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Abstract 

Static and dynamic fracture experiments are performed using fatigue pre-cracked three-point 

bend specimens of a rolled AZ31 Mg alloy on a servo-hydraulic universal testing machine and a 

Hopkinson bar setup, respectively. The results are interpreted using in-situ optical imaging along 

with digital image correlation analysis. Microstructural analysis reveals that the fracture 

mechanism changes from twin-induced quasi-brittle cracking for static loading to micro-void 

growth and coalescence under dynamic loading accompanied by decrease in tensile twinning 

near the tip with loading rate. By contrast, the density of twins near the far-edge of the ligament 

and associated texture change enhance strongly with loading rate. The fracture toughness 

increases dramatically at high loading rates which is attributed to enhanced work of separation 

and dissipation in the background plastic zone. 

Keywords : Dynamic fracture initiation; Rolled Mg alloy; Texture; Tensile twinning; Crack tip 

constraint; Fracture toughness. 

1. Introduction 

The mechanical and fracture behavior of magnesium alloys are currently the focus of 

considerable research work due to their attractive properties, such as low density, high specific 

strength and good machinability. However, they have poor corrosion resistance as well as lower 
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fracture toughness than Al alloys which has hindered their utilization [1-4]. Magnesium has HCP 

crystal structure and plastically deforms at room temperature by slip, as well as by {10 ̅2} and 

{10 ̅1} twins [4-6].These are referred to as tensile and contraction twins (TTs, CTs), 

respectively (because they cause extension and contraction along c-axis). The vastly differing 

critical resolved shear stress (CRSS) values of various slip and twin systems and strong textures 

make Mg alloys inherently anisotropic [3,5].  

The orientation dependent stress-strain behaviours of wrought Mg alloys under uniaxial tension 

and compression at different strain rates and temperatures have been studied extensively [7-10]. 

Ulacia et al. [8] and Dudamell et al. [9] observed that the yield stress remains almost constant for 

all compression tests (up to strain rate of 10
3
 s

-1
), whereas for tension along rolling direction 

(RD) it increases. However, Zhao et al. [10] reported that, while  rate dependence during 

compression along rolling, transverse and normal directions (RD, TD and ND) for AZ31B Mg 

alloy is negligible up to strain rate of 10
3
 s

-1
, a strong elevation of  flow stress and strain to 

failure occurs above strain rates of the order 10
4
 s

-1
. An increase in TT activity was also observed 

with strain rate for Mg alloys, especially under RD/TD compression [8,9].  

The fracture behaviour of Mg alloys under static loading has been extensively investigated [2,11-

22]. Somekawa et al. [2,11,12] observed an increase in KIC and decrease in tensile twinning as 

grain size is refined, along with a change in fracture mechanism from twin-induced crack 

propagation to ductile void growth and coalescence. Kaushik et al. [13] conducted static 

experiments on notched three-point bend fracture specimens of Mg single crystals. They noted a 

direct correlation between evolution histories of TT volume fraction and energy release rate J 

even though crack extension took place along twin boundaries. In contrast to [12], Prasad et al. 

[14] reported that fibrous failure occurs for a rolled AZ31 Mg alloy from experiments performed 
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with notched compact tension specimens. They noted that a significant contribution to toughness 

(roughly 70%) arises from profuse tensile twinning in the background plastic zone which 

corroborates with [13]. Further, a strong enhancement in Jc with notch size was also noticed in 

[15] accompanied by a brittle-ductile transition. The complex interplay between stress triaxiality 

level (varied by changing the notch size) and plastic anisotropy has been found to influence 

ductility and failure mechanism in notched cylindrical AZ31 Mg alloy bars under tensile loading 

[3]. Moreover, crystal plasticity finite element (CPFE) simulations [16,17] have revealed that 

high stress triaxiality near sharp notches can activate TTs, which in turn, promote brittle fracture. 

In automotive and aerospace applications, rapid loading of structural components may occur 

owing to crash or impact. Under such conditions, dynamic fracture initiation of pre-existing 

fatigue cracks at stress concentrations like cut-outs and rivet holes becomes important [23]. 

Therefore, since Mg alloys are envisaged for such applications [1], it is imperative to investigate 

their dynamic fracture behavior.   Experimental studies carried out on various steels and Al 

alloys [24-28] have shown that the fracture toughness enhances with loading rate, if ductile 

fracture takes place. On the contrary, it may decrease with loading rate if cleavage fracture 

mechanism is dominant [24,25]. In order to rationalize the above observed trends of dynamic 

fracture toughness with loading rate, the stress fields near a dynamically loaded crack tip in 

isotropic elastic-plastic solids as well as FCC single crystals have been systematically 

investigated [29-33]. These studies have shown that as loading rate increases, even high 

constraint geometries like deeply cracked three-point bend specimens will experience 

progressive loss of constraint (or triaxiality). In other words, the constraint parameter Q [34,35] 

becomes more negative as   ̇ increases. Jayadevan et al. [31] and Biswas and Narasimhan [30] 

have applied the above inertia-driven constraint loss to explain the enhancement in toughness 
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with loading rate in nearly rate independent plastic solids. In [30,36], it was observed that 

material inertia and strain rate sensitivity retard void growth near a crack tip and enhance the 

ductile fracture toughness. 

In contrast to steels and Al alloys, very few investigations have been conducted on dynamic 

fracture response of Mg alloys. Yu et al. [37] performed dynamic fracture experiments, coupled 

with finite element analysis, on AZ31B Mg alloy and found an increasing trend in fracture 

toughness Kc with loading rate. Daud et al. [38] conducted dynamic fracture experiments on 

fatigue pre-cracked three-point bend AZ61 Mg alloy specimens of varying thickness using 

Charpy impact testing machine and noted a decrease in toughness with specimen thickness. 

However, a comprehensive study on effect of loading rate on fracture behaviour of Mg alloys 

needs to be performed to address the following important issues. 

 How does the loading rate influence the operative fracture mechanism? Does this 

mechanism change with increase in loading rate akin to the effect of notch root radius 

in static experiments, since triaxiality will be similarly affected by both these factors 

as mentioned above?  

 What is the effect of loading rate on the TT development near the crack tip as well as 

over the entire uncracked ligament? Does this cause strong changes in the 

crystallographic texture? 

 How does the strain distribution in the ligament (both near the tip and away from it) 

change as the loading rate enhances? Can this be correlated with the TT activity and 

texture changes? 
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 What is the influence of loading rate on the dynamic crack initiation toughness, Jc? 

Can this trend be rationalized from the role of tensile twinning in influencing the 

observed fracture mechanism and background plastic dissipation? 

