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Abstract 
 

 
 The tremendous increase in demand for light weight armour systems has inspired the 

development of novel armour designs using optimal combination of high strength metals, 

polymers, composites and ceramics. Aluminium alloys have emerged as a strong candidate 

material for defence, aerospace and automobile applications due to their low density, high 

strength and high corrosion resistance. But their impact behaviour needs to be fully understood in 

order to utilize their potential for such critical applications  

 The dynamic behaviour of high strength aluminum alloys during ballistic impact is 

a complex phenomenon due to the presence of, large deformations, high strain rates, elevated 

temperatures and propagation of elastic, plastic and shock waves. The failure of target may 

occur due to a combination of various perforation mechanisms depending upon the material 

properties, impact velocity, projectile shape and size, target thickness etc. An in-depth 

understanding of the dynamic behaviour of impacting materials is thus of paramount 

importance in designing materials and structures for defence applications. 

 The present study is aimed at investigating the ballistic impact response behaviour of 

aluminium alloy AA2014-T652, which is one of the strongest available aluminium alloys, against 

rigid and deformable projectiles. Hardened steel spheres were used as rigid projectiles while soft 

iron spheres were used as deformable projectiles. An integrated approach encompassing dynamic 

material characterization, constitutive and failure modeling, ballistic impact tests, analytical 

analysis and numerical simulations has been employed to gain more insight about the material 

behaviour. 

 A comprehensive material characterization program was executed to study the plastic 

flow and failure of the material. Tensile tests were carried out on target and projectile materials at 

different stress triaxialities, strain rates and temperatures. Hardened steel projectiles were 

considered rigid and no material tests were conducted for steel. Low and medium strain rate tests 



v 
 

were conducted on a standard universal testing machine (UTM) while high strain rate tests were 

conducted using split hopkinson pressure bar (SHPB). High temperature tests were conducted 

using a special UTM having provision for in-situ heating of the specimen. True stress – true strain 

curves were generated using the measured force-displacement data from UTM and SHPB. 

Fracture strain values of the materials were calculated by measuring the reduction in area of 

fractured specimens. 

 The experimental information from stress-strain curves were used to calibrate the 

material parameters of Johnson-Cook constitutive model, which relates the flow stress of the 

material to effective plastic strain, strain rate and temperature. Fracture strain values were used to 

calibrate the material parameters of Johnson-Cook failure model, which relates the fracture strain 

of a material to stress triaxiality, strain rate and temperatures. 

 Ballistic impact tests were conducted using a smooth bore propellant gun of 30 mm 

bore diameter. 15 mm thick target plates were impacted by 10 mm diameter steel and iron 

spheres. Impact velocities were varied by changing the amount of propellant in the cartridge to 

achieve complete perforation of the target. Impact phenomenon was captured with a high speed 

video camera to measure the impact velocity and residual velocity of the projectiles. Ballistic 

limit velocity was calculated by using energy based analytical methods. An analysis of crater 

dimensions in the targets was carried out in order to identify various perforation mechanisms 

responsible for target failure. 

 Finite element analyses of all the impact experiments were carried out using a two 

dimensional axisymmetric model. Ballistic impact velocities were overestimated and all the 

perforation mechanisms were not captured in numerical results using Johnson-Cook constitutive 

and failure model. Limitations of Johnson-Cook failure were analyzed and numerical simulations 

were repeated using hydrostatic tensile stress failure model. A non-linear equation of state was 

also introduced in the model for more accurate calculations of hydrostatic stress. These 

modifications resulted in an excellent correlation between experimental and numerical results. 



 
 

 सारांश 
 

 
 हÐके वजन की कवच प्रणाली की मांग म¤ जबरदÖत विृद्ध ने सिÌमि®त पदाथर् से बने कवच िडजाइन के िवकास 

को पे्रिरत िकया ह ै। एÐयमूीिनयम अपने कम घनÂव, उ¸च सामÃयर् तथा उ¸च जंग िनरोधक क्षमता के कारण रक्षा, एयरोÖपेस और 

ऑटोमोबाइल अनपु्रयोगŌ के िलए एक मजबतू उÌमीदवार के łप म¤ उभरा ह ै। प्राके्षपीय समाघात के समय उÂपÆन िवशाल िवकार, 

उ¸च िवकृित दर तथा उ¸च तापमान के कारण एÐयमुीिनयम धात ुका Óयवहार बहुत जिटल प्रिक्रया हो जाता ह ै। इसिलए रक्षा 

अनसुÆधान जैसे महÂवपणूर् अनपु्रयोगŌ के िलए एÐयमुीिनयम के संघात Óयवहार को Óयापक तरीके से समझने की जłरत ह ै।  

