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Abstract 

The dynamic deformations at high temperatures of Al-3wt.%Mg alloy and Al-3wt.%Mg/B4C 

composites with different volume fractions and particle sizes were studied using a dilatometer 

deformation instrument and a split Hopkinson pressure bar operating at strain rates of 10 to 

1000 1/s.  A comprehensive analytical procedure was developed to correct the effects of 

adiabatic heating, friction at interface of the specimen and bars, and strain rate variation, on 

flow stress curves.  Then based on corrected data, a physical based constitutive equation was 

developed for modeling and prediction of flow stress.  It was observed that composites in 

comparison with single phase alloy, after initial straining, showed lower hardening rate which 

is unexpected.  EBSD micrographs and finite element analysis were used to investigate 

microstructural evolution and deformation condition around particles.  It was concluded that 

particle fracture during deformation which is more expectable in larger particles, and also 

higher adiabatic heating in composite and not recrystallization related phenomena, are the 

main reasons for softening of stress flow curves at large deformation. 
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1. Introduction  

Aluminum matrix composites (AMC) as a group of engineering materials have been found 

various applications in different industries due to their excellent properties [1]. Considering 

their main fabrication processes, hot deformation has been known as the one of the most 

important production steps because of their low workability [1]. Generally, deformation at 

elevated temperatures provides an opportunity to decrease the deformation load, design 

microstructure and control the final product properties [2]. Addition of Mg as solute in the 

aluminum matrix of composite, in addition to the improvement of mechanical properties, by 

hindering the movement of dislocations, reduces the level of recovery as well as increases the 

stored energy and driving force of dynamic recrystallization (DRX) during high temperature 

deformation [3,4]. Presence of rigid second phase makes the situation even more complicated 

because the probability of DRX will be raised by particle stimulating nucleation (PSN). 

Moreover, the microstructure characteristics including grain size and texture will be also 

affected [5,6].  

Hot deformation of AMCs have been studied at a wide range of strain rates. Most of them 

have been  conducted at strain rates lower that 1 s
-1

 [7,8]; however, strain rates up to 1000 s
-1

 

or higher have seldom received attention. In fact, deformation of metals and alloys at high 

strain rates has been widely studied at low temperatures because it is considered as an 

interesting subject to unravel the deformation and failure mechanisms in dynamic condition 

[9,10]. However, the behavior of metal matrix composites (MMC) at high Zener-Hollomon 

parameters (i.e., relatively low temperature and high strain rates) during high-temperature 

deformation might be even more interesting, in order to elucidate which are the softening 

governing mechanisms, whether DRX, dynamic recovery (DRV) or both. 

To achieve very high strain rates, split Hopkinson bar systems have been developed. Strain 

rate in such systems, resulted from a massive and rapid loading via high velocity impact, can 

be in excess of 1000 s
−1

. The fluctuations in the initial output signal make the analysis of the 

flow curves hard [11]. Moreover, the recorded deformation load is only valid for the initial 

strains, although sample experiences strain until end of the test [12]. Therefore, different 

constitutive equations including Johnson-Cook [13], Zerilli–Armstrong [14], Hensel–Spittel 

[15] have been examined to reproduce the suitable flow curves at high strain rates. According 

to the rate of deformation, adiabatic heating and strain rate variation are unavoidable, and 

their effects should be corrected to make flow stress curves valid. Therefore, the initial results 
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have unacceptable accuracy and this can limit the application of this deformation technique 

for studying the hot deformation behavior of engineering materials at high strain rates. 

Therefore, the present work aims to quantitative analysis and microstructure evaluation of an 

Al-3Mg alloy and an Al-3Mg/B4C composite during high strain rate deformation at elevated 

temperatures. Moreover, a flow stress correction method is proposed to modify the output of  

high-temperature split Hopkinson pressure bar test, which considers both adiabatic heating 

and strain rate variations. 

