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_____________________________________________________________________________________________________ 

 
Abstract: In this study, high strain rate mechanical test was conducted on ultrafine-grained AA5052 aluminum alloy using the 
Split-Hopkinson Pressure Bar experiment. The AA5052 aluminum alloy was processed via multiaxial forging under cryogenic 
condition at two different cycles  to achieve grain refinement and ultimately, increase in strength of the material. The average 

strain rates that the specimens were subjected to during the Split-Hopkinson Pressure Bar experiment ranges from 1000 s-1 to 
5000 s-1 at an increment of 1000 s-1. The EBSD map shows that the average grain size of the AA5052 aluminum alloys for the 
samples processed at 4-cycles is approximately ~900 nm while the samples processed at 6-cycles have a lower average grain 
size of approximately ~700 nm due to being subjected to more plastic deformation during the processing. The high strain rate 
deformation process of both specimens was dominated by thermal softening with minima strain hardening effect. During the 
deformation, the maximum flow stress experienced by samples that was processed at 4-cycles is 410 MPa at 5000 s-1 strain 

rate while samples processed at 6-cycles has 494 MPa at 3000 s-1. Strain hardenability is not dominant in the deformation 
mechanism but relative to AA5052 CF (4-cycles), AA5052 CF (6-cycles) has a better strain hardening exponent as the strain 
rate increases. Both specimens have the highest strain hardening exponent at 1000 s-1 which is 0.1544 and 0.134 for AA5052 
CF (4-cycles) and AA5052 CF (6-cycles), respectively. Our results show that AA5052 CF (6-cycles) possesses better 
mechanical properties under high strain rate in comparison with AA5052 CF (6-cycles). 
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1. Introduction  

A lot of interest has been shown in the production of ultrafine grained materials (UFG) in recent years due to 

the unique physical and mechanical properties that is obtainable in UFG. The grain size and average diameter of 

grains in a polycrystalline metal have great influence on the mechanical properties of such polycrystalline metal 

[1]-[3]. The smaller the grain size of a material, the stronger and harder the material becomes because there is 

presence of more grain boundaries to impede dislocation motion [4]. Grain size reduction also increases the 

toughness of the materials. All this increaseis done at the expense of the ductility of the material [1]. 

UFG materials are structural materials with grain sizes in the sub-micrometer or nanometer range and they 

typically exhibit high strength/low ductility (HSLD). By processing the material to a very high strain and/or 

applying short term annealing, it is possible to achieve high strength/high ductility (HSHD). Reducing the grain 

size of the bulk material using thermomechanical processing operation is the key to achieving high yield strength. 

The variation of the yield strength 𝜎𝑦  with grain size for most material is given by Hall-Petch equation [1],[5]. 

𝜎𝑦 = 𝜎0 + 𝑘𝑦𝑑
−1/2                                                  (1) 

where 𝜎0 is a materials constant for the starting stress for dislocation movement (or the resistance of the lattice 

to dislocation motion), 𝑘𝑦  is the strengthening coefficient (a constant specific to each material), and𝑑  is the 

average grain diameter.Equation (1) is valid when the material is at low temperature usually up to ~0.5𝑇𝑚  where 

𝑇𝑚  is the absolute melting temperature [5]. 

Most of these UFG materials are produced through severe plastic deformation (SPD) process which involves 

very large deformations at relatively low temperatures and under high pressure [4],[5]. A review of different SPD 

processes can be found in [2],[3],[6]-[10]. SPD processing basically involves imposing very high strain on the 

material without any significant change in the dimensions of the sample. Equal-channel angular pressing (ECAP) 

is relatively easy to use and high-pressure torsion (HPT) yields materials with small grain sizes as well as high 

fraction of high angle grain boundary therefore both methods have been the most used SPD techniques [11]-
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[16].Cryo-rolling/cryo-forging helps to produce ultrafine grains in pure Al with less pressure when compared with 

other SPD processes [17],[18]. This is largely due to the suppression of the dynamic recovery during the cryo-

rolling. The dynamic recovery is reduced to the minimum during cryo-rolling/forging due to the suppression of 

cross slip and climb dislocation. This in turn makes the dislocation density to remain high and the corrosion 

resistance considerably decreases [19]. The high stacking fault energy associated with conventional rolling 

process makes it impossible to produce UFG Al alloys. Another advantage of cryo-rolling/forging over 

conventional rolling is that the former requires less plastic deformation relative to the latter [19]. Another trade-off 

among the properties of cryo-rolled Al alloys is the reduction in ductility with an increase in strength and hardness 

[19]. 

