal compression test was conducted at teanpes of 355, 390, 425 and
495 °C and strain rates of 0.001, 0.01, 0.1 and dnsGleeble-3800. Tantalum sheets
were used to lubricate both end surfaces of theisgms. The specimens were
compressed to a true strain of 0.9 at constaninstadées. After hot compression, the
specimens were quenched into water to freeze theostiucture. The specimens for
microstructural observation were mechanically pw and etched using Keller’s
reagent. Microstructures were examined by sterecrascopy (SM; Zeiss Stemi
2000-C), light microscopy (OM; Zeiss Axiovert 200 AW), scanning electron
microscopy (SEM; FEI Quanta 600).

3. Results and discussion
3.1 Initial microstructure

Fig. 1 shows the microstructure of the as-receismuhposite along the extrusion
direction. The SiC particles were uniformly distribd and aligned into string-like
arrays along the extrusion axis (Fig. 1a). The m#étepresenting 2014Al alloy in this
work) exhibited a fine-grained recrystallized m&troicture due to extruding (Fig. 1b).
The uniform equiaxed grains have an average siz2 &um which is rather close to
the lower limit of subgrain size (+#m) of hot deformation [37]. The matrix consisted
of Al-rich solid solution with other microstructdraonstituents. By means of
SEM/EDS results (Fig. 1c), it can be identifiedtthi@ere exist two microstructural

constituents in the composites, as shown in Fig.The phase with spheroid shape
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marked “A” is CuA}, and the phase B isAl(Fe, Mn)Si with a polyhedral shape.
3.2 True stress-strain curve

Fig. 2 shows the typical compressive flow stressvesi of the 14 vol.%
SiCp/2014Al composite. In Fig. 2a, the flow stres&reased gradually with
increasing strain rate at 390 °C. The same trersdfeeand at the other temperatures. It
is also seen in Fig. 2a that the curves exhibitesident peak stress at initial
deformation stage except for that at strain rat6.601 &. This stress decrease after
the peak is commonly related to the dislocationitalation caused by dynamic
recovery (DRV) or dynamic recrystallization (DRX3§, 39]. The curve of 390 °C
and 0.001 $ yields at 16 MPa and exhibits a strain harden®gmpression at this
condition could be thought to a creep process parted in previous studies [40-44],
in which dislocation climb and vacancy diffusioneogted. The work hardening
induced by creep deformation and the recovery swiftereached an equilibrium, and
then the hardening rate remained almost constant.

It can be seen in Fig. 2b that the flow stress esiat all temperature and moderate
strain rate exhibit a yield peak. A lower yield pb{denoted by dashed lines) appears
after yield. At 355 and 390 °C, the lower yield misiare located at strain of ~0.06,
while the points move to the strain of ~0.08 at,4&8, and 495 °C. The transition of
the lower yield point can be attributed to variahtsoftening mechanisms such as
DRV or DRX. In addition, the flow stress at 460 &ad 0.1 § is close to that at 425
°C and 0.1, which might also be related to the microstructuaasition. These two

distinctions among the flow curves at different pamatures will be interpreted in the
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latter section of this paper.
3.3 Processing map theory
3.3.1 Modified dynamic materials model (MDMM)

The concept of dynamic materials model (DMM) waspmsed by Prasad et al. [9].
According to the DMM, the instantaneous total powecan be divided into two
complementary parts of dissipation power conténiand co-content]l . The G
represents the power dissipated by plastic workengl theJ is related to the
metallurgical mechanisms. If the flow stress ancdhist rate obeyed power-law

constitutive equation [9, 32], tRkecan be evaluated by

o m
J=| éldo= /3
_[0 o (m+1a ]g: (1)

Under ideal conditionsnf = 1), theJ would reach the maximuni,a, then the
efficiency of power dissipation can be obtained by

12330 =200/ (M+1) (2)
Kumar and Prasad [45, 46] combined the DMM withglée’'s unstable condition

under large plastic deformation [47] to proposénatability criterion

HORLLULULOIRTIRG ®

dlné
The flow instabilities will occur when the instabjlparameter £(£) is negative.
The dissipation efficiency solved by Eq. (4) isigabnly if the g-& curve obeys
the power law relationship, whereas it cannot bemetely satisfied for various alloy
systems. Subsequently, Murty et al. [18] proposetbdified DMM. In the test strain

rate range £ &,

) G is evaluated by integrating the fitted curves@{é experiment
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data, then

G=["ode+[’ ads:(m"flj +[ ode @)

min N min
£=Enin

Using the obtaine6, the dissipation efficiency can be calculated by

- = J _,(1-G
”_J/‘Jmax_P/Z 2(1 Pjg;r. (5)

The instability criterion in the MDMM also derivé®m Ziegler’s unstable condition

g :27”‘-1< 0. (6)

3.3.2 Comparison with the curve-fitting methods forsolving G value

The o vs. & relationships at 390 °C and a true strain of Ogewfitted using
various function, as shown in Fig. 3a. It can bensihat the power law and logarithm
cubic spline curves are smoother than the otherorder to verify the deviation
between the fitted curves and test data, hot cossfme tests were also conducted at
0.04 & and 0.4 &, respectively for 390 °C. Comparing the deviatibesveen the
fitted curves and the verification points, it issebved that the logarithm cubic spline
curve is more accurate than the power law curve.

The curves in Fig. 3b were the logarithmic datdatéed from Fig. 3a. The direct
cubic spline, cubic polynomial and linear intergima curves obviously twist and
deviate from the verification points. By contrasie power law fitted curve has been
transformed into a straight line with relativelygher deviation to verification points
than the logarithm cubic spline curve. Therefore togarithm cubic spline is the
most optimized method for fittingr vs. & curve. This indicates that the vs. &

relationship does not completely fall in the poveaw. Similar situation was also
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observed in other metallic materials such as Alyall Al matrix composites (AMCs),
Ti alloys and steels [48-51].
3.3.3 Processing maps

Power dissipation map and instability map weretptbbased on the MDMM. Fig.
4 shows the processing maps at true strains ofa@d 0.8, corresponding to the
primary stage of steady plastic flow and the teahistage of hot compression,
respectively. The grey areas denote the instalyéigyon ¢’ < 0), which is located at
450-495 °C and 0.1-I's The dissipation efficiencies at strains of 0.8 &8 show
some similarity in the overall distribution. Thevalue in both maps have two valley
regions and one peak region:

(1) The first valley domain is located around 3%®3C and 0.001-17sin both
maps;

(2) The second valley domain is located around 420°C and 0.001-0.01*sn
both maps;

(3) The peak domain is located around 460-495 C(a618-0.18 § in the map
with strain of 0.3, while the peak domain is lochsgound 480-495 °C and 0.001-0.1
s' in the map with strain of 0.8.

