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The response of single and double layered steel plates to localised airǦblast loading was examinedǤ Two configurationsǡ both comprising fully clamped circular plates with a ʹͲͲ mm exposed diameterǡ were consideredǣ Ͷmm thick single and ሺʹʹሻ mm double layered platesǤ The localised airǦblast loading was applied by centrally detonating discs of PEͶ plastic explosiveǤ Similar failure modes were evident in the single and double plate configuraǦtionsǡ namelyǡ Mode I ሺlarge inelastic deformationሻ and Mode II ሺcapping failure along with deformationሻ responsesǤ The double plates exhibited larger midpoint deflections than the single platesǡ and partial tearing of the front plate in the double plates was observed at a lower impulse than in the single platesǤ Howeverǡ complete capping of both plates in the double plate configuration occurred at the same charge mass as for the single platesǡ imǦplying that both configurations offer equivalent protection from capping failure as a result of this type of localised blast loadingǤ A metallographic study of the deformed and torn plate regions did not reveal any phase transǦformation in the steelǤ It was also found that the ʹ mm thick plates exhibited larger increases in grain size than the Ͷ mm thick platesǤ 
Blast loadingǢ platesǢ HSLA steelǢ deformationǢ Microstructure 

Conventionallyǡ High Strength Low Alloy ሺHSLAሻ steels are considered as a basic construction material for arǦmour systems due to their high hardness and enhanced yield strengthsǤ In recent yearsǡ the potential of multiǦlayǦered plates to improve the performance of structures subjected to projectile impact has been investigated by variǦous researchersǤ Marom and Bodner ሺͳͻͻሻ performed ballistic tests on layered targets of ͲͳǦT aluminium alloy beams ሺusǦing ͲǤʹʹ calibre projectiles at a velocity of ͵ ͷ mȀsሻ and found that equivalent mass multiǦlayered beams were more effective in resisting perforation than single beamsǤ Corran et alǤ ሺͳͻͺ͵ሻ tested mild steelǡ stainless steel and aluǦminium plates and showed that layered shielding exhibited superior ballistic resistance to a single plate once the total thickness exceeded a critical valueǤ Woodward and Cimpoeru ሺͳͻͻͺሻ reported results from impact tests using conical and blunt nosed projectiles on layered ʹͲʹͶǦT͵ͷͳ aluminium platesǤ The layered system comprising two plates of equal thickness provided the highest ballistic limit for both nose shapesǤ Howeverǡ Radin and Goldsmith ሺͳͻͺͺሻ reported results from normal impact tests on multiǦlayered targets of different thickness and showed that the ballistic resistance of the equivalent mass single target was greater than that of the layered systemsǤ Similarlyǡ Almohandes et alǤ ሺͳͻͻሻ found that single plates were more effective than laminated plates when impacted by Ǥʹ mm standard bulletsǡ in the thickness range ͳǦͺ mmǤ Plates comprising fewer laminates were more effective than those containing many laminatesǤ Zukas and Scheffler ሺʹͲͲͳሻ also conǦcluded that layering reduced the ballistic performance of systems when the overall thickness was relatively lowǤ Teng et alǤ ሺʹͲͲሻǢ Teng et alǤ ሺʹͲͲͺሻ reported results from a numerical study on the protection performance of doubleǦlayered metal shields against different projectile using ABAQUSȀExplicitǤ The study indicated improved ballistic resistance of ͺȂʹͷΨ by using doubleǦlayer configuration against flatǦnose projectileǤ Dey et alǤ ሺʹͲͲሻ found that doubleǦlayering the target caused an increase of ͶͲ Ȃ ͷͲΨ in ballistic limit velocity ሺVͷͲሻ compared to a single target of equal thickness when impacted by blunt projectilesǤ In case of ogival nose projectileǡ the single target offered better protectionǡ but the difference in perforation resistance was only ͳͲȂ ͳͷΨǤ 
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The change in failure mode from predominantly brittle ǲshear pluggingǳ ሺin thick platesሻ to more ductile reǦsponse ሺin layered platesሻ is the reason for the improved ballistic limit Ȃ the ductile structures were able to absorb more energy before rupturing than the equivalent mass brittle plates Dey et alǤ ሺʹͲͲሻǤ Howeverǡ not all multiǦlayered structures exhibited enhanced impact performanceǡ as the relative performance was dependent upon varǦious factorsǡ including the projectile geometry and the overall thickness of the protective structureǤ Since layered steel plates have been shown to give improved ballistic performance under certain circumstances Dey et alǤ ሺʹͲͲሻǢ Teng et alǤ ሺʹͲͲሻǢ Teng et alǤ ሺʹͲͲͺሻǡ it is useful to ascertain