In order to answer the above questions, static and dynamic three-point bend fracture experiments 

are conducted on a rolled (basal-textured) AZ31 Mg alloy using an universal testing machine 

(UTM) and Hopkinson pressure bar, respectively. In-situ optical imaging along with digital 

image correlation (DIC) analysis is performed to extract the displacement and strain fields. Also, 

microstructural investigations including optical microscopy, fractography and electron back 

scattered diffraction (EBSD) are carried out on the fractured samples to get key insights on TT 

development, texture changes and operative fracture mechanism. An important aspect of the 

present work is that the displacement and strain data obtained from DIC maps are used along 

with the procedure suggested by Nakamura et al. [39] to compute the time history of J. This 

obviates recourse to complementary finite element analysis or using handbook formula, as in 

[37,38]. The results show a strong enhancement in fracture toughness, Jc, along with a change in 

fracture mechanism from twinning-induced quasi-brittle fracture to ductile void growth and 

coalescence as loading rate enhances. The intensity of twinning near the loading-end of the 

ligament and associated texture change enhance strongly with impact velocity. Thus, tensile 

twinning plays a dual role on dynamic fracture of Mg alloys. It affects near-tip fracture processes 

(which can be detrimental) and the plastic work expended in the ligament (which is beneficial). 
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2 Materials and Methods 

2.1 Material and specimen preparation 

Table 1: Composition of AZ31 Mg alloy by weight % 

Element Mg Al Zn Mn 

Weight % 95.88 2.75 1.12 0.14 

 

Fig. 1: Schematic of the specimen employed in both the static and dynamic tests along with a detailed view of the 

initial pre-crack tip that is grown by fatigue loading from an EDM-cut notch. All dimensions are in mm. 

Single edge notched specimens are machined using wire-cut electric discharge machining 

(EDM) from an as-received 12.7 mm thick rolled AZ31 Mg alloy plate. The chemical 

composition by weight percentage of this alloy is presented in Table 1. Fig. 1 shows a schematic 

of a specimen which has a length L = 90 mm, width, W = 20 mm and thickness, B = 6.3 mm. The 

specimens are machined such that RD is along its length and TD is along its width. Earlier 

studies [14,20] have shown that fracture specimens tested under quasi-static loading with the 

crack along RD and TD display negligible differences in response. A starter notch of diameter 

about 350 microns is first cut along the width using EDM to a length of 9.3 mm. It is then 

subjected to fatigue loading under four-point bend configuration with a small load amplitude of 

1.4 kN in an UTM, INSTRON 8502, at a frequency of 3 Hz till a crack length of about 0.7 mm 

grows from the starter notch. Thus, the effective crack length to width ratio of the specimen 

a/W=0.5.  
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Fig. 2: (a) Optical micrograph near fatigue pre-crack tip (which is indicated by the red vertical arrow), (b) IPF map 

near the fatigue pre-crack tip and (c) corresponding (0001) and (11 ̅0) pole figures. 

Optical metallography and EBSD after pre-cracking are carried out following the procedure 

explained in Sec. 2.3 to examine the initial microstructure of the alloy and to ascertain if any 

twinning has occurred during the specimen preparation. Fig. 2(a) shows an optical micrograph 

while Figs. 2(b) and (c) display the inverse pole figure (IPF) map and (0001) / (11 ̅0) pole 

figures (PFs), respectively, near the fatigue pre-crack tip. A bimodal grain size distribution can 

be observed with an average grain size of 10.6   5 microns which was estimated by the area 

fraction method. Also, it can be seen from Figs. 2(b) and (c) that the texture is near-basal. Figs. 2 

(a) and (b) confirm that no twinning has been induced during specimen preparation, especially 

near the fatigue pre-crack tip. 
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2.2 Experimental procedure 

2.2.1 Static fracture test 

Static, mode I fracture test is carried out under three-point bend configuration using the above 

specimen (Fig. 1) with a span of 80 mm and over-hangs of 5 mm at either end on the UTM, with 

custom-made grips. A displacement rate of 0.001 mm/sec is applied in this experiment which is 

performed three times to obtain repeatable results. In addition to the load and actuator 

displacement, images of the deformed specimen are captured at regular intervals with a digital 

camera, Nikon D7000, having a resolution of 16.9 megapixels. A speckle pattern of very fine 

black dots over a white background is applied on the specimen surface using acrylic paint with 

the help of an air-brush. The displacement and strain fields are subsequently obtained by 

analyzing these images using Vic-2D DIC software to obtain the displacement and strain fields.  

The specimen rotation, θ, about the hinge point, located ahead of the crack tip on the ligament is 

ascertained from the crack mouth opening displacement δm, determined from DIC analysis, as 

   
  

      
       (1) 

In the above equation, r (0 < r < 1) is a factor that gives the location of the hinge point, which is 

inferred from normal strain variation on the ligament as about 0.4. The specimen rotation θ, is 

divided into elastic and plastic parts, θe and θp. The plastic part θp is employed along with the 

moment M on the crack plane, computed from the load, to estimate the energy release rate J as 
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are elastic and plastic contributions to J and the factor η is taken as 2 [40,41]. Trial and error 

calculations showed that neglecting Je and computing J directly from the expression given above 

for Jp, by employing the total rotation θ, makes negligible difference especially at later stages 

because of profuse plasticity in the ligament. 

2.2.2 Dynamic fracture tests 

The dynamic fracture experiments are carried out using a Hopkinson pressure bar setup with 

aluminium bars of diameter 19 mm (see supplementary material). A single bar configuration 

without a transmitted bar is employed with the specimen supported against two cylindrical anvils 

which are fixed to a rigid frame. The load versus time history for the dynamic tests are obtained 

with the help of strain gauges fixed at the mid-length of the incident bar, which is 1.82 m long.  

A tup of diameter 6.35 mm is used at the end of this bar, and no plastic deformation is observed 

in it during the experiments. Also, no rotation constraint is imposed at the loading point. The 

striker bar is of length 45.7 cm. Dynamic tests are carried out at four loading rates by changing 

the striker bar velocity V0 which, in turn, is achieved by adjusting the pressure in the gas gun. 

The values of V0 corresponding to these four loading rates are about 9 m/s, 13 m/s, 17 m/s and 

20 m/s, although there are slight variations amongst the multiple tests carried out for each case. 

The signals from the strain gauges are passed to an oscilloscope through an amplifier. 

The incident and reflected pulses recorded by the strain gauges are used to obtain the applied 

load P as: 

                                                                                 (3) 

Here,    and    are incident and reflected strain signals, respectively,  which are suitably shifted 

to account for time lag caused by wave propagation in the incident bar and corrected for 
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dispersion, Ab is the area of cross-section of the bar and Eb, its Young‟s modulus. The 

deformation of the specimen is recorded at the rate of 0.5 million frames per second with a 

resolution of 400 × 250 pixels using a Shimadzu HPV-X2 high speed camera (so as to capture 

the stress-wave dominant loading). In order to enable DIC analysis for obtaining displacements 

and strain fields, a speckle pattern is first applied on the specimen surface which is viewed by the 

high-speed camera. The energy release rate history, J(t) is calculated using Eq. (2) as in the static 

analysis. To this end, the specimen rotation about the hinge point on the ligament, θ(t), is 

estimated from CMOD history δm(t), which is extracted from the DIC analysis, along with Eq. 

(1). However, the contact load P(t) obtained through Eq. (3) is not likely to be equilibrated with 

reactions imparted by the supports up to a certain time owing to inertial effects. The latter were 

measured by piezoelectric load cells mounted on the fixed supports which confirm that the end 

conditions are established during the course of the test.  