In addition, there exist slight discrepancies ia two maps of different strains. At
strain of 0.3, the; value increases with temperature in the range 99410 °C,
whereas at strain of 0.8 thecontour is flat in the same temperature range. pdak
domain of  value at the right bottom corner of the map shiftsvard high

temperature and low strain rate region as therstnareases from 0.3 to 0.8.
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For PRAMCs [52-54], DRX generally occurs in the pmrature and strain rate
range of 400-450 °C and 0.01-% §he corresponding value ranges from 21 to 30
(n, %). However, DRV usually dominates at the loveenperature of 300-400 °C with
n value ranging from 10 to 25. The peak valuenois commonly related to
superplasticity [10].

3.4 Strain rate sensitivity and temperature sensiity maps
3.4.1 Strain rate sensitivity map

Fig. 5 shows the strain rate sensitivity map atae strain of 0.8, which is similar
to the contour of dissipation efficiency map (Fp). The similar result was also
reported in references [55, 56]. Two main domanesodserved in Fig. 5. Domain | is
located at the left half of tha value map in the temperature range of 355-440R€.
m value is lower and changes slightly with straiterat a constant temperature, and
also rises gradually as the temperature increases.

Domain 1l is located at the right bottom corner tbé m value map, in the
temperature range of 470-495 °C and strain ratgerah0.001-0.1°§ In this region,
the m value rises abruptly as the temperature increasebigh temperatures (~0.8
Tm), diffusion-controlled plastic deformation such dislocation climb, point defect
diffusion and grain boundary sliding are dominagtodmation mechanism. The strain
rate has a significant influence on the deformationtrolled by diffusion. Therefore,
them presents a high level at elevated temperaturdcandtrain rate. The value of
is in the range from 0.1 to 0.2 at temperature35&-440 °C and increases to 0.14-0.3

at temperatures above 440 °C, yet a valuemsD.3 commonly delineates the
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superplastic regime [57].
3.4.2 Temperature sensitivity map
The flow-stress dependence upon temperature isnatkfias a temperature

sensitivity of flow stress, which is determined as follows [30]:

10lno

Tol%)],,

Wherego is flow stress (MPa)l absolute temperature (K).

S=

9)(

Fig. 6 shows the temperature sensitivity map at strains of 0.3 and 0.8. The
contours ofs are quite similar at the both strains. Bwap can be divided into three
temperature ranges as shown in Fig. 6b. In Ra8&5-420 °C) and Il (460-495 °C),
the s value increases with decreasing strain rate. Eapedn Range lll, s value
increases significantly with increasing temperatared exhibits a peak in the region
of 0.001-0.01 § and 470-495 °C. It signifies that flow stress isrensensitive to
temperature at the lower strain rate and highepé&gature conditions. Additionally,
the s undergoes a particular lower level at temperatange of 420-460 °C. It might
be related to some microstructure transition. kt,féhes value in this temperature
range has reached the flow instability conditisg (1) suggested by Gegel et al. [28].
3.5 Microstructure verification
3.5.1sdependence of microstructure

Fig. 7 shows the variation afwith temperature, which is produced based on the
data in Fig. 6b. It is obvious that at 440 °C salurves present a valley that might

indicate a metallurgical transformation. Fig. 8 whothe microstructure of the
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compressed specimens at 425 °C/0.01 amd 460 °C/0.017s The deformed

specimens were sectioned along the longitudinaction (parallel to compression
loading) for metallographic examination. In Fig., 8e grain boundary structure
could not be identified by stereomicroscope at %42/.01 &, whereas at 460 °C/0.01
s* abnormal grain growth (AGG) occurred. Furthermdhme, grain shape after AGG is
not uniform in the specimen interior, and it can gaetitioned into four regions: |

Hard-to-deform zone; Il Shear deformation zoneQdmpressive deformation zone;
IV Lateral zone.

Fig. 8b illustrates the view field locations of tepecimen longitudinal section.
From massive examinations, it was seen that vanatf microstructure with the
compression parameters was distinct at shear defamm region rather than at
compressive deformation region. Therefore, micumstme characterization was
conducted mainly at the shear deformation regidhigstudy.

After compressed at 425 °C and 0.0% the specimen exhibited typical DRX
microstructure in the shear deformation zone, asvehin Fig. 8c. The uniform fine
grains are aligned along the shear direction. Teamgrain size of 3.6m is larger
than the initial grain size (2.mm) of the as-received composite. The effect of
deformation at temperatures above half absolutéimggboint leads to a grain growth,
known as strain-induced or dynamic grain growth @58, 59]. When the
temperature increased to 460 °C, some grains grewound 10@um (Fig. 8d). Only
several small grains remained in the vicinity oftgalate clusters denoted by the

black arrows, as shown in Fig. 8e.
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As shown in Fig. 9, the volume fraction of CyuAlonstituents, particularly for the
CuAl, with small size, in the matrix compressed at 22801 § is less than that at
460 °C/0.01 4. Generally, the dissolution temperature of Guiflabove 500 °C under
solid solution condition [60], whereas tlheAl(Fe, Mn)Si cannot be dissolved by
solution treatment. During hot deformation, the Gupartially re-dissolve at the
lower temperature of ~460 °C, because the largenweloflattice defects can offer
the adequate passages for atom diffusion. The Idisso of CuAL weakens the
pinning effect on grain boundaries, which also potes the AGG.