the effect of layering for blast performanceǤ There have been many investigations into the blast performance of single steel plated structures to localised blast loadingǡ for example references Chung Kim Yuen and Nurick ሺʹͲͲͲሻǢ Jacob et alǤ ሺʹͲͲͶሻǢ Nurick and Radford ሺͳͻͻሻǤ The authors are unaware of similar investigations into the blast response of multiǦlayered steel platesǡ except for some attempts at tuning blastȀimpact response through layering of a thick armour structure ሺto modify the stress wave transmission through the plates by choosing materials with differing damping frequenciesǡ for example RahimzaǦdeh et alǤ ሺʹͲͳͷሻሻǤ The failure modes of structures subjected to uniformly distributed blast loading were first classified by Menkes and Opat ሺͳͻ͵ሻ at various intensities of impulseǤ Similar failure modes were also observed for clamped circular plates TeelingǦSmith and Nurick ሺͳͻͻͳሻ and for square plates Nurick and Shave ሺͳͻͻሻǢ Olson et alǤ ሺͳͻͻ͵ሻ subǦjected to uniform blast loadsǤ Nurick and Radford ሺͳͻͻሻ reported that localised blast loading resulted in plate deformation that was characterised by an inner dome superimposed on a larger global domeǤ At higher impulsesǡ tearing in the central area of the plate occurred with further increase in impulse after the onset of thinningǤ The tearing observed was characterized by a cap torn away from the plateǤ The ǲcappingǳ failure Mode was subdivided by Nurick and Radford ሺͳͻͻሻǤ Mode I Ǧ large inelastic response Mode Itc Ǧ large inelastic response with thinning in central area Mode IIȗc Ǧ partial tearing in the central area Mode IIc Ǧ complete tearing in the central area Ǧ capping Mode II Ǧ complete tearing at the boundary This article presents preliminary results from blast loading experiments on layered plates and equivalent thickness single steel plates subjected to localised airǦblast loadingǤ These results are part of a wider study planned to consider the influence of layering in plates of different thicknessesǤ In the present studyǡ the failure modes and deformation profiles of single and double plates with a combined thickness of Ͷ mm were comparedǤ Results from airǦblast loading experiments on Domex ͷͷͲ MC steel plates in two configurationsǡ namelyǡ single ሺͶmm thickሻ and double plates of equal thickness ሺʹʹሻ mmǡ the postǦtest inspections and metallographic investigations are reǦportedǤ 
HighǦstrength lowǦalloy ሺHSLAሻ steels are a group of lowǦcarbon steels that use small amounts of alloying eleǦments to attain higher yield strengths in the asǦrolled or normalised conditionǤ These steels have higher strength than asǦrolled carbon steels and are usually ʹͲ to ͵ͲΨ lighter than carbon steel with the same strengthǤ The high yield strength can be obtained at lower carbon content levelsǤ The weldǦability of many HSLA steels is comparable to or better than that of mild steel Society ሺͳͻͺʹሻǤ Henceǡ HSLA steels are used in a wide variety of applicationsǡ such as carsǡ cranesǡ bridgesǡ roller coastersǤ The properties can be tailored to specific applications by the combinaǦtion of composition and structures obtained during processingǤ These steels have fine grain size microstructure due to micro alloying of Vanadiumǡ Niobium and TitaniumǤ The yield strength usually varies with grain size according to the wellǦknown HallǦPetch equationǡ shown in EqǤ ሺͳሻǤ Fine grains have larger grain boundary areas that impede dislocation motionǤ Domex ͷͷͲMC is a hot rolledǡ cold forming steel that is produced by a thermoǦmechanical treatǦment process and meets the demands for steel SͷͷͲMC in EN ͳͲͳͶͻǦʹ ሺSSABǡ ʹͲͳͺሻ ሺLast access Aug ʹͲͳͺሻǤ The chemical composition of Domex ͷͷͲMC steel is listed in Table ͳǤ ݕߪ ൌ ߪ      Ȁξ݀ ሺͳሻ where ɐo and Ky are constants for a particular material and d is the average grain diameterǤݕܭ
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Table ͳǣ Chemical composition of Domex ͷͷͲMC steel ሺSSABሻ ሺLast access Aug ʹͲͳͺሻ 
ͻ Carbon ͲǤͳʹ Aluminium ͲǤͲͳͷ ͳǤͺͲ Silicon ͲǤͳ Sulphur ͲǤͲͳͲ ͲǤʹ Niobium ͲǤͲͻ   ͲǤͳͷ Phosphorus ͲǤͲʹͷ    The mechanical properties of the Domex ͷͷͲMC steel were determined according to the ASTM standards Standard ሺʹͲͳ͵ሻǤ The samples were cut from ʹmm thick steel plates and were tested at a nominal strain rate of ͶǤʹ ൈ ͳͲǦͶ Ȁs on a Zwick universal testing machineǤ Three samples were tested at each crossǦhead speedǤ The average mechanical properties wereǣ ͷ͵͵ MPa yield strengthǡ a Ͳͷ MPa ultimate tensile strength and a ʹͲΨ elongation to failureǤ Hardness tests were performed on samples prepared for metallographic study and the average hardness was ʹ͵Ͳ HVǤ 