 

2. Experiment 

An Al-3wt.% Mg alloy and an Al-3wt.% Mg/B4C composite with average particle sizes of 80 

and 20 µm and volume fractions of 5, 10, and 15 vol.% were fabricated by stir-casting 

followed by hot extrusion. Details of materials preparation can be found elsewhere [16]. The 

chemical composition of the Al-3Mg alloy and the matrix of the composite was evaluated via 

Electron Probe Micro-Analyzer (Cameca SX100) and Quantometric analysis, respectively. 

Results indicated a Mg, Fe and Si content as follows: 2.9, 0.15, and 0.2 respectively (in 

wt.%).  

For single-hit hot compression tests at high strain rates, cylindrical specimens with length of 

11.5 and 10 mm and diameter of 7.4 and 5 mm were used in a hot split Hopkinson bar test 

and a deformation dilatometer (Baehr DIL-805), respectively. In hot split Hopkinson bar test 

deformation was performed at temperature of 300  C and 400  C with average strain rate of 

around 600, 1000 and 1200 s
-1

.  In the deformation dilatometer machine samples were 

deformed at temperatures of 400  C and 500  C at a strain rate of 10 s
-1

. Schematic 

representation of the hot split Hopkinson pressure bar test is shown in Fig. 1a, while the 

initial and two deformed specimens are presented in and Fig. 1b.  The split Hopkinson bar 

information is presented in Table 1. Electron backscatter diffraction method (EBSD) and 

Thermal-Field-Emission Scanning Electron Microscope (Jeol 7001f-0.1-30 kV) were 

employed in order to examine the microstructure of the rapidly quenched (less than 0.5 sec) 

deformed samples. For this purpose samples were prepared according to standard 

metallographic procedures. In order to distinguish between high angle grain boundaries 

(HAGB) and low angle grain boundaries (LAGB) the misoriention of 15
º
 was selected, i.e., 

grain boundary is considered as HAGB where misorientation is above 15
º
 and considered as 

LAGB where misorientation is between 3
º
 to 15

º
. To evaluate the deformed, recovered and 
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recrystallized grains after grain reconstruction, internal average misorientation angle of each 

grain was measured. Then, if the average misorientation angle in a grain exceeds the 

minimum angle of subgrain definition, i.e., 3
º
, the grain was classified as deformed grain. If 

internal misorientation was under 3
º
 but the misorientation from one part to other part is 

above 3
º
 (i.e., grain consist of subgrains) the grain is considered as recovered. All the 

remaining grains are classified as recrystallized. Coupled thermal-displacement finite element 

method (Abaqus-dynamic explicit solution) was applied to investigate the variation of stress 

and temperature in the sample in a 3D model (with mesh type of C3D8T). The materials 

information in form of impute data are presented in Table 2. 

 

 
Fig.  1: (a) schematic view of the hot split Hopkinson pressure bar test and (b) initial sample in 

comparison with two different samples deformed at strain rates of 600 s
-1

 and 1200 s
-1

 at 400  C. 

Table 1: Bar information. 

d [mm] A [mm
2
] density [g/mm

3
] E [GPa] Co [mm/s] n 

30.00 706.86 7.85×10
-3

 210 5.172×10
9
 0.3 

Table 2: Materials information used for simulation [17-19]. 

 
Temperature 

[K] 

Density 

[kg/m
3
] 

Thermal conductivity 

[W/mK] 

Specific 

heat[J/gmK] 

Elastic modulus 

[GPa] 

Al-Mg 

553 2.611×10
3
 131.6 1.081 58.4 

653 2.589×10
3
 142.3 1.136 54.8 

753 2.567×10
3
 152.3 1.178 51.2 

853 2.549×10
3
 159.5 1.261 47.6 

B4C 

553 2.55×10
3 

24.8 1.481 436.3 

653 2.55×10
3
 22.4 1.609 430.9 

753 2.55×10
3
 20.2 1.678 425.5 

853 2.55×10
3
 18.1 1.686 420.1 

 