The time over which inertial effects are expected to be dominant has been estimated by 

Nakamura et al. [39] and Ireland [42] as 2, where  ~ 23W/co, co being the elastic bar wave 

speed, is called as transition time [39] or inertial oscillation time period [42] of the specimen. For 

time t < , the ratio of kinetic energy to strain energy of the specimen exceeds 1 and it decays to 

a value less than 0.2 only beyond a time of 2. As will be seen subsequently, the time 

corresponding to fracture initiation, tf, for all dynamic tests conducted falls within the above 

noted time range of 2, which is estimated to be 160 s for the present Mg alloy specimens. 

Hence, the measured contact load P is not directly used to compute the bending moment M about 

the hinge point on the crack plane but instead an alternate procedure proposed in [39] based on 

distribution of strains on a remote cross-section is employed. This is explained below, and more 

details are given in supplementary material. 
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Since the region around the ligament undergoes heavy plastic deformation, which makes precise 

evaluation of the strains near the crack tip and impact edge difficult, the bending moment and 

shear force, M and V over a cross-section located at a distance l (greater than  0.5b) from the 

crack plane is first estimated. For this purpose, the strain variation on the specimen surface over 

such a cross-section, deduced from the DIC maps, is used along with a numerical algorithm to 

compute the normal (bending) and transverse (shear) stress distributions on the cross-section. 

This algorithm, which is based on polycrystal plasticity assuming Taylor homogenization, is 

given in the supplementary material. It makes use of single crystal plasticity constitutive 

equations at the level of individual grains, specific to Mg, which takes into account both 

dislocation slip on various systems and deformation twinning. The phenomenological hardening 

laws proposed by Zhang and Joshi [43] accounting for slip-slip, twin-twin and twin-slip 

interactions are incorporated in these constitutive equations. These rate equations are numerically 

integrated with respect to time using the rate tangent modulus algorithm of Peirce et al. [44]. The 

single crystal properties in the model are taken to be the same as those given in [17,45]. Also, a 

set of dominant lattice orientation extracted from the initial EBSD maps (Fig. 2(b)) are assigned 

to the grains that constitute the representative volume element (RVE) of the underlying 

microstructure in the homogenized polycrystal model (see [45] for the pole figures constructed 

from these extracted orientations). 

The bending moment M about the hinge point on the crack plane is then obtained by the method 

explained in the supplementary material, which is based on a simple dynamic analysis of the 

beam-type specimen. In order to get a more robust estimate of M, a few cross-sections on either 

side of the crack plane with l > 0.5b are considered and the average is taken. The above method 

is first applied to the static test data to evaluate M. This, along with the bending moment 
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computed directly from the load for this test, are plotted (after smoothing) against the specimen 

rotation in Fig.3(a). The two M - θ variations differ by less than 10%, which may be due to 

possible thickness dependence of strains and stresses that cannot be estimated from DIC analysis. 

The critical value of energy release rate, denoted as JC, is ascertained as the value of J 

corresponding to the time at which the crack starts to grow in the static and dynamic tests. This 

stage is identified through careful visual inspection of the images captured during the test.  

 
Fig. 3: Moment versus specimen rotation plots for (a) static test and the dynamic tests corresponding to (b) V0 = 9 

m/s, (c) V0 = 13 m/s, and (d) V0 = 20 m/s. The moment extracted from both DIC analyses as explained in Sec.2.2 

and directly from load for the static case are shown in (a). 

Each of the above experiments (static and dynamic) was conducted a few times in order to verify 

the repeatability of the results. In the static case and three of the dynamic tests (V0 = 9 m/s, 17 

m/s and 20 m/s), at least three experiments were performed, while for the case with V0 = 13 m/s 

repeatability of the data was checked with two tests. The energy release rate histories ascertained 
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from all the experiments conducted are presented in supplementary material and can be seen to 

be quite consistent with the Jc values for each loading case varying to within 5% (refer also 

Table 2). 

2.3 Microscopic Examination 

Microstructural studies were carried out on the fractured specimens which were kept in a 

desiccator to prevent oxidation. Fractography was performed on a TESCAN VEGA 3 scanning 

electron microscope (SEM), with secondary electron imaging. Surface preparation for EBSD 

included mechanical polishing using silicon carbide abrasive paper and cloth polishing with 

diamond paste followed by electro-polishing. The electrolyte employed was composed of a 3:5 

solution of orthophosphoric acid and ethanol. EBSD analysis was conducted on a TESCAN 

MIRA 3 SEM with a stage tilt of 70
0
, accelerating voltage of 25 kV, beam intensity 12 and a step 

size of 0.6 µm. Surface preparation for optical micrography included etching in addition to above 

mentioned polishing procedure. Etching was done using an acetic-picral etchant, for 5 seconds, 

to reveal the grain boundaries and twins. The optical micrography was carried out on LEICA 

DM 2700 M microscope at different magnification levels.  

3. Results 

3.1 Macroscopic response 

Figs. 3(b) to (d) show M versus θ variations for dynamic experiments conducted at the three 

loading rates. It can be observed from these plots and the corresponding variation for the static 

case (Fig. 3(a)) that M increases steeply  with θ initially and then tends to saturate at some level 

for θ > 0.04 rad, owing to development of large scale yielding in the specimen (see Sec.3.2). On 

comparing the M-θ plots pertaining to the static and dynamic tests, it is evident that the saturation 
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moment values are higher for the latter. Thus, the saturation value of M enhances from about 30 

N-m for the static case (Fig.3(a)) to around 45 N-m for the dynamic test with V0 = 20 m/s 

(Fig.3(d)). This enhancement is attributed to lattice reorientation in many grains caused by more 

pronounced tensile twinning near the loading-end of the ligament in the dynamic tests as will be 

seen in Sec.3.5. Thus, as the lattice in these grains reorients when TTs envelop them, hard 

systems like pyramidal <c+a> slip and CTs are activated which sharply increases the flow stress 

leading to a characteristic sigmoidal stress-strain curve under TD/RD compression (see, for 

example, [6,10]). Thus, it is expected that the magnitude of compressive normal stress on the 

ligament near the loading edge will be significantly higher in the dynamic tests at later stages, 

giving rise to much larger saturation bending moment as compared to the static tests. 

Figs.4 (a) and (b) present the evolution histories of energy release rate (J) for the static and 

dynamic experiments, respectively.  In these figures, J is plotted against load for the case of the 

static test and against time for the dynamic experiments. A filled circle (●) on all the curves 

shown in these figures indicates the crack initiation stage. It should first be noted from Fig. 4(a) 

that under static loading, J evolves slowly up to load of 1000 N and thereafter rises sharply 

owing to significant plastic deformation in the ligament. Fig. 4(b) indicates that J increases 

appreciably faster with respect to time as the impact speed V0 increases.   

Table 2: Test velocity, time to fracture, fracture mechanism, fracture toughness, average loading rate, critical CTOD, 

and twin area fraction near crack tip for static and dynamic tests. 

Test 

Velocity, V0 

(m/s) 

Time to 

fracture, tf 

(µs) 

Fracture 

Mechanism 

Fracture 

Toughness, 

Jc (N/mm) 

Average 

loading rate 

 ̇ GN/ms 

Critical 

CTOD     

(µm) 

Twin area 

fraction near 

crack tip (%) 

Static  Brittle 32±0.5  0.13 11.95±1.13 

9 133±5 Ductile 60±1.5 0.45 0.24 7.58±0.3 

13 103±7 Ductile 77±2.0 0.75 0.34 7.29±1.07 

17 78±4 Ductile 81±1.5 1.03 0.39 5.00±0.4 

20 65±1 Ductile 88±2.0 1.35  3.88±0.39 

Note: Critical CTOD for V0 = 20 m/s could not be reliably estimated due to loss in correlation in the images. 
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Fig. 4: Energy release rate histories for (a) static test as a function of load and (b) dynamic tests with different V0 as 

functions of time. 