 वतर्मान अÅययन की जांच का उĥÔेय एÐयमुीिनयम २०१४-टी ६५२, जोिक सबसे मज़बतू एÐयमुीिनयम िम®धातयुŌ 

म¤ से एक ह,ै के संघात Óयवहार का अÆवेषण करना ह ै। दो तरह के प्रके्षÈय इस अÅययन म¤ प्रयोग िकये ह§ । Öटील के गोलŌ को 

अनÌय प्रके्षÈय के łप म¤ तथा शदु्ध लोहे के गोलŌ को मलुायम गोलŌ के łप म¤ प्रयोग िकया गया था । वतर्मान अÅययन म¤ यांित्रकी 

पिरक्षण, पदाथर् प्रितłपण, प्राक्षिेपक पिरक्षण, सैद्धांितक िवĴेषण तथा अिभकलन अनकुरण का समिÆवत प्रयोग िकया गया है, 

तांिक पदाथर् के संघात Óयवहार का सÌपणूर् ज्ञान प्राĮ िकया जा सके । 

 एक िवÖततृ यांित्रकी पिरक्षण कायर्क्रम संचािलत िकया गया था, िजसमे पदाथŎ के प्रÂयाÖथ, नÌय तथा िवघात 

Óयवहार का िनरक्षण िकया गया । िविभÆन िवकृित दरŌ, प्रितबल  ित्रअिक्षतायŌ तथा तापमानŌ पर तÆयता परीक्षण िकते गए । 

प्रके्षपीय परीक्षणŌ म¤ Öटील के प्रके्षÈयŌ म¤  िकसी िवकार की अनपुिÖथित के कारन उÆह¤ अनÌय मान िलया गया तथा इसिलए Öटील 

पर यांित्रकी पिरक्षण नहीं िकय ेगए । एÐयमुीिनयम २०१४-टी ६५२ तथा शदु्ध लोह ेपर मंद तथा उ¸च िवकृित दर पिरक्षण िकये गए 

िजसके िलए सावर्लौिकक पिरक्षण यÆत्र तथा िÖÈलट होिÈकंसन बार का प्रयोग िकया गया । उ¸च तापमान पर पिरक्षण करने के 

िलए िवशेष सावर्भौिमक पिरक्षण यÆत्र का उपयोग िकया गया िजसम ेप्रितłप को गमर् करने की ÓयवÖथा थी । तÆयता यांित्रक 

परीक्षणŌ से प्राĮ जानकारी से जॉनसन-कुक पदाथर् प्रितमान के अचर मापदडंŌ का पिरकलन िकया गया । जॉनसन-कुक प्रितमान 

पदाथर् के प्रितबल को िवकार, िवकृित, िवकृित दर तथा तापमान के साथ संबंिधत करता ह ै। 



 
 

 प्राके्षपीय परीक्षणŌ के िलए ४० िमलीमीटर Óयास वाली गन का प्रयोग िकया गया । १५ िमलीमीटर मोटी 

एÐयमुीिनयम के लàय पर १० िमलीमीटर Óयास वाले Öटील और शभु लोह ेके गोले दागे गए । संघात घटना को उ¸च गित वाले 

कैमरे से अिभलेिखत िकया गया तांिक प्रके्षÈयŌ की संघात गित मापी जा सके । लàयŌ म¤ हुए िछद्रŌ का गहरायी से अÅययन िकया 

गया तांिक वेध की िविभÆन िक्रयािविधयŌ की पहचान की जा सके । 

 सभी प्रके्षिपकीय परीक्षणŌ का सीिमत तßव िवĴेषण िकया गया, िजसके िलए िद्वआकारीय प्रितमान का उपयोग 

िकया गया । िजन अिभकिलत अनकुरणŌ म¤ जॉनसन-कुक िवघात प्रितमान का प्रयोग िकया था, उनमे  प्रके्षिपकीय सीमा वेग  

परीक्षणŌ की तलुना म¤ अिधक पाया गया । जॉनसन-कुक िवघात प्रितमान की समÖयाओ ंका अÅययन करने के पĲात जलÖथैितक 

प्रितबल प्रितमान का उपयोग करते हुए  दोबारा अिभकिलत अनकुरणो की पनुराविृ° की गयी । एक गैर रेखीय िÖथित समीकरण 

को भी सीिमत तßव िवĴेषण म¤ सिÌमिलत िकया गया तािक जलÖथैितक प्रितबल का यथाथर् आंकलन िकया जा सके । इन 

पिरवतर्नो से परीक्षणाÂमक  तथा अिभकलनाÂमक पिरणामो म¤ अित-उÂकृĶ समकक्षता पायी गयी 
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