3. Result 

3.1. Raw data 

Generally, in a split Hopkinson pressure bar test, the striker bar hits the input bar that leads to 

propagation of a compressive uniaxial stress wave through the input bar. At the interface of 
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the sample-input bar, because of impedance mismatching, a fraction of wave transmits 

through the sample causing deformation of the sample and the other portion of the wave 

reflects back to the input bar. At the interface of sample-output bar, again, the transmitted 

wave partially reflects back into the specimen and the remaining fraction transmits to the 

output bar. As the wave reaches to the free end of the bar, it will reflect back with 

characteristics related to the free end condition and deforms the sample again. The output of 

the system is a voltage signal recorded by strain gages on the bars. 

Fig.  2a represents a typical signal history recorded from the input and output bars. It is clear 

that after travelling along the bars and reflecting back from the free ends, the signal shape is 

distorted. It should be noted that although strain gages record different signals and sample is 

heavily deformed, only the first signal in input and output bars, which are associated with the 

first transmitted and reflected wave, have acceptable accuracy for further calculation of strain 

and stress during deformation.  

 
Fig.  2: (a) original input and output signals, (b) first signal in form of time resolved strain vs. time 

and (c) processed results in form of stress and strain rate vs. strain at 400  C and 1200 s
-1

. 

 

As shown in Fig.  2b, the signal has to be converted into time-resolved strain based on  

standard procedure [12]. Finally, the stress and strain rate can be obtained from 

     tεAAE=tσ Tsbb /  and      tεLC=tε Rs/2 0  as explained in [12], where A  and 
sL  are the 

initial cross section and length of the specimen, Eb is the Young's modulus of the bar 

material,  tεT
 is the time-resolved strain of the transmitted wave in the output bar of cross-

sectional area
oA ,  tεR

 is the time-resolved strain of the reflected wave in the input bar and Co 

is the one dimensional bar wave speed. Strain can be calculated by integration. Then the 

engineering stress and strain can be converted to true ones. An example of the resulted true 

stress-strain curve is shown in Fig.  2c.     
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3.2. Data correction 

As already mentioned, there are at least three sources of error associated with the resultant 

stress-strain curves: 

(1) Increasing stress resulted from the friction between the specimen and bars. It has been 

shown that friction reduces velocity components on the surfaces and, by introducing a shear 

component into the strain rate field, increases the internal power of deformation and therefore 

the stress. Ebrahimi and Najafizadeh [20] presented a simple applicable method, which by 

measuring initial and final length (L) and radius (R) of the sample, it is possible to correct the 

effect of friction according to the following equation: 

1
3
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)exp(  initialLL  and )2/exp(  initialRR . Here m is a constant friction factor, b is a parameter 

representing the barreling effect, and L and R are the current ideal length and radius during 

compression, respectively. 

(2) Decreasing stress resulting from adiabatic heating. It is known that a large part of the 

irreversible plastic work contributes to heat generation, while the rest is stored as strain 

energy in the form of internal defects. This fact results in an increase in the specimen 

temperature during the test and so the observed flow stress is lower than the actual one. 

Accordingly the test cannot be considered under isothermal conditions when no time for 

dissipation is available, i.e., at high strain rates. Based on the energy balance equation 

assumptions that were reported and detailed in Hodowany et al. [21], the temperature 

variations during deformation ( ) can be estimated by: 

  c             (2) 

where   is the density of the material, c is the specific heat,  is the fraction of the  plastic 

work dissipated as heat, which is often assumed to be 0.95 for most metals [21], and 

adiabaticactual TT   is the adiabatic correction factor which is the fraction of adiabatic heat 

retained in the work piece due to heat loss to the dies. It has been shown that η depends on 

strain rate under isothermal conditions. For strain rates lower than 0.001 s
-1

, η is around 0, 

and under adiabatic conditions and at strain rates greater than 10 s
-1

, η reaches to 1 [15,21], a 

value that can be assumed for hot split Hopkinson bar tests. Therefore, the instantaneous 
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temperature can be estimated from Eq. 2. By calculating the deformation heat ( T ), at the 