In Fig. 7, the curve of strain rate T appears flatter without a valley, whereas
there still exists an increasing inflectionsofalue at 440 °C. After compression at 425
°C/1 &', the microstructure exhibited fine equiaxed graiith a mean grain size of
3.1um (Fig. 10a), which is slightly larger than thetiali grain size (2.5um), and due
to the insufficient restoration the long grains &veimilar to those in the initial
microstructure. At 460 °C, AGG took place immediatafter the specimen was
heated to a temperature high enough to make g@indaries sufficiently mobile,
even at the high strain rate of 1 @ig. 10b).
3.5.25¢ dependence of microstructure

As shown in Fig. 4b, in the regime below 440 °@ sitchanges little with strain
rate and then presents a similar situation (Fig. 5). It implibsit below 440 °C, the
dissipation efficiency and flow stress are not gesesto the variation of strain rate.
Therefore, in this temperature range the microtrattransition may be determined

only by the temperature variation. Combining theatan of  curves (Fig. 11) with
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the microstructure of corresponding specimens, ethmaechanisms of the
microstructural evolution in the matrix may be detmed during hot working:
(1) Temperature range of 350-400 °Cy(= 20-30, DRV)

Fig. 12a shows metallographigcrograph of the specimen deformed at 390 °C and
0.001 &. Some grains elongated along the direction of rslse@ss and a small
number of grains were not clear. These charadterisire in agreement with the
microstructures of DRV. The original high angle hdaries do not migrate
significantly, and thus the grains would continoechange shape with deformation.
Because the structures with higher dislocation ithease difficult to etch especially
in the AMCs, for the fine-grained PRAMCs fabricateg cast-plus-extruded route,
the DRV microstructures have not been observedhenprevious investigations [10,
11, 15, 17, 35, 61]. Wang et al. [35] only infertbé possibility of DRV by the shape
of stress-strain curves.

Fig. 13a shows a TEM micrograph of the specimenrdeéd at 355 °C and I'slt
can be seen that CuAbhases adhere the interface of SiC, and many ainsg{SG)
are situated at the vicinity of the SiC particl&eTmicroscopic mechanism of DRV is
related to some substructure evolutions, includthg formation of low angle
boundaries caused by dislocation climb, cross-atig glide, and the movement of
sub-boundaries driven by applied stress, etc. [@cause of the deformation
incompatibility between the SiC particles and thetnw, dislocations readily
accumulate near the particles. For the aluminuoyshvith high stacking fault energy,

dislocations tend to tangle and form the cell stes which further develop into
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subgrains.
(2) Temperature range of 400-440 °Cy(= 26-32, DRX)

At 425 °C, the metallographic micrographs of thecamens at different strain rates
are shown in Fig. 8c, Fig. 10a, and Fig. 12b, rethpely. The distinct boundaries
imply a high proportion of high angle grain bouridarin the matrix. The equiaxed
grains are aligned approximately parallel to thesashdirection with evident
microstructural features of DRX. Based on the dis@n in section 3.5.1, it can be
concluded that at temperature range of 400-44M% is the dominant mechanism
of microstructural evolution. At 425 °C, the avexagain sizes for strain rates of 1.0,
0.01 and 0.0015are 3.1, 3.6 and 34m respectively, which increase as strain-rate
declines. At high temperatures of above 360 when the grain size reaches a limit
subgrain size (~dm), it does not decreases further with increasiragrsdue to DGG
[37]. The original grain size of the as-receivedmeposite is ~2.5um that is
approximately close to the limit subgrain size. rfEfiere, DRX can only take place in
a manner of DGG in this temperature range.

Fig. 13b shows a TEM micrograph of the specimemeéd at 425 °C and I's
The CuAl phases are located at the grain boundary. At lilgher deformation
temperature, dislocations and sub-structures ar&i@darticles can be consumed by
DRX. Then, the recrystallized grains with uniforimesformed near the SiC particle.
Concerning the influence of reinforcements on theystallization, Humphreys [63]
suggested that at lower temperature a deformatme zontaining high dislocation

density and large lattice misorientations existthim matrix nearby particles, and this

15



can provide a large driving force and sites fottipke stimulated nucleation (PSN) of
recrystallization on subsequent annealing. Howesrering deformation at elevated
temperatures, dislocations may be able to climburadothe particles, so no
accumulation of dislocations will occur. Hence, 8N of recrystallization will not
occur [64].

Fig. 8c, Fig. 10a and Fig. 12b show that both sraaldl large grains were
randomly distributed in the area near or far awaynfthe particles. It is difficult to
determine the effect of the particles (such as P&Nhe micromechanisms of DGG
by these metallographs. However, we can undersgtedependence of grain size on
hot working parameters by using the statisticah datmmetallographs.

(3) Temperature range of 440-500 °Cy(= 22-49, AGG)

When the temperature increased above 440 °C, AGR pdace instantly as
illustrated in section 3.5.1. In terms of a rigasaiefinition, the AGG in the complete
recrystallization system is also known as a subemigyrocess of the primary
recrystallization.

(4) Temperature of 450 °C, equicohesive poinTg)

The early concept of equicohesive temperature wagosed by Rosenhain et al.
[65]. Below the equicohesive temperature the goaimndary is presumed to be strong,
whereas above this temperature the grain boundgrgesumed to be weak. At lower
temperatures, plastic deformation generally oceara manner of slip within the
crystallite interior, whereas abofg, the grain boundaries would contribute to partial

plastic deformation by grain boundary sliding, esgky at lower strain rates. As
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shown in Fig. 14a, after the deformation at 460&@ 0.01 §, there exists a
noticeable wedge crack near the edge of the trassveross-section. Fig. 14b
illustrates the view field location of the specimi&ansverse section. Because the
region denoted in Fig. 14b was subjected to thsilestress during hot compression,
the defects such as debonding, voids and crackkivbeueasily to find.

If the SIC particles are not situated just on thairg boundary for an effective
pinning, the grain boundary sliding readily occuas the temperatures above
equicohesive point. On the other hand, when thengrgrow to a certain degree the
boundaries will not migrate further. As a conseaéerunder lower strain rates the
grain boundary sliding occurs between the spetdfige grains subjected to tensile
stress, and causes the formation of wedge craickeygranular cavitation at the grain
boundary triple junction with stress concentrati@onsidering the trend changeof
versus temperature curves (Fig. 11) and the pramhimécrostructure features in the
deformed specimens, the temperature of 450 °C (¥@)8can be defined as the
equicohesive point.