All tested plates were used in asǦreceived conditionǤ The ͶͲͲ mm by ͶͲͲ mm square plates were bolted beǦtween two ͳʹmm thick annular steel clamps with an exposed diameter of ʹͲͲ mmǤ The annular clamps acted as a rigid boundary and fixed the plate to the ballistic pendulumǤ The whole clamped assembly was mounted in front of the ballistic pendulumǡ similar to previous blast loading experiments reported in Chung Kim Yuen and Nurick ሺʹͲͲͲሻǢ Jacob et alǤ ሺʹͲͲͶሻǢ Nurick and Radford ሺͳͻͻሻǢ Nurick and Shave ሺͳͻͻሻǢ TeelingǦSmith and Nurick ሺͳͻͻͳሻǤ A photograph of the ballistic pendulum and attached target plates is shown in Figure ͳǤ  

   Photograph of test plate attached to ballistic pendulum  The PEͶ explosiveǡ in the form of a ͵͵ mm diameter discǡ was mounted on a ͳʹ mm thick polystyrene foam pad and centrally positioned onto the plateǤ A ͳg leader was used to connect an electrical detonator to the centre of the explosive discǤ The approximate burn speed of PEͶ is ͷͲͲ mȀs Balden and Nurick ሺʹͲͲͷሻǤ The explosive mass was varied by adjusting the charge heightǤ The results of the blast tested single plates are presented in Table ʹǡ and the results of double plates are shown in Table ͵Ǥ In the post test examinationǡ the deformation profileǡ permanent midpoint displacementǡ tearing and capping were measuredǤ A metallographic study was performed to investigate the effect of adiabatic heating during plate deformation and tearingǤ The effect of the blast loading on the grain size of the microstructure was also examinedǤ 
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 Table ʹǣ Results of Ͷmm monolithic plate subjected to localised blast loading 
ሺ ሻ ሺ ሻ   ͳ ൌ ͺ ʹʹǤͲ ͳͲǤͶ ͳͷ  ͳ ൌ ͳ ͵ͺǤͳ ͳǤͻ ʹʹǤͷ  ͳ ൌ ʹ͵Ǥͷ ͶͷǤͶ ʹͶǤͶ ʹͻͳൌ ͵Ͳ ͷǤ ʹͻǤͷ Partial tearing ͵Ǥͷ  ͳൌ͵Ǥͷ ͵ǤͶ Hole Ø ൌ ʹͲ Ǧ ʹʹmm  Table ͵ǣ Results of Ͷmm ሺʹʹሻ double plates subjected to localised blast loading 