given strain and strain rate, stress can be corrected by using the variation of stress with 

respect to temperature, i.e., T , which in turns can be derived from isothermal tests (i.e., 

low strain rate tests) or physically based equations 

(3) Strain rate corrections. As shown in Fig. 2c, the true strain rate doesn’t change from zero 

to a given value in an instantaneous way. Indeed a significant part of the test is paid in 

attaining the expected strain rate, and therefore some corrections regarding the stresses 

associated to this initial part of the curves must be corrected. This can be done by considering 

the change in strain rate (   ), at a given strain and temperature, and the stress can be 

corrected by using the variation of stress with respect to strain rate, i.e.,   , which can 

also be derived from isochronal tests (i.e., low strain rate tests), or from theoretical 

expressions. Summarizing and applying a linear approximation of multi variable Taylor 

series, the flow stress curve can be corrected using the following relation: 

T
Tcorrected

T
T

,,
,.


 
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where   is the friction corrected flow stress at a given T ,   and  .  

 

3.3. Constitutive analysis 

As stated, in order to correct the flow curves according to Eq. 3, it is necessary to find the 

dependence of stress on temperature and strain rate at a given strain, i.e., a constitutive 

equation is required.  Various theoretical models have been proposed to describe the 

deformation behavior of metals at high temperatures.  Most of them distinguish between low 

and high stacking fault energy (SFE) materials [22].  Based on the value of SFE of Al-Mg 

alloys, dynamic recovery is the most important softening mechanism active, especially at 

high strain rates [23].  Bergstrom [24] proposed a model for metals undergoing exclusively 

dynamic recovery which has been developed by Laasraoui and Jonas [25] and Lin et al. [26] 

based on a balance between the hardening and the softening mechanisms due to the 

dislocation multiplication and the annihilation during deformation respectively. According to 

this model, the dislocation density ρ depends on strain as follows: 





U

d

d
,
 o  0  and 

rec       (4) 
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where U and Ωρ represent the strain hardening and dynamic recovery terms, ρo is the 

dislocation density before starting deformation, and ρrec is the equilibrium dislocation density 

achieved at large strains.  Assuming strain-independency of U and Ω, and using the classic 

relationship between stress and dislocation density,  Gb , (is a constant, G is the shear 

modulus, and b the burgers vector) the above differential equation can be solved and 

rewritten as: 

)exp()( 2222   orecrec  
        (5) 

where σ is the flow stress, 
oo Gb    and  UGbrec   are the yield stress and the 

saturation stress due to dynamic recovery, respectively. It is worth mentioning that at high 

temperature conditions yield stress can be ignored compared with the saturation stress. For 

description of saturation stress as a function of strain rate and temperature, different equations 

have been proposed [25-28]. In hot deformation studies, it is common to consider the 

combined effects of temperature and strain-rate on a single parameter, i.e., the so-called 

Zener–Hollomon (Z) parameter [29]. In the high strain rate regime it is accepted that Z has an 

exponential dependence on stress as follows [30]:  

)/exp()/exp( GARTQZ            (6) 

where Q is the activation energy for deformation which in the present alloy can be considered 

equal to 145 kJ/mol [31], G the shear modulus,  which in turns depends on temperature (for 

Al-Mg alloy, this dependency can be expressed as: TG 18.3678427  [32]), and A and β are 

constant which can be calculated from experimental results. Finally, the softening term, Ω, 

dependence on temperature can also be expressed as [27]: 

nkZ            (7) 

where, k and n are material constant. Therefore, the dependence of flow stress on deformation 

conditions (i.e., on the Zener Hollomon parameter) due to dynamic recovery at high 

temperature deformation can be written as follows: 

 
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2
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       (8) 

Considering friction corrected curves (Fig.3a), saturation stress can be obtained as the stress 

at which the hardening rate (   / ) is equal to zero in a θ-σ plot (Fig. 3b). Based on 

Eq. 5, the softening factor, Ω, can be calculated by representing ))/(1ln( 2

rec  versus ε 
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(Fig.3c). In order to find material constants in Eq. 8, partial differentiation of Eq. 6 and Eq. 7 

must be done, i.e., 
T

G)/(/ln     and  Zln/ln   that yield β and n values. In turns, by 

plotting Zln  with respect to G/
 
and ln , the parameters A and k can be obtained, 

respectively. 