3.5.3 Abnormal evolution of microstructure correspamding to  curve

In Fig.11, the; curve of 0.1 $ ascends monotonically around the temperature 460
°C and they value is higher than that for the other curvess Hifference results from
the nonuniform microstructure evolution. Fig. 1%ews the overall morphology in
the longitudinal cross-section of the specimen aesged at 468C and 0.1, The
bottom half of specimen exhibits the large graiteraAGG, whereas the upper half is

of the fine-grained microstructure after DGG asvaman Fig. 15b. From the results
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above, at 460 °C uniform AGG occurred under thairstrate of 0.01°5 (Fig. 8a) and
1 s* (Fig. 10b), which is lower and higher than 0’1 spectively.

For the nonuniform structure under cold rolling atdtic annealing condition, it
might be interpreted that the regions where realyzation occurs more rapidly are
those with larger stored energy and a larger nundfethe higher angle grain
boundaries required for initiating recrystallizaif66]. In the view of system energy,
AGG originated on the half side of specimen is php in favor of a dynamic
equilibrium between the stored energy in the sysietarior and the total power
applied for plastic deformation. The parameter@¥2C and 0.1 'S just approaches to
this critical condition for inhomogeneous microstire formation. Therefore, this
parameter should be avoided during hot working.

3.6 Damage analysis

The specimens after compressed to a true strad@ofinder different deformation
conditions are shown in Fig. 16. It is readily rbthat the damage level of cracks
aggravates with the increasing temperature anchstate. As the temperature exceeds
the Teq, grain boundary sliding makes an increasing cbuation to plastic
deformation. This grain boundary diffusion contedllsliding is a time-dependent
process. At lower strain rates, the plastic defdionacan be accommodated by an
adequate diffusion. However, at higher strain raties stress concentration tends to
occur at the grain boundaries and matrix/partieterfaces in which the defects such
as micro-pores or micro-cracks are likely to ar&se495 °C, cracking occurred on the

lateral surface of all the specimens, and the sradkarged as the strain rate increased.
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At 460 °C, no apparent macrocracks could be foartte strain rate range of 0.001-1
s'. Under temperatures of 425 °C and below, all spess exhibited the smooth
surface without cracks.

Fig. 17 shows the internal damage of specimens, thadview fields are the
transverse cross-sectionibigstrated in Fig. 14b. In this plane the zonemiba edge
is subjected to tensile stress.

At 425 °C, any forms of internal damage could mnetfdlund even under the high
strain rate 1§ as shown in Fig. 17a.

When the temperature rose up to 460 °C, the mampascracks did not generate
on the lateral surface at each strain rate, as se€ig. 16. However, under a low
strain rate of 0.001 a number of cavities and cracks were generatédeimegions
far from and near the edge (Fig. 17b). In Fig. I, only the interface debonding
but also the initial cracks of about 20-3® were generated in the vicinity of the edge.
Even in the site with a distance of 2.2 mm frome¢klge (the radius of the transverse
observation section ~6.7 mm) debonding still todékce around a few of particles
denoted by the arrows in Fig. 17d.

During deformation of composites, the SiC parti@dgperience elastic deformation
while the matrix experience plastic deformation.r Rbis situation the local
deformation gradients are accommodated by the gemalb/-necessary dislocations
which are stored near the particle-matrix interff&g. At elevated temperatures, the
strength of interface reduces more rapidly than #¢iaSiC reinforcement, and also

with the increasing of strain rate the relaxatiémeerfacial stresses by lattice cannot
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effectively carry out. In this case, the deformatiommcompatibility will be
accommodated by the cavities generated at thefanterThus, the debonding takes
place subsequently with the gathering of cavities.

During hot compression, in the middle transversm@lthe tensile strain in the
interior was smaller than that near the edge. @enisig the above observations, it
could be suggested that under tension state thegkin the composites generally
performed as interface debonding before the ocooeref crack propagation.

At the high temperature of 495 °C, even thoughethgere little macroscopic
cracks under the strain rate of 0.00"(Fig. 16), many large voids or cracks about
50-100um in size appeared in the interior near the edgshawn in Fig. 17e. When
the strain rate reached 0.0}, shose discontinuous small voids and cracks metged
form the extended cracks. The damages as showg.id’ A became more serious.

By comparing Fig. 4b with Fig. 16, it is noted thiere exists an excellent
coincident correlation between the plotted instgbilegion from MDMM and the
external crack morphology of compressed sampleasthecfine-grained SiCp/2014Al
composite fabricated by cast-plus-extruded route, ligh temperatures and strain
rates of around 495 °C (0.9%,) and 1 & are unsafe hot working parameters, under
which the various forms of damages as mentioned/ealawe very susceptible to
generate in the area subjected to tensile stregkelprevious studies [10, 16, 19, 68,
69], it was commonly suggested that at lower temipees and higher strain rates,
void formation occurred at hard particles. Thatniet in agreement with the

observations in this work.
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4. Conclusions

In the study, a novel compression data analysishodetwas developed for
enchancing accuracy of processing map. Futherntioeestrain rate sensitivity map,
temperature sensitivity map and processing map wa@riined to present a thorough
regularity for microstructure evolution. For thelested 14vol.%SiCp/2014Al
composite, the three maps achieved good consisianggscription for deformation
behaviors. The study has presented a reliable giredliof deformation mechanisms.
The following conclusions can be drawn:

(1) The strain rate sensitivity map indicated ttemhperature generally has a more
significant effect on the deformation mechanismntist&rain rate. From temperature
sensitivity map, an AGG transition point was asaedd to be 440 °C. The composite
should be processed at temperatures under the AGE p

(2) Different deformation mechanisms were deterchineder various temperature
ranges: i. DRV was the dominant deformation mod&5&400 °C; ii. DRX occurred
in manner of DGG at 400-440 °C; iii. AGG operated\ae 440 °C; iv. 450 °C (0By)
corresponded to the equicohesive poiig)(

(3) The instability map based on the MDMM exhibited well coincident
correlation with the external crack of overall séesp For 14 vol.% SiCp/2014Al
composites, the cracking more readily occurredhatiigh temperature and strain rate
(495 °C/1 §Y). This and the adjacent parameters must be avoiieihg hot
deformation process.