ሺgሻ ሺ ሻ ሺ ሻ ሺ ሻ ͳൌ ͺ ʹͲǤʹ ͳʹǤ͵ ͳʹǤͺ ͳͷͳൌͳ ͵Ǥͳ ʹͳǤͺ ʹʹǤͷ ʹʹǤͷͳൌʹ͵Ǥͷ ͶͷǤ ʹͺǤͲ ʹͺǤ ʹͻͳൌ͵Ͳ ͷͻǤͻ ͵ͲǤͷ partial tearing Capped ͵Ǥͷͳൌ͵Ǥͷ ͳǤͲ Capped Hole Ø ൌ ʹͺǤͷ Capped Hole Ø ൌ ʹͻǤͷ  
Photographs showing midǦline crossǦsections of the blast tested plates in single and double configurations ሺwith increasing impulses from bottom to topሻ are shown in Figures ʹ and ͵ǡ illustrating the deformation and tearǦing behaviour at various charge massesǤ Large inelastic deformation in both configurations increased with increasǦing impulseǤ The permanent midpoint deflectionsǡ measured using a height gaugeǡ of double plates are slightly greater than the single plates as shown in Tables ʹ and ͵Ǥ A laser scanner was used to capture the deformed shape of the plateǤ The deformation profiles from the boundǦary to midpoint were extracted from the dataǤ Figure Ͷ shows the deformation profiles of the single platesǤ At low impulses ሺʹʹ Nsሻǡ the deformation was limited to the central portion of the plateǡ while at higher impulses the deformation extended towards the boundaryǤ Figure ͷ shows the deformation profiles of double plates where the displacements were less localisedǡ with higher displacements near the boundary ሺwhen compared to the single plate profiles in Figure ͶሻǤ It is observed from Figure ͵ that the deformed profile shape for the front and back plates were very similar until the point of fractureǡ varying by less than ͳ mmǤ It wasǡ henceǡ considered unnecessary to replicate the displacement profiles in another figure for the back sheetǤ Failure Mode I ሺlarge inelastic responseሻ and Mode Itc ሺlarge inelastic response with thinning in central areaሻ responses were observedǤ At lower impulses below ͵ Nsǡ no significant thinning was observed ሺthat isǡ Mode I failure occurredሻǤ Above ͵ Nsǡ the thinning was observed in the central plate regionǡ agreeing with observations in ref ሾͳͲሿǡ over a diameter smaller than the charge diameter ሺthat isǡ Mode Itc was observedሻǤ Reduction in thickǦness was easier to observe in the thicker single plateǡ as shown in the crossǦsection photographs in Figure ʹǤ The plate responses were classified with respect to the onset of tearing ሺthat isǡ the transition between the failure Mode I and Mode IIǡ defined as Mode IIȗ by Langdon et alǤ ሺʹͲͲͷሻሻǤ The impulse at which Mode IIȗ occured was defined as the threshold impulseǤ A comparison of the single and double plate deformation profilesǡ shown in Figures  and ǡ showed that the Mode I profiles were similar in shape but with different magnitudes of permanent displacementǤ Prior to cappingǡ double layered plates exhibited greater deformations at equal charge massesǡ as indicated in Figures  and aǤ Further increase in charge mass led to partial tearing ሺMode IIȗcሻ in the central area of the plateǡ as illustrated in the photographs shown in Figure ͺǤ Mode IIȗc failure occurred at a lower charge mass in the double platesǤ For exampleǡ the single plate subjected to a ʹ͵Ǥͷ g charge mass exhibited a midpoint deflection of ʹͶǤͶ mm ሺMode I onlyሻ while the double plate midpoint deflection was ʹͺǤͲ mm with partial tearing of the front plateǤ 
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Partial tearing in both single and double plates was found at higher impulses ሺͶͷǦͲ Nsሻ over a ʹͻ mm diamǦeter circular ring ሺsmaller than the charge diameterሻǤ As tearing commenced and impulse increasedǡ the deforǦmation profiles of the two configurations are similar in both shape and magnitudeǡ as shown in Figure bǤ For douǦble platesǡ the front plate ሺexposed to chargeሻ was partially torn ሺthat isǡ Mode IIȗሻ whilst the back plate exhibited cappingǤ Photographs of the double plate response are shown in Figures ͺd and ͺeǤ Although the double plates exhibited Mode IIȗc failure in the front plate at a lower charge massǡ the complete rupture of single and double plate configurations occurred at the same charge mass ሺ͵Ǥͷ gሻǤ This means that the single and double layered configuǦrations offer the same protection from this type of localised airǦblast loadingǤ Mode IIc ሺcomplete tearingሻ was noted for impulses above Ͳ Ns as shown in Figure ͺf for the double plate and Figure ͺb for the single plateǤ The cap diameters were smaller in the single plates ሺfrom ʹͲ mm to ʹʹ mmሻ compared to the double plate cap diameters ሺʹͺǤͷ mm to ʹͻǤͷ mmሻǤ The holes in double plates were more rounded whereas the single plates exhibited petalling type failureǤ Boundary thinning and tearing were not observed during the present study due to the localised nature of the loadingǤ          Photographs of the crossǦsections of blast tested single plates  
 

 

 

 

 Photographs of crossǦsections of blast tested double plates 

Iсϲϯ͘ϰ NƐ͕ ϯϳ͘ϱ Ő 
Iсϱϳ͘ϳ NƐ͕ ϯϬ Ő 

Iсϰϱ͘ϰ NƐ͕ Ϯϯ͘ϱ Ő  Iсϯϴ͘ϭ NƐ͕ ϭϲ Ő IсϮϮ NƐ͕ ϴ Ő 

Iсϲϭ NƐ͕ ϯϳ͘ϱ Ő  Iсϱϵ͘ϵ NƐ͕ ϯϬ 

Iсϰϱ͘ϲ NƐ͕ Ϯϯ͘ϱ Ő  IсϮϬ͘Ϯ NƐ͕ ϴ Ő  Iсϯϲ͘ϭ NƐ͕ ϭϲ Ő 
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 ǣ Deformed plate profiles for single plates subjected to blast loading  