For example, corresponding to t = 50 s, the value of J enhances from 15 to 53 N/mm as V0 

changes from 9 to 20 m/s. On further examining Fig. 4(b), it can be noted that fracture toughness 

Jc (refer to the stages marked by „●‟ symbols) increases strongly with V0, while the time to 

fracture, tf, reduces. The values of Jc and tf pertaining to all tests conducted are presented in 

Table 2 along with the average loading rate,   ̇        . It can be noted from this table that as V0 

changes from 9 to 20 m/s, Jc enhances from 60 to 88 N/mm, whereas tf  reduces from 133 to 65 

s. Thus, the highest average loading rate generated in these dynamic fracture tests is  ̇        

GN/ms. By contrast, the static fracture toughness is only 32 N/mm, which is about half of that 

pertaining to V0 = 9 m/s case. A qualitatively similar trend in variation of Kc with loading rate 

was reported by Yu et al. [37] from their dynamic experiments conducted on AZ31B Mg alloy 

using three-point bend specimens with crack line along ND and span along RD.  
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Fig. 5: CTOD measured at a distance of 150 µm behind the crack tip for different tests plotted as functions of (a) 

time and (b) energy release rate. 

The evolution of crack tip opening displacement (CTOD), δt, measured at 150 µm behind the 

pre-crack tip, with time is presented in Fig. 5(a). As in the case of Fig. 4, a filled circle (●) on all 

the curves shown in this figure indicates the crack initiation stage. It can be observed that rate of 

increase of CTOD with time as well as the CTOD at crack initiation increase with loading rate. 

For example, at t = 50 s, δt enhances from 0.04 to 0.15 m, while the critical CTOD at crack 

initiation, δtc, increases from 0.24 to 0.39 m as V0 changes from 9 to 17 m/s (see also Table 2, 

where the latter values are summarized). It is important to note by comparing Figs. 5(a) and 4(b) 

that time histories of CTOD and J pertaining to different V0 are qualitatively similar. Hence in 

Fig. 5(b), CTOD is plotted against J, corresponding to the static and dynamic tests, in order to 

examine the correlation between these two important fracture characterizing parameters [35,46-

48]. Indeed, the plots displayed in Fig. 5(b) do show a reasonable linear dependence of δt 

(measured directly using DIC) and J (determined by applying Eq. (2)) for all tests. This 

corroborates with the work of Shih [47] based on HRR solution [35,48] and therefore lends 

confidence to the methodology adopted in this work to estimate the latter. 
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3.2 Normal strain distribution on specimen surface 

Fig. 6 (a) to (f) show contours of normal strain 22, deduced from DIC analysis, on the specimen 

surface, corresponding to a sequence of time instants from beginning of loading up to crack 

initiation stage for a typical dynamic test conducted with striker velocity V0 = 20 m/s. These 

 

Fig. 6: Normal strain (   ) contours at different time instants for a dynamic test with V0 = 20 m/s corresponding to 

(a) t = 0 µs, (b) t = 32 µs, (c) t = 48 µs, (d) t = 54 µs, (e) t = 60 µs and (f) t = 64 µs. The crack tip location is 

indicated by vertical white arrow in (c)-(f), and the hinge point as H in (e). 

strain contours confirm that the DIC analysis of the images acquired using the high speed camera 

can indeed delineate the stress wave dominant loading experienced by the specimen since the 

time range over which these plots are shown falls within . On examining Fig. 6(b), it is evident 

that a compressive strain field begins to develop near the loading-edge of the ligament following 

impact by the incident bar. At t = 48 s, Fig. 6(c) shows two distinct symmetric lobes of strain 

have formed at the far-edge, whereas a perceptible tensile strain field also starts to envelop the 
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crack tip (indicated by white vertical arrow). With further increase in time, the compressive 

strain field at the far-edge of the ligament and the tensile strain field near the crack tip enhance in 

magnitude and spread over larger regions (Fig. 6(d), (e)). Also, the two strain lobes at the far-

edge merge together to form a roughly semi-circular shape (Fig.6(e)). Thus, Fig.6(e) shows a 

well developed bending strain field in the ligament with the hinge point (where reversal in sign 

of normal strain on the ligament occurs) located at H (which is about 0.4b from the crack tip). 

The strain contours near the crack tip are rounded in shape, which is typical of the plane stress 

condition that is expected on the specimen surface [49]. Fig. 6(f) depicts the stage just after crack 

initiation, with a significantly intensified strain field near the crack tip and some loss of 

correlation that has occurred in the DIC strain map owing to crack extension from the initial 

crack tip (see vertical arrow).  

 

Fig. 7: Normal strain (   ) contours at crack initiation stage for: (a) static test, and dynamic tests with (b) V0 = 9 m/s, 

(c) V0 = 13 m/s, (d) V0 = 17 m/s, (e) V0 = 20 m/s. 
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The normal strain (22) contours at the crack initiation stage for all the tests are presented in Figs. 

7(a) to (e). These images indicate that the strain distribution on the specimen surface is 

qualitatively similar for the static and all dynamic tests. However, it is important to note that the 

magnitude of tensile strain prevailing near the crack tip at the initiation stage enhances strongly 

with loading rate (compare Fig.7(e) with 7(a) and (b)). This implies strain (and stress) 

intensification close to crack tip at high loading rates (specifically, for V0 = 17 and 20 m/s). 

Concurrently, examination of the loading-edge of the ligament shows that the magnitude of 

compressive strain in this region also enhances appreciably at high V0 (see Fig.7(e)) and the size 

scale over which it prevails is also larger. This has an important bearing on the dissipation due to 

plastic work occurring in the far-field region with increase in loading rate, which as will be seen 

below, is caused by profuse tensile twinning. 

3.3 Fractography 

The fractured surfaces of the broken specimens are examined using a SEM to gain insights on 

the operative fracture mechanism. Figs. 8(a)-(c) display fractographs taken with 1000x 

magnification close to the fatigue pre-crack front near the mid-plane of the specimens 

corresponding to the static and dynamic tests with V0 = 9 m/s and 17 m/s. The fatigue pre-crack 

front is near the bottom edge of these images (see white dashed lines) and the crack propagates 

upward as indicated by the black arrow at the extreme left of the figure.  A distinct difference in 

the fracture surface morphology near the initial crack front can be perceived between the static 

and dynamic tests. Thus, the fracture surface pertaining to the former (Fig.8(a)) is decorated 

predominantly with quasi-brittle features like elongated grooves or flutes such as those labeled as 

„A‟, „B‟ and „C‟, which are believed to be induced by tensile twins [3,12,13,15]. These features, 
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Fig. 8: SEM fractographs near fatigue pre-crack (FPC) front (white dashed lines) taken with 1000x magnification 

corresponding to: (a) static test and dynamic tests with (b) V0 = 9 m/s, (c) V0 = 17 m/s. Crack propagation direction 

is vertical as indicated by the arrow on the left. 

which are quite different from the shallow striation-like impressions seen in the fatigue pre-crack 

region (below the white dashed line in Fig.8(a)), were labeled as Cleavage 3 regime in the 

fracture mechanism maps pertaining to Mg alloys by Gandhi and Ashby [50]. Kaushik et al. [13] 

conducted experiments using notched three-point bend specimens of Mg single crystal and noted 

that the crack grows along twin boundaries with deflections at twin-twin intersections. They 

reported elongated stripes or grooves on the fracture surface and concluded that these form by 

intersection of twins (of another variant) on the fracture surface. Similar groove-like features on 

the fracture surface were also noted in [12,15] from static fracture tests using fatigue pre-cracked 

specimens and by Kondori and Benzerga [3] from cylindrical tensile specimens with fine 

circumferential notches of AZ31 Mg alloy. By contrast, far few dimples were observed on the 

fracture surfaces of the statically loaded specimen. 