The cryo-rolled Al has improved properties in terms of yield strength and tensile strength when compared with 

the commercially pure Al [17]. The hardness, tensile strength, and strain rate sensitivity (SRS) of multi axially 

forged  

Table 1: Chemical composition of the AA5052 aluminum alloy (wt.%) 

 

(MAF) 6063 Al alloys at liquid nitrogen temperature was shown to have improved significantly by [18]. For 

this reason, Multi-axial forging  

or simply cryo-forging was selected for producing the UFG material that was used in this study. 

Aluminum which exist as the most abundant metal on earth have been used as structural materials due to 

mechanical properties such as appearance, light weight, fabricability, high specific strength, good machinability, 

excellent ductility, high corrosion resistance, among others [20]. Some of the commonly used structural metals 

include carbon steel, aluminum, copper tubing, and stainless steel. When compared to other structural metals 

listed above, aluminum has a better strength-to-weight ratio which makes it a good candidate material where high 

strength and relatively lower weight is required. For example, in comparison with steel and copper which has 

densities of ~7.85 g/cm
3
 and ~8.96 g/cm

3
 respectively, aluminum has a density of about ~2.7 g/cm

3
[20]. 

The high strength-to-weight ratio of aluminum alloys makes them to have high applications in aerospace, 

automobile, and military defense structures. Aluminum 5052 typically has application in aircraft, marine, general 

sheet metal work, architecture, heat exchangers, fuel lines and tanks, rivets, wires, flooring panels, streetlights, 

and appliances [20]. 

Plastic deformation in aluminum and other metals occurs by the mechanism of slip along the crystallographic 

planes in the grains of the metal [21]. And because aluminum alloys have face-centered cubic structure, it has 

twelve (12) slip systems which makes it to accommodate lot of plastic deformation thereby enhancing its 

formability. The slip system of aluminum and other FCC structure is {111}⟨110⟩[1]. About 5% of the deformation 

energy is stored as internal energy while the rest is dissipated as heat. The major portion of this stored energy is 

strain energy that is associated with dislocation. There is always an increase in the number of dislocation during 

the plastic deformation which is as a result of dislocation multiplication as well as formation of new dislocation 

through grain boundaries, internal defects, and surface irregularities [1].  

There is at present no study in open literature addressing the dynamic behavior of ultrafine-grained (UFG) 

AA5052 aluminum alloy produced via multiaxial forging under cryogenic temperature or simply cryo-forging. 

Therefore, this paper presents the high strain rate dynamicmechanical response of UFG AA5052 aluminum alloy 

prepared by multi-axial forging at cryogenic temperatures. 

2. Materials and Methods 

The chemical composition of the AA5052 aluminum alloy is given in Table 1. The as-received specimen is a 

plate with rectangular cross section which was homogenized at 500°C for 10 h in a controlled atmosphere of 

argon, and then quenched in water at room temperature. Finally, the specimen was finally processed through 

multiaxial forging (MAF).Both cryogenic temperature (liquid nitrogen temperature of −196 𝐶0 ) and room 

temperature were used for the MAF.  

This process was also done by repeating the MAF through 4-cycles and 6-cycles at a strain rate of 10 s
-1

. 

For the purpose of storing and pouring the liquid nitrogen, the cryo-can was used while the sample container 

was used to hold the sample in liquid nitrogen. The MAF process was carried out using the friction screw forging 

machine. 
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The cryogenic MAF process is highlighted with the following points; 

i. The samples were dropped in liquid nitrogen for 15 min. 

ii. An axial compression strain was applied to the sample using its extrusion direction as the preferred 

starting forging axis. This makes the first pass. 

iii. After quenching the sample in liquid nitrogen, another axial compression was applied along one of the 

orthogonal directions to the direction that was used in step (ii). 

iv. Finally, step (iii) was repeated with the direction changed to the third orthogonal direction.  