It should be noted that both the deformation heat and strain rate corrections use the developed 

constitutive equation, which are obtained from uncorrected data; hence, constants in Eq. 8 

should be renewed according to the new curve. This procedure can be continued until 

negligible stress variation is obtained after some cycles. The curve correction sequences are 

presented in Fig. 4a, and as shown in Fig. 4b after the third cycle calculation, the stress 

obtained is already steady and the error is negligible. Therefore, this level of stress was 

considered as the final corrected stress. An example of these procedures is shown in Fig. 4c. 

 
Fig.  3: (a) correction steps on original data of Al-3Mg deformed at 300  C in strain rate of 1000 s

-1
, (b) 

finding saturation recovery stress 
rec  and (c) softening coefficient   by linier regression, and (d) 

comparing experimental data vs. output of   5.0
))exp(1(   rec

.  

  
Fig. 4: (a) flow curve correction algorithm, (b) variation of stress in different cycles of correction, and 

(c) different corrections on initial curve (300  C and 1000 s
-1

). 
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All results including Al-3Mg and Al-Mg/B4C composite flow curves were corrected with 

presented method and are shown in Fig. 5. According to this figure, Al-Mg/B4C composite, 

and as expected, have higher flow stress in different deformation conditions than the single 

phase alloy. In both materials rising temperature and decreasing strain rate resulted in 

lowering of the strength. Fig. 6 represents the constitutive analysis for both Al-3Mg alloy and 

Al-3Mg/10%vol. B4C composite to find constants in Eq. 8.  They are reported in Table 3.  

According to Fig. 7, predicted flow curves obtained from Eq. 8 have good agreement with 

experimental results. 

 
Fig.  5: Flow curves of Al-3Mg and various Al-3Mg/B4C composites with particle size of (80 and 20 

µm) after correction for different deformation conditions. 
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Fig.  6: Constitutive analyses for Al-3Mg (solid symbol) and Al-3Mg/10%vol.B4C (open 

symbol)), to obtain value of (a) modified stress multiplier β, (b) n and k for softening 

coefficient, and (c) A. 

 

Table 3: constants in Eq. 8 for Al-Mg and Al-3Mg/10vol.% B4C composite. 

Material A β k n 
Al-3Mg 17.75 1432.7 171.6 0.08 

A-3Mg/ 10% vol.B4C 17.54 1381.9 64.79 0.04 

 

Fig.  7: Flow curves of Al-3Mg (a) and Al-3Mg/10 vol.% B4C composites (b) after correction 

according (symbols) and predicted flow curves based on developed constitutive equation (lines) and 

(c) predicted values vs. experimental data. 

 

4. Discussion  

The flow curves of the composite material in comparison with the single phase alloy have 

higher hardening rate which is followed by more softening before stress saturation as shown 

in Figs. 7a, b. This phenomenon can be identified clearly by comparing their softening factors 
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for different Z.  According to Fig.6b, the softening factors of the flow curves in the composite 

material are higher than those of the single phase alloy, especially at higher values of Z, i.e., 

high strain rates and low temperatures.  Moreover, the calculation of the softening factor for 

the composite material with different volume fractions of reinforcement reveals that softening 

is promoted by increasing particles fraction (Fig. 8a).  Composites reinforced with finer 

particles, at the same volume fraction, displays lower softening factor.  Based on θ-ε curves 

which are obtained from the developed constitutive equation (Fig. 8b), at initial strains, i.e., 

less than 0.1, hardening rate in composite materials is higher than in the single phase 

counterpart alloy and then it is gradually decreasing to lower values than in the single phase 

alloy.   