On the other hand, the fracture surfaces pertaining to the dynamically loaded specimens 

(Figs.8(b) and (c)) display no such twin-induced brittle features but instead show a distribution 

of micro-voids. In order to quantify the difference between the fracture morphology seen in these 

figures and the static case (Fig.8(a)), surface roughness (Rq) measurements were made over 
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square regions of size 500 m using an optical profilometer with a resolution of 50 nm. 

However, the Rq values were found to be about the same (~ 8.5 μm) for the static and dynamic 

test with V0 = 9 m/s, whereas it was markedly lower (~3.8 μm) for a test corresponding to V0 = 

13 m/s, which only indicates that the dimples are shallow for the higher impact speed case. As an 

alternative distinguishing measure of the fractographic features, their aspect ratio was quantified 

by identifying 100 such features for each loading case and tracing them with Image-J software 

(see supplementary material). The average aspect ratios were found to be 6, 1.6 and 1.3 for the 

specimen tested under static loading and dynamic loading with V0 = 9 and 17 m/s, respectively. 

These values confirm that the fractographic features are highly elongated grooves/flutes for the 

static case, whereas they are more rounded in the dynamically loaded specimen, which along 

with the visual examination of Figs. 8(b) and (c), attests that they are dimples.   

Further confirmation that (the almost) equi-axed features such as those labeled as D, E, F 

(Fig.8(b)), I and H (Fig.8(c))  are voids stems from the fact they seem to have been nucleated by 

fracture / debonding of inclusions (see, for example, E in Fig.8(b)). EDS analysis conducted here 

and in previous studies [3,20] show that these void nucleating particles in AZ31 Mg alloys are 

pure Mn or Al-Mn (about 25% Al, 70% Mn and 5% Mg by weight), Mg17Al12 intermetallics and 

oxides (MgO). Most of these voids have coalesced with neighboring ones by complete internal 

ligament necking, resulting in knife-edge like features at their periphery (such as E, H and I).  A 

few tear-ridges characteristic of abrupt rupture of inter-void ligaments are occasionally noticed 

(like G in Fig.8(b)). Although there is a large scatter in the void sizes for each loading case, their 

average diameter is found to increase from 6 to 9 m as V0 changes from 9 m/s to 20 m/s.  
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Fig. 9: SEM fractographs about 1.5 mm away from original crack front taken with 1000x magnification 

corresponding to: (a) static test and dynamic tests with (b) V0 = 9 m/s, (c) V0 = 17 m/s. Crack propagation direction 

is vertical as indicated by the arrow on the left. 

Figs.9(a), (b) and (c) show fractographs (1000x magnification) taken at a distance of 1.5 mm 

ahead of the fatigue pre-crack front near the specimen mid-plane corresponding to static and 

dynamic tests with V0 = 9 m/s and 17 m/s. It can be observed by comparing Fig. 8(a) and 9(a) 

that the fracture surface features pertaining to the static test have changed with crack growth. 

Thus, unlike Fig. 8(a), many micro-voids (such as those indicated as K, L and M) can be noticed 

in Fig. 9(a) with evidence of fractured particles in some cases (see M) along with a few brittle 

features like that indicated as J. The latter are far more numerous close to the initial crack front 

(Fig.8(a)). Thus, a brittle to ductile transition seems to have occurred with crack extension in the 

static experiment, which was also reported by Prasad et al. [15] in their static fracture tests with 

fatigue pre-cracked four-point specimens. On the other hand, the fractographs pertaining to the 

dynamic tests continue to show dimples far ahead of the initial crack front as well (Fig.9(b), (c)). 

In fact, some large voids with fractured particles inside them (like N and O) can be noticed in 

Fig. 9(b). As in the case of the region near the pre-crack front (Fig.8(b), (c)), only a few tear 

ridges (such as P in Fig.9(b)) can be seen and most voids have coalesced by complete internal 

ligament necking. 
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3.4 Optical micrographs of deformed specimens 

In Figs. 10(a) and (b), low magnification optical images of a deformed specimen corresponding 

to a static test and the two halves of a fractured specimen obtained after a dynamic test 

conducted with Vo = 17 m/s are shown. Specimens are polished and etched following the 

procedure outlined in Sec. 2.3, in order to reveal the nature of inelastic deformation.  

A large, roughly semi-circular bright region can be noticed in both specimens spreading 

downwards from the (upper) loading edge (Figs.10(a) and (b)). Further, a curious pattern of 

curved bands resembling fingers can be observed near the bottom portion of the above bright 

region. The static specimen (Fig. 10(a)) also shows a bright deformed region enveloping the 

crack tip near the lower edge. In order to understand how the above noted bands form near the 

loading edge, one of the static tests was interrupted and the specimen was unloaded. It was then 

optically imaged after following the usual polishing / etching protocol. This deformed specimen, 

which is displayed in Fig. 10(c), reveals a set of parallel white bands that are roughly equally 

spaced extending downwards from the top edge. With continuation of loading, these bands 

apparently widen and merge with each other, except near the bottom portion where they retain 

their discrete shape, forming the bright semi-circular zone observed in Figs. 10(a) and (b).  

A small region encompassing the bands in the bottom portion of the bright semi-circular region, 

within the blue rectangular box indicated in Fig.10(b), is examined under a high resolution 

optical microscope. This optical micrograph is presented in Fig.10(d) and shows two parallel 

bands, whose boundaries are marked by red dashed lines, which are several grain sizes in width 
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containing a high density of tensile twins.  The region between these bands, which has both small 

and big grains and is also several grain sizes in width, is completely free of twins. A careful 

 

 

Fig. 10: Optical images showing deformed specimen corresponding to (a) static test, (b) dynamic test with V0 = 17 

m/s (both fractured halves) and (c) a static test after interrupting and unloading. (d) A higher magnification optical 

micrograph corresponding to a small region within the blue rectangular box marked in (b) showing two twin bands. 

examination of the two twin bands in Fig.10(d) reveals that the twins extend roughly parallel to 

the orientation of the band and as continuous chains spreading across grain boundaries. Possible 

reasons for the origin of these tensile twin bands and their influence on the fracture resistance of 

the Mg alloy will be discussed in Sec. 4. 
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In Fig. 11(a), an optical micrograph taken near the crack tip after a short extension is shown. In 

this micrograph, the crack line can be seen at the bottom left corner, with the current crack tip 

indicated by a red horizontal line. Considerable twinning can be perceived in grains surrounding 

the tip spreading up to a distance of about 100 m ahead of the tip and 150 m in the direction 

 

Fig. 11: Optical micrographs near crack tip corresponding to (a) static test and (b) dynamic test with V0 = 17 m/s. 