These steps make a complete cycle. Hence, 4-cycles and 6-cycles means repeating step (i) - (iv) 4-times and 6-

times, respectively.  

Cylindrical test specimen with diameter 𝐷 = 3𝑚𝑚 and length 𝐿 = 3𝑚𝑚 (aspect ratio L/D = 1) were prepared 

from the MAF samples using a lathe machine. Split Hopkinson Pressure Bar (SHPB), with strain rate range of 10
2
 

to 10
4
 s

-1
, was used to characterize the dynamic response of the material. A typical SPHB, shown in Fig.1, has the 

striker bar, the incident bar, the transmitter bar, data acquisition system (strain conditioners/ amplifiers and digital 

oscilloscope), and pressurized gas chamber [22]. The incident and transmitter bar are made of Ti6Al-4V alloy (13 

mm in diameter and 1900 mm long) fixed with strain gages in the full Wheatstone bridge circuit connection. The 

strain gages (1000 Ω resistance) are mounted on the incident and transmitter bars at a distance of 940 mm away 

from the respective bar-specimen interfaces in order to prevent wave interference. The pressurized gas chamber 

supplies the preset pressure to fire the striker bar which in turn hits the incident bar. With the specimen placed 

between the incident and the transmitter bar, the deformation of the specimen occurs as a result of the impact force 

from the incident bar. 

The impact force generates elastic wave that travels through the bars and the sample while a fraction of the 

elastic wave is reflected at the contact surface between the incident bar and the sample. While the elastic wave that 

propagates through the transmitter bar is captured as transmitted wave by the strain gages attached to the 

transmitter bar, the incident wave and the reflected wave are captured by the strain gages attached to the incident 

bar. With the aid of strain conditioners/amplifiers, the elastic wave data captured as voltage-time signal by the 

strain gages on the incident and transmitter bars were converted to their corresponding load values using the 

appropriate conversion factor and are storedby the connected mixed signal digital oscilloscope. The material 

properties determine the amount of reflected wave. The true stress and true strain curve are therefore obtained 

through the post processing of the stored data using MATLAB code. 

 

Fig.1. Experimental set-up of SHPB accompanied with high-speed cameras and data acquisition system [23].  

AA5052 alloy was prepared through cryo-forging at 2-cycles, 4-cycles, and 6-cycles. To determine the 

dynamic response of the cryo-forged AA5052 samples when subjected to high strain rate, experiment was 

conducted using Split-Hopkinson Pressure Bar (SHPB). Although [24] categorized strain rate of 10
2
 to 10

4
 s

-1
 as 

high strain rate, the dynamic properties of AA5052-CF will be discussed under strain rate that is less or equal to 

5000 s
-1

. The graph obtained from the experiment shows that stress-state equilibrium is achieved during the test if 

2-wave stress oscillate above and below the 1-wave stress. This is illustrated in Fig.2. Fig.3 also shows Voltage–

Time signal of the compression experiment. 

Stress (σ), strain (ε), and strain rate (𝜀 ) in the deformed specimens were calculated using equation (2) through 

(4): 

𝜎 =  
𝐴𝐵

𝐴𝑆
 𝐸𝐵𝜀𝑇                                                                            (2) 
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𝜀 = −2  
𝐶𝐵
𝐿𝑆
  𝜀𝑅

𝑡

0

𝑑𝑡                                                                 (3) 

𝜀 = −2  
𝐶𝐵
𝐿𝑆
 𝜀𝑅                                                                           (4) 

Where 𝜀 is the strain pulse with the subscript 𝐼,𝑇, 𝑎𝑛𝑑𝑅 signifying incident, transmitted, and reflected strain 

pulses, respectively.𝐴𝐵, 𝐴𝑆, 𝐶𝐵, and 𝐸𝐵  are the cross-sectional area of the bar, cross sectional area of the specimen, 

wave propagation speed in the bars, and elastic modulus of the bar material, respectively [25]. 

