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Abstract. The microhardness variation as a function of strain has been evaluated on the base 

of the EBSD characterization of copper sample subjected to strongly inhomogeneous dynamic 

deformation. In order to fulfill the evaluation, the microhardness measurements as well as the 

microstructure analysis were performed at several locations along the direction of the strain 

gradient. The local strains have been determined based on the distribution of misorientations 

at deformation-induced boundaries. Mechanical twinning was shown to give significant 

contribution to the work-hardening under condition of dynamic deformation. 

 

 

1. Introduction 

Investigation of work-hardening of a material using hardness measurements is an ordinary 

task for the materials science. At the same time, its conduction requires carrying out great 

number of experiments on  different samples. Hence, a challenging problem is to characterize 

the work-hardening by way of microhardness measurements on a single sample, inside which 

a wide range of microstructures takes place. In this connection the experiments with explosive 

bonding of metals are of great interest 1-5. Actually, significant strain gradient occurring 

across the bonding interface allows to obtain microstructures corresponding to strains varying 

in a wide range on a single metallurgical joint. A local strain corresponding to a given region, 

in its turn, can be evaluated from the misorientation distribution of deformation-induced 

boundaries examined by the EBSD analysis of the microstructure [6]. 

The purpose of the present work to demonstrate an opportunity to determine correlation 

between the microhardness and the strain level from microstructure examination on an 

explosive joint made of copper plates. 

 

2. Experimental 

The explosive bonding of the plates made from tough-pitch copper (M1-M1) with the plate 

thickness of 3 mm has been performed using the impact angle γ = 13,4 and the detonation 

velocity 2120 m/s. Metallographic examination was carried out using the optical microscope 

Axio Observer A1m (Carl Zeiss).  

The specimens for microstructure analysis were cut from regions near the wavy 

interface in a plane parallel to the detonation direction and normal to the plane of cladding. 

After a proper polishing, they were studied using a Quanta 200 3DFEG scanning electron 
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microscope equipped with electron backscattered diffraction (EBSD) facility with OIM 

software. 

Vickers microhardness measurements were made with a AFFRI DM-8 microhardness 

tester using the load 0.5 N and the loading time 50 s. 

 

3. Results and discussion 

The light optic image of the near-interface region (the microstructure of this zone has been 

thoroughly investigated on different scale levels in recent studies 6, 7). together with the 

results of microhardness measurements are shown in Figure 1. The microhardness is 

presented here as the function of distance d measured along the normal direction to the 

interface. Distinct zones can be noted based upon the microhardness variation. Firstly, the 

shelves occur starting at the distance ׀d1500 < ׀ m from the interface. In the flyer (upper) 

plate, the shelf level is higher by about 10% than in the base plate, seemingly due to the fact 

that this plate has been subjected to double bending . At the shelves, the polycrystalline 

structure of initial metal is retained, though in the flyer plate it is supplemented with a 

dislocation cell structure 4. Secondly, a narrow near-interface zone (NNIZ) of strongly 

increased hardening takes place approximately within ׀d200 > ׀ m. Between these two 

zones, there is an intermediate one, in which the level of plastic deformation slightly 

decreases as one moves away from the interface. 

Experimental and theoretical investigations of the plastic deformation proceeding in the 

course of explosive bonding showed that true plastic strain levels in the shelf zones of flyer 

and base plates can be estimated in the first approximation as 0.3 and 0.1, respectively 1, 

3-4. Corresponding microhardness values were obtained by averaging measurements over 

these zones (the points participating in the averaging are indicated by dashed contours 

denoted “s1” and “s2” in Fig. 1). The results obtained are 1274 MPa for the flyer plate and 

1119 MPa for the base plate. These estimates give us two first points for the required work-

hardening plot. 
 

 
 

Fig. 1. Vickers microhardness distribution near the interface of the copper/copper clad (zero 

point of d is located at the crest of the wavy interface relief) and optical micrograph showing 

the near-interface region with the microhardness indentations. 
 

The microstructure was examined using EBSD technique at three regions within the 

NNIZ in the flyer plate: immediately at the interface, in the middle of this zone and just near 
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its external boundary, Fig. 2. The development of the copper microstructure under condition 

of the explosive bonding and its peculiarities were described in detail earlier 6, 7. In 

particular, it has been shown that a fragmentation (grains subdivision to highly misoriented 

crystallites) inherent to metallic materials under severe plastic deformation is supplemented 

within the NNIZ by a deformation twinning. As it is seen in Fig. 2, near the external boundary 

of the NNIZ (Fig. 2a) the initial grains are only slightly distorted and only several traces of 

the deformation twins (near-twin boundaries according to Brandon criterion are marked by 

white) can be observed. In the middle of the NNIZ (Fig. 2b) both the development of 

fragmentation and intensive twining occur, but the initial grains still can be distinguished. 

Immediately near the bonding interface (Fig. 2c) one can observe rather uniform fragmented 

structure with an appearance of partial recrystallization. It is worth noted that the contribution 

of twinning in the microstructure formation near the bonding interface retains significant, 

however the deformation-induced deviation of their misorientations from the twin one exceed 

the bounds of Brandon interval. 
 

 
a) 

 
b) 

 
c) 

 

Fig. 2. Microstructure changes across the interfacial zone: near the external boundary of the 

NNIZ (a), in the middle of the NNIZ (b) and immediately near the bonding interface (c).  