Optical micrographs near the far-end of the ligament close to loading edge corresponding to (c) static test and (d) 

dynamic test with V0 = 17 m/s. 

normal to the crack line. Analysis of EBSD maps (see Sec.3.5) confirms that these are tensile 

twins. In fact, some grains have multiple intersecting twins (see grain marked as Q) and several 

parallel twins, possibly of the same variant (grain identified as R). Also, some of the twins 

extend across grain boundaries (see location indicated as S) similar to Fig. 10(d). In Fig. 11(b), 
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an optical micrograph of the region near the initial crack tip, obtained from one of the broken 

halves of a specimen tested under dynamic loading with V0 = 17 m/s, is displayed. Here, the 

crack line is along the right vertical boundary of the image and the approximate location of the 

initial crack tip is marked by a red horizontal arrow. In contrast to Fig.11(a), very few twins may 

be noticed in the grains above and to the side of the initial crack tip. This suggests that there is a 

reduction in amount of twinning around the original tip with enhancement in loading rate. In 

order to confirm this, rectangular domains of size 200 m  170 m close to the initial crack tip 

(like the optical images shown in Fig.11(a), (b)) were analyzed using the point count method 

(ASTM E562-19 [51]) and the average twin area fraction was estimated. These values are given 

in Table 2, and can be observed to decrease from about 12% for static loading to 4% for the 

dynamic test with V0 = 20 m/s.  

Figs. 11(c) and (d) show optical micrographs obtained from the loading-end of the ligament 

(refer to the top edge of bright region in Figs.10(a), (b)), corresponding to the static and dynamic 

test with V0 = 17 m/s, respectively. Both these micrographs indicate massive twinning at the far-

end of the ligament with many grains having multiple parallel twins (see, for instance, grain T in 

Fig. 11(d)) and intersecting twins (grain U in Fig. 11(d)). Twins extending across boundaries of 

multiple grains (see the ones adjacent to grain T in Fig. 11(d)) can also be perceived. Again, 

EBSD maps confirm that these are tensile twins, and as will be seen below, result in strong 

changes in the texture in this region. 

3.5 EBSD maps near crack tip and specimen far edge 

In Fig. 12(a), the IPF map near the extended crack tip along with (0001) and (11 ̅   PFs 

corresponding to a static test are shown. The crack that has extended in the vertical direction can 

be seen in the IPF image. Similar IPF maps and PFs pertaining to the region near the initial crack 
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tip, extracted from one of the broken halves of specimens subjected to dynamic loading with V0 

= 9 and 17m/s are presented in Fig. 12(b) and (c), respectively. In these IPF maps, the initial 

crack is along the lower edge of the image.  The IPF map corresponding to the static test (Fig. 

12(a)) shows that most grains continue to remain in the initial (almost basal) orientation. 

However, the grains present on the sides of the crack line and up to a distance of about 100 m 

ahead of it are populated with deformation twins. Analysis of the angle change of the lattice 

within these twins, with respect to the parent grain indicates that it is about 86°, which confirms 

that these are TTs.   By contrast, fewer twins are noticed in the grains near the initial crack tip 

from the IPFs pertaining to the dynamic tests (see Figs. 12(b) and (c)). In fact, hardly any twins 

are visible in the IPF corresponding to V0 = 17 m/s (Fig. 12(c)). This corroborates with the 

reduction in average twin area fraction estimated from the optical micrographs taken near the 

crack tip. On comparing the PFs displayed in Fig. 12 with those pertaining to the undeformed 

specimen  (Fig. 2), it can be noticed that for the statically tested specimen and dynamic case with 

V0 = 9 m/s, some of the basal poles have tilted from near ND towards RD (see, in particular, 

(0001) PFs shown in Figs.12(a), (b)). However, the overall texture changes are small for the 

specimen tested with V0 = 17 m/s (Fig. 12(c)).  

The IPF maps and PFs obtained from the region adjacent to the loading-end of the ligament for a 

static test and dynamic tests performed with V0 = 9 and 17 m/s are displayed in Figs. 13(a)-(c), 

respectively. It can be noted from Fig. 13(a) that most of the grains, which were initially in near- 

basal orientation, have multiple parallel or intersecting twins as noted from the optical 

metallograph presented in Fig. 11(c). As compared to the (0001) PF taken from the region close 

to the crack tip (Fig. 12(a)), many basal poles have shifted to the periphery in the PF shown in 

Fig. 13(a), although a strong concentration of these poles at the center (i.e., close to ND) is still  
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Fig. 12: IPF maps and PFs extracted near the initial crack tip corresponding to (a) static test and dynamic test with 

(b) V0 = 9 m/s, (c) V0 = 17 m/s. (d) Legends for IPFs and PFs. 
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present. Perceptible change in the (11 ̅   PF in comparison to the initial one (Fig. 2) can also be 

noticed from Fig. 13(a). On examining the IPF for the case V0 = 9 m/s (Fig.13(b)), it can be seen 

that the population of TTs is higher compared to the static case. In fact, the lattice in some 

grains, such as those marked by V and W, have almost completely re-oriented due to tensile 

twinning (although a small portion of the latter grain still appears to be in the initial near-basal 

orientation). The PFs pertaining to this case show more profound changes from the initial ones as 

compared to the statically tested specimen (Fig. 13(a)). Thus, the (0001) PF in Fig. 13(b) 

indicates that the intensity of poles at the periphery is more appreciable compared to Fig. 13(a) 

and that at the center has decreased. The (11 ̅   PF also exhibits stronger changes (compare with 

Fig.2).  

Finally, turning to Fig. 13(c) pertaining to the specimen tested with V0 = 17 m/s, it can be 

observed from the IPF that in almost all grains, the lattice has completely re-oriented so that ND 

is along [11 ̅   or [10 ̅   direction, due to tensile twins fully enveloping these grains. The 

(0001) PF confirms this observation with concentration of poles seen at the periphery, whereas 

there is negligible intensity at the center. The (11 ̅   PF also indicates a strong intensity at the 

center in contrast to the initial one (refer Fig.2) where this was negligible. Thus, Fig. 13 shows 

that the density of tensile twins and the associated changes in texture near the loading edge for 

the dynamically tested specimens are more profound than the static ones and, in fact, enhance 

with impact velocity.  This is consistent with the higher (compressive) normal strain levels 

observed in the above region at crack initiation as the loading rate increases (refer Fig.7). 
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Fig. 13: IPF maps and PFs near loading edge corresponding to (a) static test and dynamic tests conducted with (b) 

V0 = 9 m/s, (c) V0 = 17 m/s. (d) Legends for IPFs and PFs. 
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4. Discussion 

4.1 Effect of loading rate on fracture mechanism 

As noted in Sec.3.3, the SEM fractograph near the fatigue pre-crack front corresponding to the 

static test (Fig.8(a)) shows predominantly quasi-brittle features like elongated grooves or slits 

which  have been traced  to twin-induced brittle cracks [3,12,13,15,50]. Indeed, the optical 

micrographs and IPF maps for the static tests exhibit a fairly high average area fraction of TTs  

in the neighborhood of the crack tip (Figs. 11(a) and 12(a)), which reinforces the inference based 

on the fractographs. On the other hand, in the dynamic tests, the TT area fraction around the 

crack tip diminishes (see Table 2). Concurrently, the fractographs (Fig.8(b)-(d)) display nearly 

equi-axed dimples, which establishes that a quasi-brittle to ductile transition in fracture 

mechanisms occurs as loading changes from static to dynamic in the present experiments.  