Equation (4), (5) and (6) were used to calculate the strain rate sensitivity (SRS) index, strain-hardening 

exponent and strain hardening rate respectively. 

𝑚 =
𝜕𝑙𝑛𝜎(𝜀)

𝜕𝑙𝑛𝜀 
                                                                              (5) 

𝑛 =
𝜕𝑙𝑜𝑔𝜎

𝜕𝑙𝑜𝑔𝜀
                                                                                   (6) 

𝛩 =
𝑑𝜎

𝑑𝜀
= 𝑛

𝜎

𝜀[𝜀] 
                                                                         (7) 

Where 𝜎 is the flow stress (MPa), 𝜀  is the strain rate (s
-1

) and 𝜀 is the true strain [23],[26],[27]. 

 

Fig.2. Plots showing a stress–strain response of AA5052 aluminum specimen including one- and two-wave stress 

curves and the strain rate. 

 

Fig. 3. V–T signal of the compression experiment comprising incident, reflected and transmitted waves. 
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3. Results and Discussion 

True stress-true strain response 

The true stress vs. true strain curves of AA5052-CF aluminum alloys are presented in Fig.4 and Fig. 5. Fig.4 

presents the true stress-true strain curves of AA5052-CF alloys that has been processedat 4-cycles while 

Fig.5represent the true stress-true strain curves of the same alloy that was processed at 6-cycles. It can be observed 

that the effect of thermal softening is predominant after the yield point for all the true stress-true strain curves. 

This can be attributed to the dislocation annihilation, dislocation climbing and cross-slip [28]-[30]. The thermal 

softening effect was continuous unto the point of fracture in both 4-cycles AA5052-CF and 6-cycles AA5052-

CF.There is strain hardening effect after the initial thermal softening, but the maximum flow stress reached at the 

second stage strain hardening is lesser than the maximum flow stress of the first stage thereby making the 

maximum flow stress at the second stage of less importance. The second stage strain hardening is a consequence 

of dislocation multiplications during the plastic deformation of the materials[31]. 

 

Fig. 4. Dynamic stress-strain curves of AA5052 CF (4 cycles) aluminum alloy under high-strain rate compressive 

loading. 

 

 

Fig.5.Dynamic stress-strain curves of AA5052 CF (6 cycles) aluminum alloy under high-strain rate compressive 

loading. 

Generally, the final stage of the plastic deformation of aluminum alloys under high strain rate is characterized 

by drop in the flow stress because of stress collapse from thermal softening[32]. The thermal softening arises from 

conversion of about 90% of the plastic work into heat thereby causing thermomechanical instability[33]. The total 

true strain experienced by the samples at various strain rate increases with the strain rate whilethe effect of strain 

hardening decreases with strain rate. This observation resonate with the fact the thermal softening is dominant in 

the deformation process. 

Strain Hardening Effect 

The dynamic yield strength and the maximum flow stress of AA5052-CF are presented in Fig.6 and Fig 7.For 

both yield strength and maximum flow stress, 6-cycles AA5052-CF shows superior properties with the exception 

of maximum flow stress at 1000 s
-1

 and 2000 s
-1

. For both conditions, the yield strength increases with the strain 
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rate while the maximum flow stress only show marginal increase with strain rate and in some cases decreased. 

The dynamic yield strength is 410 MPa and 443 MPa for 4-cycles and 6-cycles, respectively. For 4-cycles, the 

dynamic yield strength occurs at strain rate of 5000 s
-1

 while that of 6-cycles occur at       4000 s
-1

, although the 

dynamic yield strength for 6-cycles stands at 441 MPa at 5000 s
-1

 which is very close to that of 4000 s
-1

. The 

maximum flow stress is 410 MPa at 5000 s
-1

 and 494 MPa at 3000 s
-1

 for 4-cyles and 6-cycles, respectively. 

 

Fig.6. Dynamic yield strength variation of AA5052 CF aluminum alloy under high-strain rate compressive 

loading. 