In composites reinforced with large particles, the main strengthening mechanism is load 

transferred from matrix to hard particles [1] which in turn leads to form stress gradient from 

particle to matrix which will be relaxed by geometrically necessary dislocation in low strains.  

Increase in deformation will lead to appearance of deformation zone (DZ) around particles 

with high dislocation density and large misorientation gradient.  By increasing the volume 

fraction of reinforcement, the probability of overlapping these areas will also increase which 

leads to formation of heavily deformed areas containing rotated and fractured work hardened 

grains [6,33].  As a result, the matrix will show higher hardening rate during straining.   

 
Fig.  8: a) Variation of softening factor with Z for different volume fraction of reinforcement and b) 

variation of hardening rate via strain in Al-3Mg and Al-3Mg/B4C for different deformation condition.  

 

Fig. 9 represents the EBSD micrographs of Al-Mg/B4C composite deformed at 400  C with 

strain of 0.7, 0.46 and 1.28 and strain rate of 10 s
-1

, 600 s
-1

 and 1200 s
-1

, respectively.  As it 

can be seen, the microstructure contains low angle boundaries bordered by high angle 
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boundary.  Deformation zone, where work hardened grains were formed, are located in the 

compression direction (Y direction).  Although at low strain or strain rate (Fig. 9a, b) the 

microstructure contains several recovered grains, grains in DZ areas are highly missoriented 

and are classified as work hardened.  At higher deformation values, up to a strain of 1.28 

(Fig. 9c, d), to the appearance of some recrystallized fine grains (white grains) in the 

microstructure mainly concentrates around particles.  Far away from particles, in the matrix, 

also some recrystallized grains can be occasionally identified, while most of grains in this 

area are deformed or recovered.  Moreover, as shown in Fig. 10a, in heavily deformed zones 

the microstructure is formed by elongated and in some cases fractured grains.  In all of three 

cases, large numbers of low angle grain boundaries are developed in the microstructure as a 

result of the dislocation generation and annihilation mechanisms (dislocation climb and cross 

slip) (Fig. 9e).  Therefore, based on the appearance of the deformation zones, reinforced 

matrix contains more hardened grains which result in higher hardening rate; however, 

considering the softening factor and flow curves, composite materials show less hardening 

during large deformation. 

Two groups of softening mechanisms can be identified in the flow curve for the softening of 

the present composites materials, namely (A) direct mechanisms, which relate to 

microstructure evolution of matrix, and (B) indirect mechanisms, which relate to limitation in 

strengthening mechanisms.   

A) Direct softening. Occurrence of dynamic recovery (DRV), dynamic recrystallization 

(DRX), texture softening and particles orientation rearrangement are known as the main flow 

softening mechanisms.  Although it is well known that in aluminum alloys, high temperature 

deformation is associated with dynamic recovery [34], according to Fig. 9f the fraction of 

recovered grains are reduced by increasing strain rate (from 10 s
-1 

to 600 s
-1

) while softening 

is enhanced in flow curves by increasing strain rate.  Hence, DRV is not the only reason of 

softening.   
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Fig.  9: EBSD micrographs of Al-3Mg/10 vol.% B4C deformed at 400  C with strain and strain rate of 

(a) 0.7 and 10 s
-1

 (b) 0.46 and 600 s
-1

, (c and d) 1.28 and 1200 s
-1

, (e) corresponding grain boundary 

misorientation variation and (f) fraction of hardened, recovered and recrystallized grains. Black area: 

B4C particles, dark gray: deformed grains, light gray: recovered grains, white: recrystallized grains 

and green line: low angle boundaries and compression direction is Y direction. 