In order to rationalize these trends, it is important to first recall that previous static tests [3,15] 

have shown similar fracture mechanism transition as notch acuity (or near-tip stress triaxiality) is 

reduced from high to moderate levels. Further, it was noted in [15] that the average twin area 

fraction in grains around the tip drops from 13.5% for a fatigue pre-cracked bend specimen to 

6.8% for a notched specimen with root radius of 60 m. CPFE computations [17] of the 

experiments reported in [3] have also indicated similar reduction in TT volume fraction between 

a sharply notched cylindrical RN-2 specimen and moderately notched RN-10 specimen (which 

display above noted fracture mechanism transition). At a more fundamental level, it has been 

postulated that TTs are triggered by pile-up of basal dislocations at grain boundaries [45,52]. 

Thus, it may be concluded that as stress triaxiality near a notch or crack tip decreases from high 

to moderate levels: (a) twin density near the tip diminishes and (b) quasi-brittle to ductile 

fracture mechanism transition occurs in this Mg alloy.    
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As mentioned earlier, the ratio of t /(2), governs the effect of material inertia on the macroscopic 

specimen response, while  ̇  or   ̇ controls local inertial influence on near-tip fields. Also, the 

computational studies reported in [29-33] have shown that for t < 2, the fracture specimen loses 

constraint which manifests in terms of negative T-stress or triaxiality parameter Q. Moreover, the 

magnitude of this constraint loss during the above time window enhances with  ̇  or  .̇ This is 

somewhat similar to the effect of local material inertia on necking in notched elastic-plastic bars, 

wherein one of the important parameters is the ratio of imposed velocity to elastic wave speed 

[53].  

Further, in all the dynamic fracture experiments conducted in the present study tf /(2) <1, and   ̇

is of the order of 0.5 GN/(ms) or higher (see Table 2). From the elastic-plastic finite element 

analysis reported in [30] for a three point bend specimen with a/W = 0.5, the drop in near-tip 

hydrostatic stress, with respect to static case, is found to be around 0.60 corresponding to 

dynamic loading with   ̇of 0.5 GN/(ms), where 0 is the tensile yield strength. This confirms that 

stress triaxiality will be lowered by an amount similar to that between the RN-2 and RN-10 

notched cylindrical specimens tested in [3] which triggered fracture mechanism transition in this 

alloy. This explains the origin of the above transition seen between the static and dynamically 

loaded specimens (even with V0 = 9 m/s) mentioned above. These features are illustrated 

schematically in Fig.14(a) and (b). For the statically loaded specimen, high stress triaxiality 

caused by the J-dominant HRR field [48] prevailing outside the fracture process zone (FPZ) 

close to the crack tip may be responsible for activating the TTs and consequent quasi-brittle 

failure (Fig.14(a)).  On the other hand, the two-parameter J-Q field [34,35] exists near the tip in 

the dynamically loaded specimens, with the triaxiality parameter Q becoming increasingly 
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negative as   ̇enhances [29-33], effecting the change to slow void growth and coalescence in the 

FPZ (Fig.14(b)).   

 

Fig. 14: Schematic representation of fracture process zone (FPZ) and far-field plastic region corresponding to (a) 

static test with high triaxiality near crack tip and (b) dynamic test with moderately reduced levels of triaxiality near 

crack tip. 

4.2 Dependence of fracture toughness on loading rate 

A strong enhancement in fracture toughness Jc, with loading rate is observed for the present Mg 

alloy. Thus, there is an almost 200% increase in Jc corresponding to the dynamic tests with V0 = 

20 m/s as compared to static loading. This enhancement is higher than in many other engineering 

alloys [24-28]. The pronounced increase in Jc with   ̇ for the present AZ31 Mg alloy can be 

rationalized by noting that the contribution to fracture toughness arises from two sources, viz., 

intrinsic work of separation in the fracture process zone, denoted here as   
  

, and from 

background plastic dissipation, indicated as   
  

. As will be discussed below, the evidence 

presented in Sec.3 demonstrates that both these components increase with loading rate. 

4.2.1 Contribution to toughness from intrinsic work of separation 
fp

c
J  
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The contribution from intrinsic work of separation depends on the operative fracture mechanism. 

As noted in Sec.4.1, this mechanism changes from quasi-brittle to ductile as loading changes 

from static to dynamic. Moreover, in the context of isotropic plastic solids, it has been noted that 

ductile fracture processes will be impeded as loading rate enhances owing to higher levels of 

negative Q caused by inertial effects [30,36]. This corroborates with retardation in void growth 

as triaxiality drops which has been observed for both isotropic plastic solids [54] and Mg single 

crystals [21,22]. An added factor is strain rate sensitivity which was shown in [36] to further 

slow down void growth under dynamic loading. 

 The above noted drop in near-tip stress triaxiality would translate in terms of elevation in   
  

 as 

shown by Prasad et al. [15] from their static fracture tests with increase in notch root radius. An 

approximate estimate of this enhancement can be made by considering for example the case V0 = 

9 m/s, for which the average   ̇ ~ 0.45 GN/(ms). As mentioned above, elastic-plastic finite 

element computations [30] have shown that Q ~ -0.6 for a similar specimen corresponding to this 

level of  .̇ Further, for a rolled AZ31 Mg alloy, Prasad et al. [15] reported an enhancement in   
  

 

under static loading by about 25 N/mm as notch root radius increases from 30 m to 100m (see 

Fig.4 of their paper). The reduction in hydrostatic stress associated with the above change in 

notch root radius in the vicinity of nearest void nucleating inclusion ahead of the notch tip in 

their alloy (spacing about 35m [15]), can be evaluated following the slip-line field of Rice and 

Johnson [55], as about 0.60. Thus, the above approximate calculation shows that even for the 

case V0 = 9 m/s, a strong enhancement in   
  

 of about 25 N/mm may be expected owing drop in 

near-tip stress triaxiality. 
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The above features anticipated in the variation of   
  

 with Q are schematically illustrated in Fig. 

15. Also indicated in this figure are the specific values of   
  

 pertaining to the static case (where 

Q = Qs) and under dynamic loading with increasing   ̇ (where Q becomes progressively more 

negative so that Q3 < Q2 < Q1). As is clear from this schematic,   
  

will enhance with   ̇and the 

brittle-ductile transition would further accentuate the contribution to the dynamic fracture 

toughness from the near-tip fracture processes as compared to     
  

. 

  

Fig. 15: Schematic showing variation of    
  

with crack tip constraint parameter Q. The specific values of   
  

 for the 

static case (Q = Qs) and those pertaining to increasingly negative Q levels (Q1, Q2, Q3) attained with enhancement in 

  ̇are indicated. 