 

Fig.7. Maximum Flow stress variation of AA5052 CF aluminum alloy under high-strain rate compressive loading. 

The strain hardening effect was evaluated by determining the strain hardening exponent and consequently 

using the strain hardening exponent to plot the plastic flow stress-strain graph and the graph of strain hardening 

rate against true strain. This study only uses the uniform plastic deformation regions of the true stress-true strain 

curves obtained at room temperatures to calculate the strain-hardening exponent and the strain hardening rate.  

The plots of the logarithm of the true stress versus the logarithm of the true strain for the AA5052-CF are 

presented in Fig.8 and Fig. 9. The slope of the equation of the linear fit to each curve represents the strain 

hardening exponent. The strain hardening exponents and other relevant information that was used in calculating 

the plastic flow stress is extracted from the equation of the linear fit. The strain hardening exponent is highest at 

1000 s
-1

 for both 4-cycles and 6-cycles AA5052-CF. Although it can be said that the strain hardening exponent 

decreases with strain rate, there are however some instances where it increases. For example, the strain hardening 

exponent increases from 0.066 at 3000 s
-1

 to 0.086 at 4000 s
-1

 in the 6-cycles AA5052-CF samples (Fig.9). The 

reduction in the strain hardening exponent with strain rate is expected since there is higher impact energy at higher 

strain rate thus, generating more adiabatic heating in the material during the plastic deformation. It has been 

earlier said that the adiabatic heating leads to thermal softening which in turn does not favor strain hardening. 

The strain hardening exponent decreases with increase in strain rate (Fig. 10). This signifies that thermal 

softening effect becomes more predominant with increase in strain rate. However, the reverse is the case when it 

comes to thermal softening rate. With increase in strain rate, the thermal softening rate reduces which directly 

translate to favoring strain hardening rate. Therefore, this phenomenon is as a result of dislocation multiplications 

which reduces the effect of thermal softening. This effect applies to both 4-cylces and 6-cycles AA5052-CF.The 
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AA5052-CF. This is a direct consequence of the fact that 6-cycles AA5052-CF aluminum alloy undergoes more 

initial work hardening than 4-cycles AA5052-CF. Therefore, the result of the experiment conforms with the 

anticipated expectation of having lesser strain hardening in 6-cycles AA5052-CF. 
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Fig.8. Logarithmic curves of true stress and true strain of AA5052-CF (4 cycles) aluminum alloy within the 

homogenous deformation region.  

y = 0.134x + 2.732   (1000/s)

y = 0.104x + 2.7166 (2000/s)

y = 0.066x + 2.6989 (3000/s)

y = 0.086x + 2.7537 (4000/s)

y = 0.0972x + 2.75   (5000/s)

1.95

2.05

2.15

2.25

2.35

2.45

2.55

2.65

2.75

-5 -4.5 -4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0

L
o

g
σ

Log  

1000/s
2000/s
3000/s
4000/s
5000/s
Linear (1000/s)
Linear (2000/s)
Linear (3000/s)
Linear (4000/s)
Linear (5000/s)

 

Fig.9.  Logarithmic curves of true stress and true strain of AA5052-CF (6-cycles) aluminum alloy within the 

homogenous deformation region. 

 

Fig. 10. Strain hardening exponent at of AA5052-CF at different strain rates. 
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Where n is the strain hardening exponent and K is the strength index or strength coefficient. The plastic flow 

stress-true strain curves at different strain rates are presented in Fig.11 and Fig 12. From Fig. 11, it is clear that 

strain hardening effect in 4-cycles AA5052-CF is higher at lower strain rate since the plastic flow stress curve 

becomes steeper with increase in strain rate. This also confirms the earlier discussion where it was said that the 

thermal softening effect increases with increasing strain rate. This indicates that the strain hardening is not favored 

with increasing strain rate. However, a slightly different result was obtained for 6-cycles AA5052-CF where the 

plastic flow stress increases with increase in strain rate up to 5000 s
-1

(Fig. 12). 
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Fig.11. Strain-hardening response of AA5052 CF (4-Cycles) aluminum alloys when subjected to high strain rate.  
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Fig.12. Strain-hardening response of AA5052 CF (6-Cycles) aluminum alloys when subjected to high strain rate. 