Acknowledgements

21



The authors gratefully acknowledge the support aitidhal Natural Science
Foundation of China under grant No. U1508216 aniibNal Basic Program of China
under grant No. 2012CB619600. The authors alsoktharof. Q. B. Ouyang,
Shanghai Jiao Tong University, for providing thenpées of 14 vol.% SiCp/2014Al
composite, and Prof. X. X. Zhang, Harbin InstitofeTechnology, for offering the

TEM experiments.

References

[1] S.P. Rawal, Metal-matrix composites for spappligations, JOM, 53 (2001)
14-17.

[2] D.B. Miracle, Metal matrix composites — Fromiewe to technological
significance, Composites Science and Technology2665) 2526-2540.

[3] K.U. Kainer, Basics of Metal Matrix Compositas; Metal Matrix Composites,
Wiley-VCH Verlag GmbH & Co. KGaA, 2006, pp. 1-54.

[4] 1. Akkurt, K. GUnglu, A. Calik, M.S. Karakas, Determination of gammay
attenuation coefficients of Al-4% Cu/B4C metal matomposites at 662, 1173 and
1332 keV, Bulletin of Materials Science, 37 (2014y5-1179.

[5] A.P. Divecha, S.G. Fishman, S.D. Karmarkar,ic6it Carbide Reinforced
Aluminum — A Formable Composite, JOM, 33 (1981)112-

[6] W.L. Zhang, J.X. Wang, F. Yang, Z.Q. Sun, M, Recrystallization Kinetics of
Cold-rolled Squeeze-cast Al/SiC/15w Compositesrdaluof Composite Materials,
40 (2006) 1117-1131.

[7] M. Jahedi, B. Mani, S. Shakoorian, E. Pourkhats M.H. Paydar, Deformation
rate effect on the microstructure and mechanicapgnties of Al-SiCp composites
consolidated by hot extrusion, Materials Sciencd &mgineering: A, 556 (2012)
23-30.

[8] M. Stonis, T. Ruther, B.-A. Behrens, Analysi Material Characteristics and

22



Forging Parameters for Flashless Forged AluminuntdikaComposites, Materials
and Manufacturing Processes, 29 (2014) 140-145.

[9] Y.V.R.K. Prasad, H.L. Gegel, S.M. DoraiveluCJMalas, J.T. Morgan, K.A. Lark,
D.R. Barker, Modeling of dynamic material behaviorhot deformation: forging of
Ti-6242, Metallurgical Transactions A, 15 (1984B8381892.

[10] B.V. Radhakrishna Bhat, Y.R. Mahajan, H.M. Ras, Y.V.R.K. Prasad,
Characteristics of superplasticity domain in thecessing map for hot working of an
Al alloy 2014-20vol.%AI203 metal matrix compositd/laterials Science and
Engineering: A, 189 (1994) 137-145.

[11] B.V. Radhakrishna Bhat, Y.R. Mahajan, H.M. Ras, Y.V.R.K. Prasad,
Processing map for hot working of 6061 Al-10 volAZ03 metal matrix composite,
Materials Science and Technology, 11 (1995) 167-173

[12] S.V.S.N. Murty, B.N. Rao, Instability map foot working of 6061 Al-10 vol%
Al203 metal matrix composite, Journal of Physics Applied Physics, 31 (1998)
3306-3311.

[13] S.V.S.N. Murty, B.N. Rao, B.P. Kashyap, On tie working characteristics of
6061AI-SIC and 6061-Al203 particulate reinforced tahematrix composites,
Composites Science and Technology, 63 (2003) 159-13

[14] P. Cavaliere, E. Cerri, P. Leo, Hot deformatiand processing maps of a
particulate reinforced 2618/Al203/20p metal matomposite, Composites Science
and Technology, 64 (2004) 1287-1291.

[15] P. Cavaliere, E. Evangelista, Isothermal foggiof metal matrix composites:
Recrystallization behaviour by means of deformagdfitciency, Composites Science
and Technology, 66 (2006) 357-362.

[16] P. Zhang, F.G. Li, Q. Wan, Constitutive eqaatiand processing map for hot
deformation of SiC particles reinforced metal matomposites, Journal of materials
engineering and performance, 19 (2010) 1290-1297.

[17] M. Rajamuthamilselvan, S. Ramanathan, Devekmnof Processing Map for
7075 Al/20% SiCp Composite, Journal of MaterialgiBeering and Performance, 21

(2012) 191-196.
23



[18] S.V.S.N. Murty, M.S. Sarma, B.N. Rao, On thealeation of efficiency
parameters in processing maps, Metallurgical anteNéds Transactions A, 28 (1997)
1581-1582.

[19] S.V.S.N. Murty, B.N. Rao, B.P. Kashyap, Insli#yp criteria for hot deformation
of materials, International Materials Reviews, 28(0) 15-26.

[20] K.-k. Deng, J.-c. Li, F.-j. Xu, K.-b. Nie, W.iang, Hot deformation behavior and
processing maps of fine-grained SiCp/AZ91 compodltaterials & Design, 67 (2015)
72-81.

[21] H. Rastegari, A. Kermanpur, A. Najafizadeh, Porter, M. Somani, Warm
deformation processing maps for the plain eutectbekls, Journal of Alloys and
Compounds, 626 (2015) 136-144.

[22] D.-X. Wen, Y.C. Lin, J. Chen, J. Deng, X.-Mhé€n, J.-L. Zhang, M. He, Effects
of initial aging time on processing map and miaasiures of a nickel-based
superalloy, Materials Science and Engineering:20 @015) 319-332.

[23] S. Gangolu, A. Gourav Rao, I. Sabirov, B.PsKygap, N. Prabhu, V.P. Deshmukh,
Development of constitutive relationship and preoaeg map for Al-6.65Si-0.44Mg
alloy and its composite with B4C particulates, Miale Science and Engineering: A,
655 (2016) 256-264.

[24] X. Li, C. Liu, X. Sun, M. Ma, R. Liu, Hot defmation behaviour and processing
maps of AA6061-10 vol.% SiC composite prepared pwrls plasma sintering,
Science China Technological Sciences, 59 (2016)9880

[25] S. Samal, M.R. Rahul, R.S. Kottada, G. Phami&y Hot deformation behaviour
and processing map of Co-Cu-Fe-Ni-Ti eutectic regtropy alloy, Materials Science
and Engineering: A, 664 (2016) 227-235.