It has been reported that at high strain rate deformation, strain and consequently dislocation 

arrays have inhomogeneous distribution in structure which in turn provides appropriate sites 

for nucleation of new grains during deformation [35].  Therefore, one may consider the 

presence of small recrystallized grains in microstructure due to DRX.  However, considering 

the high value of Z parameter, the occurrence of DRX even promoted by particle stimulated 

nucleation (PSN) is not probable.  Moreover, at strain rate of 10 s
-1

, which is more suitable 

for PSN, fewer recrystallized grains are observed in comparison with strain rate of 1200 s
-1

 

(Fig. 9f).  It has been mentioned that Al-3Mg alloy are very sensitive to static 

recrystallization (SRX) just after hot deformation, even in short quenching times [35]. For 

this reason different equations have been developed for obtaining critical time for occurrence 

of 50% SRX ( 5.0t ) after deformation [36,37].  Based on these equations, 5.0t  for deformation 

at 400  C with 1200 s
-1

 up to 1.28 is less than 0.1 s and for deformation at 400  C with 600 s
-1

 

up to 0.46 is less than 0.7 s. Hence, the happening of SRX just after finishing of deformation 

is reasonable.   

At high strains, more than 2, new recrystallized grains can be formed from continuous 

fragmentation of elongated serrated grains which is also named geometrical dynamic 

recrystallized (GDRX) [35,39].  It has been reported that Al-3Mg alloy can be subjected to 
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Meta Dynamic recrystallization (MDRX) – the one that follows to GDRX - just after 

deformation, especially for high value of Z [38].  Some examples of these grains are shown in 

Fig. 10d.  It should be noted that the overall strain of sample is less than 2, but local strain in 

deformation zones, as it is presented in Fig. 10b, can exceed from 3 and the strain condition 

are therefore suitable for GDRX to take place.  To distinguish between these two types of 

recrystallizations, one can compare the grain orientation of new grains with deformed grains. 

It is accepted that GDRXed grains have strong relation with original grains, while, SRXed 

grains have different texture in comparison with deformed grains. Fig. 10e represents two 

pole figures from different areas, namely, vicinity of particle which mainly contains 

recrystallized grains and matrix far away from particles which is mainly formed by deformed 

and recovered grains. As it can be seen, matrix far away from particles shows a strong {110} 

fiber; however, recrystallized grains show a random orientation.  Therefore it can be 

concluded that new grains are statically recrystallized in heavily deformed area and they 

cannot improve the softening rate in composites.   

 
Fig.  10: (a) EBSD map from the vicinity of B4C particles deformed at 400  C with strain rate of 1200 

s
-1

, (b) FEM simulation of strain and temperature variation for selected area, (c, b) formation of 

GDRXed grains and (e) {110} pole figures for microstructure around particles and matrix far away 

from particles. 

Considering the facts that the hardening rate will be reduced during GDRX [40] and grain 

refinement happened during deformation around particle in composites, it is reasonable that 

the overall hardening rate of composite is lower than the single phase alloy. This 

phenomenon is directly related to the deformation zone size which it in turn is a function of 

volume fraction and size of particles.  Fig. 11 represents the microstructure of composite with 

smaller particles (<20µm).  One can notice that there are few SRXed and GDRXed grains 

around the particles.  It is because the initial size of grains is relatively equal to particle size 

and therefore, deformation zone around a particle will not consist more than one grain (Fig. 
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11c).  As already mentioned, at large deformation, the occurrence of GDRX can reduce the 

hardening rate; however, based on flow curves, even for low value of strains (0.2-0.4) where 

there is no sign of GDRX (Fig. 9a, b) composites show lower hardening rate in both particle 

sizes than single phase alloy.   

Considering the particles morphology (particles aspect ratio ~ 1) the particles rearrangement 

due to matrix flow can be ignored.  Besides, based on the fact that PSN did not happened, 

presence of particles in matrix cannot significantly influence the texture.  Therefore, the 

direct softening mechanisms do not have significant impact on softening observed in flow 

curves. 

 
Fig.  11: (a-c) EBSD micrographs of Al-3Mg/10 vol.% B4C composite deformed at 400  C with strain 

and strain rate of 1.28 and 1200 s
-1

 respectively, (d) fraction of recrystallized, recovered and hardened 

grains for Al-3Mg/10 vol.% B4C composites with different particle size. 