The EBSD boundary maps display boundaries with θ > 2°; near-twin boundaries according to 

Brandon criterion are drawn by white lines. 
 

Three regions examined approximately correspond to the groups of points marked by 

dashed contours on the plot in Fig. 1 (denoted “a”, “b” and “c”). The average microhardness 

values obtained for these groups are 1856, 1742 and 1486 MPa. Then, in order to obtain data 

for the work-hardening plot, it is necessary to estimate local strains corresponding to these 

regions. This will be done in what follows from the analysis of misorientation distributions 

(Fig. 3) using the approach suggested recently 7. 

According to the approach mentioned above, a misorientation distribution is represented 

as superposition of three components (partial distributions). The first one, which describes the 

low-angle peak of a distribution, is produced by deformation-induced boundaries (fragment 

or, in other terms, geometrically necessary boundaries 8). The second component 
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corresponds to the twin boundaries (both annealing and deformation twins), which original 

twin misorientations were modified by a successive deformation. Remaining misorientations 

presumably associated with initial grain boundaries as well as the mostly misoriented 

fragments and the nuclei of recrystallization compose the third component, which can be 

described at first approximation using random misorientation distribution.  
 

 
a) 

 
b) 

 
c) 

 

Fig. 3. Misorientation distributions obtained from the EBSD data for regions shown in 

Fig. 2(a, b, c), respectively, (round symbols), together with the calculated partial distributions 

for deformation-induced fragment boundaries (thick lines), deformation-modified twin 

boundaries (dashed line) and random boundaries (dotted line). 
 

For the local strain estimation the first component can be employed. The misorientation 

distributions of the geometrically necessary boundaries f(θ) have been shown to collapse into 

a single distribution when scaled by the average misorientation θav [8]: 
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where avx    , a = 2.5. The dependence of the average misorientation on strain was shown 

to be 2 3

av C    with С  8º for geometrically necessary boundaries in the case of cold 

rolling of Al and Ni (strain rate <101 s-1) [8,9]. Later on, similar θav dependence on ε was 

found for dynamically deformed Ni (strain rate ~ 103 s-1) [10]. These literature data on 

average misorientations are presented in Fig. 4. It is seen that up to the strain of 1.5 the 

dependences almost coincide. The difference emerging at larger strains is resulted from the 

development of high-angle population of the deformation-induced boundaries, while the low-

angle part of the distribution is described by Equation 1 as well.  

Therefore, the increase of the strain rate by several orders of magnitude does not change 

considerably the parameters of the low-angle peak of the fragment misorientation distribution. 

With regard to this fact, one may try to use Equation 1 for approximation of low-angle peaks 

in the distributions shown in Fig. 3 and estimate a local strain for each region from the best fit 
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to the experimental data. The calculated distributions are shown together with the 

experimental ones in Fig. 3 (these distributions were determined based on EBSD data only for 

closed boundaries for better comparability with the results obtained earlier by TEM for 

geometrically necessary boundaries). The best fit of the low-angle peaks gives true local 

strains 0.5, 1.4 and 1.6 for regions a, b and c, respectively. 
 

 
 

Fig. 4. Average misorientation angle as function of strain for Ni deformed by dynamic plastic 

deformation (full round symbols) [10] and by cold rolling (open round symbols) [9]. 
 

The resulting dependence of microhardness versus strain in the near-interface zone of 

the explosive joint is presented in Fig. 5. For comparison, approximation of microhardness 

measurements in copper deformed by torsion up to various strains [11] is shown by the 

dashed line. It is seen that for small strains the microhardness agrees well with literature data. 

At the same time, after   0.5 the work-hardening observed in the NNIZ turns out to be 

considerably higher. The following causes can lead to this behavior. The first (and supposedly 

the most important) one is associated with deformation twinning, which takes place in copper 

only under extremely high strain rates, such as in the case of explosive bonding (~106 s-1). A 

submicron fragmented structure is formed both under low and high strain rates leading to 

strengthening of a deformed material, which is well described by Hall-Petch type relationship: 
1/2kD  .  However, for low-angle boundaries with misorientation angles θ < 15° the slope 

~k   smaller than the slope for high-angle boundaries, which does not depends on θ 

[12, 13]. The deformation twinning results in increasing fraction of high-angle boundaries 

within the fragmented structure [6]. Hence, the strengthening will be enhanced in this case. 

The second cause of increased strengthening may be associated with a probable decreasing of 

the fragment size D with increasing strain rate [10], however, additional study is needed 

concerning this issue. 
 

 
 

Fig. 5. Variation of microhardness as a function of local plastic strain near the bonding 

interface of the copper/copper joint. 
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4. Conclusions 

Work-hardening behavior of copper was studied using a specimen obtained by explosive 

bonding on the base of the microhardness measurements and the microstructure examination 

across the near-interface zone of strongly inhomogeneous deformation. The local strains in 

different regions within the NNIZ have been evaluated based on the analysis of the 

distribution of misorientations at deformation-induced boundaries. Dynamic deformation 

twinning was shown to give significant contribution to the fragmented microstructure 

formation. This twinning causes accelerated work-hardening as compared to the copper 

deformed with a conventional strain rate. 
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