[26] T. Wang, K. Nie, K. Deng, W. Liang, Analysi$ loot deformation behavior and
microstructure evolution of as-cast SiC nanopasideinforced magnesium matrix
composite, Journal of Materials Research, 31 (2648Y-3447.

[27] G.-z. Quan, L. Zhang, X. Wang, Y.-l. Li, Cosmondence between
microstructural evolution mechanisms and hot preiogs parameters for

Ti-13Nb-13Zr biomedical alloy in comprehensive mssing maps, Journal of Alloys
24



and Compounds, 698 (2017) 178-193.

[28] H.L. Gegel, J.C. Malas, S.M. Doraivelu, V. 8de, Modeling techniques used in
forging process design, ASM Handbook, 14 (1988)438.

[29] J.M. Alexander, Mapping dynamic material bebay, in: Modelling Hot
Deformation of Steels, Springer, 1989, pp. 101-115.

[30] J.C. Malas, Methodology for design and conttbthermomechanical processes,
in, Ohio University, Ann Arbor, 1991, pp. 33-45.

[31] Y.V.R.K. Prasad, T. Seshacharyulu, Modelling bot deformation for
microstructural control, International Materialsvikavs, 43 (1998) 243-258.

[32] Y.V.R.K. Prasad, Author’s reply: Dynamic masts model: Basis and principles,
Metallurgical and Materials Transactions A, 27 (@P235-236.

[33] R. Liu, W. Cao, T. Fan, C. Zhang, D. ZhangyvBlepment of processing maps
for 3 vol.% TiCp/AZ91D composites material, Matési&cience and Engineering: A,
527 (2010) 4687-4693.

[34] S.S. Zhou, K.K. Deng, J.C. Li, K.B. Nie, F3u, H.F. Zhou, J.F. Fan, Hot
deformation behavior and workability characterstiaf bimodal size SiCp/AZ91
magnesium matrix composite with processing map,eki#s & Design, 64 (2014)
177-184.

[35] T. Feng, X. Chen, L. Wu, S. Lou, Diffusion wlelg of SiCp/2014Al composites
using Ni as interlayer, Journal of University ofi&we and Technology Beijing, 13
(2006) 267-271.

[36] Y.S.Su,Q.B. Ouyang,W.L. Zhang,Z.Q. Li, Q. GuG.L. Fan, D. Zhang,
Composite structure modeling and mechanical behafiparticle reinforced metal
matrix composites, Materials Science and Engingekirb97 (2014) 359-369.

[37] A. Gholinia, F.J. Humphreys, P.B. PrangneltpdRiction of ultra-fine grain
microstructures in Al-Mg alloys by coventional md, Acta Materialia, 50 (2002)
4461-4476.

[38] S. Gourdet, F. Montheillet, Effects of dynangi@ain boundary migration during
the hot compression of high stacking fault energgtats, Acta Materialia, 50 (2002)

2801-2812.
25



[39] D. Feng, X.M. Zhang, S.D. Liu, Y.L. Deng, Cangtive equation and hot
deformation behavior of homogenized Al-7.68Zn-2.32M98Cu—0.12Zr alloy
during compression at elevated temperature, M#teHaience and Engineering: A,
608 (2014) 63-72.

[40] D. Webster, Effect of lithium on the mecharipeoperties and microstructure of
SiC whisker reinforced aluminum alloys, Metallu@icTransactions A, 13 (1982)
1511-15109.

[41] R.S. Mishra, A.B. Pandey, Some observationsthan high-temperature creep
behavior of 6061 Al-SiC composites, Metallurgicahiisactions A, 21 (1990) 2089.
[42] K.-T. Park, E.J. Lavernia, F.A. Mohamed, Hitgmperature creep of silicon
carbide particulate reinforced aluminum, Acta Meitglica et Materialia, 38 (1990)
2149-2159.

[43] K.-T. Park, F.A. Mohamed, Creep strengtheninga discontinuous SiC-Al
composite, Metallurgical and Materials Transactidn26 (1995) 3119-3129.

[44] Z.G. Lin, F.A. Mohamed, Creep and microstruetin powder metallurgy 15 vol.%
SiCp-2009 Al composite, Journal of Materials Scesnk7 (2012) 2975-2984.

[45] A.K.S.K. Kumar, Criteria for predicting metafical instabilities in processing
maps, in, Indian Institute of Science, Bangaloneljd, 1987.

[46] J.K. Chakravartty, Y.V.R.K. Prasad, M.K. AsundProcessing map for hot
working of alpha-zirconium, Metallurgical Transaxts A, 22 (1991) 829-836.

[47] H. Ziegler, I.N. Sneddon, R. Hill, Progress solid mechanics, John Wiley &
Sons, New York 1963.

[48] H. Mirzadeh, A. Najafizadeh, M. Moazeny, Flawrve analysis of 17-4 PH
stainless steel under hot compression test, Megathl and Materials Transactions A,
40 (2009) 2950-2958.

[49] G.L. Ji, F.G. Li, Q.H. Li, H.Q. Li, Z. Li, Aomparative study on Arrhenius-type
constitutive model and artificial neural network aeb to predict high-temperature
deformation behaviour in Aermet100 steel, Mater&dgence and Engineering: A, 528
(2011) 4774-4782.

[50] Y.C. Lin, D.X. Wen, J. Deng, G. Liu, J. Chegonstitutive models for
26



high-temperature flow behaviors of a Ni-based saipmy, Materials & Design, 59
(2014) 115-123.

[51] H. Mirzadeh, A simplified approach for deveilog constitutive equations for
modeling and prediction of hot deformation flowess, Metallurgical and Materials
Transactions A, 46 (2015) 4027-4037.

[52] B.L. Xiao, J.Z. Fan, X.F. Tian, W.Y. Zhang,K.. Shi, Hot deformation and
processing map of 15%SiCp/2009 Al composite, JduohaMaterials Science, 40
(2005) 5757-5762.

[53] J.C. Shao, B.L. Xiao, Q.Z. Wang, Z.Y. Ma, YuLK. Yang, Constitutive flow
behavior and hot workability of powder metallurgywgessed 20 vol.%SiCp/2024Al
composite, Materials Science and Engineering: A, @D10) 7865-7872.

[54] C.X. Wang, F.X. Yu, D.Z. Zhao, X. Zhao, L. Zudiot deformation and
processing maps of DC cast Al-15%Si alloy, Materi@tience and Engineering: A,
577 (2013) 73-80.