4.2.2 Contribution to toughness from background plastic dissipation 

A major contribution to fracture toughness,   
  

, arises from dissipation in the background plastic 

zone, which includes the inelastic deformation processes of slip and twinning. The DIC strain 

maps presented in Fig.6 and 7 indicate that strong plastic deformation occurs in the region 

around the crack tip as well as close to the loading edge. The optical images, Fig. 10(a), (b) show 

a large bright semi-circular zone near the loading-edge of the ligament, which under high 

resolution microscopy reveals tensile twins forming in bands (Fig.10(d)). This intriguing pattern 
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of twin bands was also observed by Baird et al. [56] in thin, unnotched AZ31 Mg alloy sheet 

specimens under three-point bending. Under this loading condition, the far-field region is 

subjected to compression normal to the ligament (note from Fig.7 that 22 is negative in this 

region). Due to the near-basal texture of this alloy, with c-axis aligned close to ND, the above 

compression normal to the ligament favours formation of TTs in this region to accommodate the 

expected out-of-plane bulging of the specimen. Here, it is to be noted that, in addition to 

variation in lattice orientation and therefore the Schmid factor for TTs, the critical resolved shear 

stress (CRSS) associated with twinning is also expected to vary due to the variation in grain size 

(bimodal grain size distribution of the present alloy) with the larger grains having lower CRSS 

values [57]. Thus, the average initial spacing between the twin bands seen in Fig.10(c) would be 

determined by the spatial fluctuation in ratio of Schmid factor to CRSS for tensile twinning. 

The TTs thus nucleated adjacent to the loading edge, extend across the grains before getting 

arrested at their boundaries. The stress concentration created at the arrested twin tips nucleate 

twins in the adjacent grains and the process repeats forming continuous bands of twins spreading 

across several grains as seen in Fig. 10(c) and (d). These bands widen and merge with further 

loading enveloping the entire region in the upper part of the specimen (above the plastic hinge 

point). This far-field plastic region, characterized by profuse twinning, is indicated in the 

schematics displayed in Fig. 14(a) and (b). 

 Fig. 7 shows that at crack initiation, the intensity of normal strain both in the crack tip plastic 

zone and far-field region, as well as the extent over which they prevail enhance with loading rate. 

Moreover, the IPF maps (Fig.13) indicate progressively higher density of TTs near the specimen 

far-edge with many grains experiencing complete lattice re-orientation at high V0 leading to 

pronounced texture changes (Fig.13(c)). This corroborates well with the observation by 
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Dudamell et al. [9] for AZ31 Mg alloy that under RD compression TT propagation is enhanced 

at high strain rates.   

As suggested by Prasad et al. [14], the contribution from TTs to the background plastic 

dissipation in the ligament can be estimated as   

                                                   
       

                                                                                 (4) 

where,    
           is the specific plastic work due to tensile twinning and Vtw = BAtw favg is 

the volume of twinned region in the ligament. Here, tw is the average CRSS for tensile twinning 

(which is assumed as 40 MPa in the following computation [14,58]) and tw is the twinning shear 

which is 0.13 [59]. Also, Atw is the total (in-plane) area of the region adjacent to the uncracked 

ligament where twinning is observed (semi-circular white region in Fig.10(a),(b), which has a 

radius of about 6 mm), B is the specimen thickness and favg is the average twin volume fraction in 

this region.  

To obtain approximate upper bounds to favg , EBSD maps on the specimen surface near the far-

edge such as those shown in Fig.13 were used to evaluate the twinned area fraction (see 

supplementary material).  Assuming that these twins persist through the specimen thickness as 

noted in [13], favg is then estimated as 0.21, 0.32 and 0.64 for the static case and dynamic loading 

with V0 = 9 and 17 m/s, respectively. Further, in view of Eq.(2), the contribution from tensile 

twinning in background plastic zone to the toughness can be written as   
          

      .  On 

using the data indicated above, this is found to be about 12.5 N/mm for the static case and about 

19 and 38 N/mm for the dynamic loading with V0 = 9 and 17 m/s, respectively. These rough 

estimates range between 32 to 47% of the corresponding total Jc values given in Table 2 and are 

therefore substantial. More importantly, it must be noted that the contribution to the toughness 
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from dissipation due to twinning in the region adjacent to the ligament increases by a factor of 

three as loading changes from static to dynamic with V0 = 17 m/s.  

Interestingly, the overall enhancement in toughness as loading changes from static to dynamic 

with V0 = 9 m/s, by combining the above two approximate estimates for   
  

and   
     

 is about 

31 N/mm which is comparable to the actual value of 28 N/mm indicated in Table 1. This 

suggests that the analysis presented here provides a rational basis for interpreting the results. 

5. Concluding Remarks 

Static and dynamic fracture experiments (corresponding to different loading rates) have been 

conducted in this work, using fatigue pre-cracked three-point specimens of a rolled AZ31 Mg 

alloy. The focus of the work has been on understanding how TTs influence the fracture behavior 

at high loading rates caused by impact (resulting in   ̇ greater than 0.5 GN/(ms)). The key 

observation is that while the density of TTs near the loading edge enhances strongly with loading 

rate causing the lattice in many grains to re-orient, thereby imparting pronounced texture 

changes, it decreases near the crack tip. The former, which is consistent with high strain rate 

compression experiments performed along RD [9], leads to strong texture hardening as well as to 

elevation in the saturation value of the bending moment on the ligament.  More importantly, it 

enhances the contribution to the overall toughness due to dissipation in the background plastic 

zone (which is roughly estimated to be more than a factor of 3 for V0 = 17 m/s as compared to 

static loading).  

The decrease in TT area fraction near the tip on the other hand, is attributed to drop in stress 

triaxiality caused by local material inertia which has been shown in previous elastic-plastic 

computational studies [29-33] to enhance with  .̇ In fact, even for the lowest   ̇ of  about 0.5 
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GN/(ms),  this constraint loss (|Q0|) is expected to be around 0.60 [30], which is comparable to 

the drop in stress triaxiality with increase in notch root radius between the sharply grooved RN2 

and moderately notched RN10 cylindrical specimens tested under static loading by Kondori and 

Benzerga [3]. This results in a quasi-brittle to ductile transition (as in [3]) when loading changes 

from static to dynamic (even for the lowest V0 of 9 m/s) with the fracture morphology 

comprising of highly elongated grooves (having aspect ratio of about 6) for the former and 

nearly equi-axed dimples (having aspect ratio around 1.5) for the latter which appear to be 

triggered by Mn-rich particles. The average dimple size increases with loading rate which is 

qualitatively similar to the influence of increasing the notch root radius in the static fracture 

experiments of [15] and is again attributed to reduction in triaxiality. 

Perhaps the most significant observation of this work is the strong increase in fracture toughness 

Jc from 32 N/mm for static loading to 88 N/mm (by almost 200%) corresponding to the dynamic 

test with V0 = 20 m/s. This enhancement, which is higher than that reported in many other 

engineering alloys, has been rationalized from elevation of both the intrinsic work of separation 

and the background plastic dissipation as V0 increases. This should have important implications 

to fracture based design of engineering components (such as in automotive or aircraft 

applications) where possible impact loading may occur triggering dynamic fracture at stress 

concentrations.  
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