B) Indirect softening. There is also another important mechanism which reduces the 

hardening rate, i.e., limiting load transfer mechanism.  It has been known that during plastic 

deformation of composite materials, relaxation processes, including atomic diffusion, 

recovery and rearrangement of dislocations, grains recrystallization, interfacial sliding and 

particle fracture, lower the internal strain energy and lead to decrease in the hardening rate 

[1].  Considering the rate of deformation in the present study and the particle-matrix interface 

situation in the present material [16], atomic diffusion and interfacial sliding can be ignored.  

Moreover, as discussed in previous sections, DRX cannot occur during deformation.  

However, based on microstructure observation, particle fracture is possible.  

According to secondary electron micrographs, Fig. 12, some of particles are fractured during 

deformation. It has been reported that fracture of particles can reduce load transfer 

mechanism [41,42].  Nan and Clarke [42] mentioned that a fractured particle acts as a hole in 

matrix so during straining, the occurrence of particle fracture reduces the flow stress to 
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)1( f  times of matrix flow stress, where f is the volume fraction of particles.  The fracture 

strength of particles is related to their diameter, D, i.e., DK ICf / .  Therefore, as Abedini 

and Chen mentioned [41], more particles (ξ) will be fractured during deformation of 

composite reinforced with bigger particles, i.e., m

fP ]/exp[   , where P  is the stress 

transferred to particle. It can also be proved from Fig. 8 by comparing the numbers of 

fractured particles in micrographs.  This phenomena, in turn, leads to the appearance of lower 

hardening rate during straining.  Increasing Z parameter leads to enhance flow stress which 

consequently raises the load transferred to particles.  In turn, it will increase the probability of 

particle fracture.  As a result by increasing strain rate and reducing deformation temperature, 

hardening rate will be more reduced, or in other words, softening rate will be enhanced, as 

observed in experimental results (Fig. 8).   

Deformation at such high strain rates leads to increase the matrix temperature due to adiabatic 

heating. Based on the load transfer mechanism, matrix of composite in comparison with 

single phase alloy, experiences more strain in equal deformation condition [43].  Therefore 

the rising of temperature in the matrix is higher with respect to single phase alloy.  Based on 

simulation results, the average strain in the matrix (1.56) is 1.22 times larger than the average 

strain of the single phase alloy (1.28).  According to the adiabatic heating equation (Eq.2), 

such higher strain in matrix will result in 22% more heat of deformation.  Therefore, 

considering the sensitivity of aluminum strength to temperature ( T ), the difference in 

deformation temperature of matrix and single phase alloy leads to different in hardening as 

observed.  Hence, appearance of lower hardening rate in composite flow curves are mainly 

related to limiting load transfer mechanism based on particle fractures and higher adiabatic 

heating in matrix.   

 

Fig.  12: Secondary electron micrographs of Al-3Mg/10vol.%B4C with particle size of (a) 80 and (b) 

20 µm, deformed at 400  C with strain and strain rate of 0.46 and 600 s
-1

 respectively.  
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Conclusion  

Al-3Mg alloy and Al-3Mg/B4C composite in different volume fractions and particle sizes 

were deformed at high strain rates (from 10 to 10
3
 s

-1
) at elevated temperatures.  To correct 

the effects of friction, adiabatic heating and strain rate variation during deformation on initial 

outputs, a pre-processing method was presented. Moreover, a physically based method was 

successfully applied to model the dynamic deformation responses in form of stress flow 

curves.  It was observed that composite materials in comparison with single phase alloy show 

higher hardening rate at initial strains, followed by higher level of softening before stress 

saturation.  This phenomenon, higher softening rate in composites, was intensified by 

increasing volume fraction of reinforcement and particle size.  Microstructural investigation 

revealed that although geometrical dynamic recrystallization happened in deformation zones 

around particles, softening was mainly related to imperfect load transfer mechanism due to 

particle fracture during deformation.  
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