[55] J. Zhang, H. Di, H. Wang, K. Mao, T. Ma, Y. &aHot deformation behavior of
Ti-15-3 titanium alloy: a study using processingpsiaactivation energy map, and
Zener-Hollomon parameter map, Journal of Matefgaience, 47 (2012) 4000-4011.
[56] J. Zhang, H. Di, K. Mao, X. Wang, Z. Han, T.aMProcessing maps for hot
deformation of a high-Mn TWIP steel: A comparatstady of various criteria based
on dynamic materials model, Materials Science andirieering: A, 587 (2013)
110-122.

[57] H. Watanabe, T. Mukai, K. Higashi, Influencetemperature and grain size on
threshold stress for superplastic flow in a finakged magnesium alloy, Metallurgical
and Materials Transactions A, 39 (2008) 2351-2362.

[58] K.B. Hyde, P.S. Bate, Dynamic grain growth Al—-6Ni: Modelling and
experiments, Acta Materialia, 53 (2005) 4313-4321.

[59] O.V. Rofman, P.S. Bate, I. Brough, F.J. Hungylsr Study of dynamic grain
growth by electron microscopy and EBSD, JournalMitroscopy, 233 (2009)
432-441.

[60] Z. Li, A.M. Samuel, F.H. Samuel, C. Ravindr&h, Valtierra, Effect of alloying
27



elements on the segregation and dissolution of Zyphlase in Al-Si-Cu 319 alloys,
Journal of Materials Science, 38 (2003) 1203-1218.

[61] M. Rajamuthamilselvan, S. Ramanathan, Hot-waykehavior of 7075 Al/15%
SiCp composites, Materials and Manufacturing Preees27 (2012) 260-266.

[62] S.F. Exell, D.H. Warrington, Sub-grain bounglamigration in aluminium,
Philosophical Magazine, 26 (1972) 1121-1136.

[63] F.J. Humphreys, The nucleation of recrystalian at second phase patrticles in
deformed aluminium, Acta Metallurgica, 25 (19772331344.

[64] F.J. Humphreys, W.S. Miller, M.R. Djazeb, Mistructural development during
thermomechanical processing of particulate metdtrmacomposites, Materials
Science and Technology, 6 (1990) 1157-1166.

[65] A.H. Chokshi, A. Rosen, J. Karch, H. Gleitem the validity of the hall-petch
relationship in nanocrystalline materials, Scrilgkatallurgica, 23 (1989) 1679-1683.
[66] M. Somerday, F.J. Humphreys, Recrystallisabehaviour of supersaturated Al—
Mn alloys Part 1 — Al-1.3 wt-%Mn, Materials Scienged Technology, 19 (2003)
20-29.

[67] M.F. Ashby, The deformation of plastically nbomogeneous materials,
Philosophical Magazine, 21 (1970) 399-424.

[68] G. Ganesan, K. Raghukandan, R. Karthikeyan, PRi, Development of
processing maps for 6061 Al/15% SiCp composite riseMaterials Science and
Engineering: A, 369 (2004) 230-235.

[69] Y.V.R.K. Prasad, K.P. Rao, S. Sasidhar, Hotkig guide: a compendium of

processing maps, ASM international, 2015.

28



i d
) Py
by

NJ,‘

i ; ‘;"?‘Q O‘f

'“39@
P

0 :“g. v
hs'p&": M.

Qo%;'.'a-ﬁ .
ey
- .»,Q;i

T
Q.,-, -»

-

&

.
=

‘ ‘5‘"

[
a
£
ee

-

T

e
- P
9>V
Xy
=~

'2
R
e

2%

= gl

—
p
:‘4

- é :
e

3
.
%
s - ®
e
fr, ot
e . %

(3
P
-

€ u

Cu

)

Cu ¢
u
1 2 3 4 5 6 7 8 9 10
[Full Scale 3191 cts Cursor: 0.000 keV
Al
Spectrum: phase B
Mn si M
i n
Fe
_/\A_J . Mn Fe

1 2 3 4 S
[Full Scale 3774 cts Cursor: 0.196 (10 cts)

6 7 8 9 10
keV|

Fig. 1 Initial microstructures of as-received cplsts-extruded 14 vol.% SiCp/2014Al

composite: (a) SiCp distribution, (b) grain configtion of matrix alloy, (c)

SEM/EDS of precipitated phases, (d) SEM backs-aaaitelectron image (Extrusion

direction is vertical to the horizontal.)

(@) 400

w 1s
80}
60 w L

390°C

1

g 0,015

40

True stress, MPa

0.001s”
20 -/’/

Y

06 08

True strain

(b)

True stress, MPa

i 1
80k 0.1s

[ MM 355°C
60} .\ PR AR A /v 390°C

3 I . s

[ 1. \1 _.—Lower yield point o

[ N\ AN A Aty A o smte AN e 460°C
40

L 495°C
20}

0 [ PREPEEPRE B SEra E PRRPUR TS S
0.0 0.2 0.4 0.6 0.8
True strain

Fig. 2 True stress vs. true strain curves of 1484@iCp/2014Al composites at (a)

390°C for varying strain rates, (b) strain rate 0*¥ar varying temperatures




»
S

True stress, MPa

90 (b)
195F
75} l:(Lu
1.80
=1 TN T O 0 I 0 IO ) 2
60 I R B P
) Ll L et
i A Verification points g 1.65 i
45} & ®  390°C experiment data ‘3 A Verification points
- == Linear interpolation 150} ®  390°C experiment data
Power law Q - .o 3 .
30} + . 3 [ geess==7ic- - - Linear interpolation
| Cyblc polynomial = —— Power law
=== Direct cubic spline F=d 1.35} - = Cubic polynomial
15k Logarithm cubic spline - === Direct cubic spline
Logarithm cubic spline
1.20 F
ole s L 1 L L 1 L L 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 -30 -25 -20 15 -10 -05 00

Strain rate, s’

lg(strain rate), s

Fig. 3 The curves fitted by different methods fdrbl.% SiCp/2014Al composite at

true strain 0.6: (a) true stress vs. strain rdelg(true stress) vs. Ig(strain rate)

z

Log(strain rate), s

00 _ (b) o0
2 F, 20 / / =
05} 2" = 0s5p F )/ 2
/// 29 ‘v 26
1.0 52 i @ 0ok/ / 5 s
38 41 44 — /
/ 35 v g / 29 B
- L | =
1.5 / - : .@ 1.5 | 44
i = \ 29 :
2.0} 38 e L gk Wi %,
I 25— g \‘\ o Y 47
2 =1 f 2 \
25¢ 25} \ , \
=03 | =08 | ' \
a0l ' L L \ L -3.0 L i 1 f H i !