Figure 13 to Figure 17 compare the strain hardening rate or thermal softening rate of 4-cycles AA5052-CF and 

6-cycles AA5052-CF at 1000 s
-1

, 2000 s
-1

, 3000 s
-1

, 4000 s
-1

, and 5000/s respectively. At 1000 s
-1

 and 2000 s
-1

, 

there is negligible difference between the thermal softening rate of 4-cyles AA5052-CF and 6-cycles 5052-CF. 

However, further increase in strain rate to 3000 s
-1

, 4000 s
-1

, and 5000 s
-1

 shows that the thermal softening rate is 

higher in 6-cycles AA5052-CF. This is understandable because the 6-cycles AA5052-CF has more work 

hardening during the material processing [35]. 
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Fig. 13. Strain hardening rate vs true strain for AA5052-CF at 1000 s-1. 

 

Fig.14. Strain hardening rate vs true strain for AA5052-CF at 2000 s-1. 

 

Fig. 15. Strain hardening rate vs true strain for AA5052-CF at 3000 s-1. 
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Fig. 16. Strain hardening rate vs true strain for AA5052-CF at 4000 s-1. 

 

Fig. 17.Strain hardening rate vs true strain for AA5052-CF at 5000 s-1. 

The strain hardening behavior of 4-cycles and 6-cycles AA5052-CF was studied to further understand the 

strengthening mechanism and strengthening process during the plastic deformation. The strain hardening rate 

curve in Fig. 18 and Fig. 19 for 4-cycles AA5052-CF and 6-cycles AA5052-CF respectively were produced using 

equation 7. The strain hardening rate curve fell on the negative side of the vertical axis because the thermal 

softening effect dominates the plastic deformation. Since the thermal softening effect dominates, the strain 

hardening rate can be discussed in term of the thermal softening effect.  

 

Fig.18. Strain hardening rate vs true strain for 4-cycle AA5052-CF. 
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Fig.19. Strain hardening rate vs true strain for 6-cycle AA5052-CF. 

EBSD Analysis of the Deformed Specimen 

The EBSD maps of the deformed AA5052-CF alloys are shown in Fig.20. Fig 20 (a) and Fig 20 (b) represent 

the 4-cylcels and 6-cycles cryo-forged specimen respectively. The radial direction of the sample coincides with 

the vertical axis while the direction of forging direction (tangential direction) is along the horizontal axis. The 

average grain size of the of the 4-cycles AA5052-CF alloys remains at~900 𝑛𝑚  while that of 6-cycles AA5052-

CF is approximately ~700 𝑛𝑚. The AA5052 CF (4-cycles) has a higher grain size because it undergoes less 

severe plastic deformation during the material processing. The presence of a more approximately homogeneous 

grain size in the 6-cycles AA5052-CF samples is due to the higher plastic strain that is stored in it when compared 

to the 4-cycles AA5052-CF samples.  

4. Conclusions 

The dynamic response of cryo-forged AA5052 at 4-cycles and 6-cycles was investigated using compression 

testing at high strain rates. The compression testing was conducted using the Split-Hopkinson Pressure Bar 

(SHPB). The following conclusions can be made from the analysis that have been done so far; 

 The deformation process is dominated by thermal softening and less of strain hardening. The thermal 

softening sets in when the materials have undergone less than 0.1 strain and continues till the end of the 

deformation process. 
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(b) 

 

(c) 

Fig.20EBSD maps of the (a) 4-cycles and (b) 6-cycles AA5052-CF deformed specimens. (c) Color code map. 

 Except at lower strain rates (𝜀 ≤ 2000 𝑠−1), the 6-cycles AA5052-CF have superior properties in term of 

dynamic yield strength, maximum flow stress, plastic flow stress and strain hardening exponent. However, despite 

the fact that 6-cycles AA5052-CF has higher strain hardening exponents, the thermal softening rate is 

considerably higher in 6-cycles AA-5052-CF at 𝜀 > 2000 𝑠−1. 
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