3.
360 380 400 420 440 460 480

Temperature, °C

360 380 400 420

440 460 480
Temperature, °C

Fig. 4 The processing map (power dissipation efficy,,, %) of 14 vol.%

SiCp/2014Al composite (a) true strain 0.3, (b) tstrain 0.8

. \
'O 5 012 014 —
: ’ 0.18 0.16
“. 014
_—
Qo 0.16
T 018 4
b 020 22 1id
-% T loze
= 0.28
&, /
o 1
3 : 0.18 0.16 0.30
25k 0.14 *
F£=0.8 / ‘
_ 1 " 1 i 1 1 1 PR | i L i

360 380 400 420 440 460 480
Temperature, °C

Fig. 5 Thestrain rate sensitivityn, contour map of 14 vol.% SiCp/2014Al composite



at true strain 0.8

(@ o0 : A (b) o0
""’ 4 \‘“ “‘\
0.5F O \ -0.5
T / 5 \ ) -
» 3 \ | )
~= -1.0F ~ \ 1 ~= -1.0
e Tk o
£ A8 a = A5¢
3] ]
B 2.0 6 4387 B 20 p
b= PN 10 =3
= 7 £ oz X 11— =
25l /1 \ 121 250 i L iea
8 / /13 6 / \ e
£=0.3 / / G‘:N £=0.8 / 2\ / 77
30k i % e W ‘/. ] gl o/ . N, n‘&r\ A Al .18——
360 380 400 420 440 460 480 360 380 400 420 440 460 480
Temperature, °C Temperature, °C

Fig. 6 The temperature sensitivisy,contour map of 14 vol.% SiCp/2014Al

composite: (a) true strain 0.3, (b) true strain 0.8

w 20} &

£ Ao
= 15F —=—o0015¢"
n [ -1
2 [ —e—0001s AGG
o 10F

P [

g 5}

|

8 [

£ Of

& £=0.8

360 380 400 420 440 460 480 500
Temperature, °C

Fig. 7 The variation diemperature sensitivitg, value curves with temperature under

various strain rates at true strain 0.8 for 14%d6iCp/2014Al composite



(@)
425°C/0.01s"

460°C/0.01s™

(b)

Local stress state of
longitudinal cross-section

Fig. 8 Microstructures of the specimens testedrairsrate of 0.01 Swith true strain
of 0.9: (a) macrograph of longitudinal cross-settb 425 and 468C, (b) view fields
location of longitudinal section (c) shear deforimatregion at 428C, (d) shear

deformation region at 46T, (e) local region in the dotted box of (d)



I 252 CT0N0M Skt

‘f‘ N
T e

Fig. 9 SEM backs-scattered electron imagdas®fpecimens tested at strain rate of

0.01 §" with true strain of 0.9: (a) 425 °C, (b) 48D

Fig. 10 Microstructures of specimens tested unttainsrate of 1S with true strain

of 0.9 at (a) 425 °C and (b) 460 °C

[ —v—15"

[ —4—0.15"

t —=—0.01s"
| —e—0001s"

I I3
o o
LA T

w
o
T

N
o
——r—r—

Dissipation efficiency #, %

[ £=0.8
360 380 400 420 440 460 480 500
Temperature, °C

—_
o

Fig. 11 The variation of value (%) with temperature under various straiegat true

strain of 0.8 for 14 vol.% SiCp/2014Al composite



ok

3 o 3
: 20 um ‘{?‘} e e

Fig. 12 Microstructures in the shear deformationeztested under strain rate of 0.001

st with true strain of 0.9 at (a) 390 °C and (b) 425

Fig. 13 TEM images dhe specimens compressed with true strain of 0.&pB855
°C/1 &', (b) 425°C/1 &

wo B Jdeociolis (b)

Local stress state of
transverse cross-section

Fig. 14 Internal damage observation of the specicoempressed at 460 °C/0.01ts



true strain of 0.9: (a) wedge crack near the edgie transverse section, (b) the view

field location of transverse cross-section

(@) 460°C/0.1s™

Fig. 15 Microstructures of the specimen compresse$0°C/0.1 § to true strain of
0.9: (a) overall grains distribution in the longlinal cross-section, (b) signified view

of grain structure in the shear deformation regisrshown by rectangle b in Fig. 13a



=
—

0.01

Strain rate, s’

0.001

355 390 425 460 495
Temperature, °C

Fig. 16 External crack morphologies of all compegssamples at true strain of 0.9



Ch i Rl e MNP A o P o Qe e S PR B P W i 3 BORTY TrYYS P T
)57 & o gt A wA42B0CAST, () e B ME09€10.001s
1 s -t . A & ! ‘.‘,(‘ Ay TR T I gL 1 5 3 .'.,

e U AR ;

©F 4 h 460CRUOET Ty T, 4603C/0.001s
4 9 . . S L . 5, . ‘ A~ ¥
‘fﬂ- EEE T W “k‘--‘_ -
L o v

VR

I LD T:1
tﬁ-:{ ’,‘ﬁ .“-
g - ‘*. ' o

R

Rt S
-' .‘"" -‘ ,- ;
A e ) .

Fig. 17 Internal damage state in transverse crestses of specimens compressed to
true strain of 0.9: (a) at 42&/1 s, (b) at 46(°C/0.001 &, (c) local region in the
dotted box of (b), (d) at the area far away frorgeedt 46®C/0.001 &, (e) at 495

°C/0.001 &, (f) at 495°C/0.01 &



Highlights
» Hot deformation behaviors of SiCp/2014Al compesitere investigated.
» Temperature, strain rate sensitivity maps andcgssing map are in good
consistency.
* Transition temperatures of deformation mechanis® predicted accuratley.

* Crack forming conditions agree well with instalgiregion of processing map.