  Deformed front plate profiles for double ሺʹʹሻ mm thick plates subjected to blast loading  
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  Deformation profiles of single and double ሺfrontሻ plates subjected to ሺaሻ ͺ g detonations ሺbሻ ͳ g detonations 
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  Deformation profiles of single and double ሺfrontሻ plates subjected to ሺaሻ ʹ͵Ǥͷ g detonations ሺbሻ ͵Ͳ g detonaǦtions 
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  Photographs of plates exhibited partial tearing or capping failures ሺaሻ Single plateǡ ͵Ͳ g PEͶ ሺbሻ Single plateǡ ͵Ǥͷ g PEͶ ሺcሻ Doubleǡ front plateǡ ʹ͵Ǥͷ g PEͶ ሺdሻ Doubleǡ front plateǡ ͵Ͳ g PEͶ ሺeሻ Doubleǡ back plateǡ ͵Ͳ g PEͶ ሺfront plate showing under the back plateሻ ሺfሻ Doubleǡ back plateǡ ͵Ǥͷ g PEͶ  
Metallographic studies of the single and double plates were performed before and after the blast tests on samǦples cut from the central region of the deformed and torn plates ሺthat isǡ near the fractured edge of the capped plateሻǤ The samples for microscopy were carefully obtained from the area of interest by using coolant during the 
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cutting process to avoid heatingǤ The samples were mounted and mechanically polishedǡ following standard metalǦlographic techniquesǤ In order to reveal different phasesǡ polished samples were etched in a ʹΨ nital solution for approximately ͵ͷ secondsǤ The microstructure of virgin Ͷ mm and ʹ mm thick platesǡ shown in Figure ͻሺaሻ and Figure ͳͲሺaሻ respectivelyǡ consisted of fine equiǦaxed grains of ferrite and a minute quantity of pearlite at the grain boundariesǤ Figures ͻሺbǡ cǡ dሻ and Figures ͳͲሺbǡ cǡ dሻ show the microstructures of deformed grains from plate samples subjected to increasǦing impulsesǤ These deformed grains are due to plastic deformation during blast loadingǤ The grain size was measǦured along the deformation direction ሺradially towards the charge diameterሻ to study the effect of increasing imǦpulses on microstructuresǤ The average grain sizes of the asǦreceived Ͷmm thick plates were larger than the ʹmm thick plates ሺǤͷ and Ͷ microns respectivelyሻǤ The average grain size of the Ͷ mm and ʹ  mm thick samples from plates subjected to different impulses are shown in Tables Ͷ and ͷ respectivelyǤ In the case of double ʹ mm thick plateǡ the grain size of both the front and back plates were measuredǤ No significant differences in grain size were observedǤ The deformed grain sizes of the Ͷ mm and ʹ mm thick back plates were found be similar to each otherǡ and increased with increasing charge massǤ A graph of midǦpoint deflection thickness ratio versus normalised grain sizeǡ shown in Figure ͳͳǡ inǦdicated that the initial increase in grain size of ʹ mm back plate was greater than of Ͷmm thick plateǤ The final grain size was similar in both plates when approaching capping failureǤ The normalised grain size increases in the plates were linear with increasing impulseǡ as shown in Figure ͳʹǤ In case of ʹ mm thick back platesǡ the initial increase in grain size is greater than in Ͷ mm thick platesǡ whereas at higher impulses increase in grain size is linear with the impulse as shown in Figure ͳʹǤ The plate microstructures along the capped edges were mainly composed of a ferritic phaseǡ as shown in Figure ͻሺdሻ and Figure ͳͲሺdሻǤ There was no evidence of a transformed region in microstructure as a result of heat generǦated during tearingǡ unlike that reported by Raftenberg and Krause ሺͳͻͻͻሻǤ The modelling of localised blast loaded mild steel plates reported by Langdon et alǤ ሺʹͲͲͷሻ and Wiehahn et alǤ ሺʹͲͲͲሻ assumed adiabatic heating and used temperature to define the onset of Mode IIc failure in the platesǢ both Wiehahn et alǤ ሺʹͲͲͲሻ and Langdon et alǤ ሺʹͲͲͷሻ reported maximum temperatures of ͷ ιC in the torn regions while ͷͲ ιC was considered to represent the torn regionsǤ The microstructural findings herein indicate that the actual temperatures in the torn regions of the plates ሺpresumed to be due to adiabatic heatingሻ did not reach the melting temperatureǤ  Table Ͷǣ Average grain sizes of Ͷmm single plate ሺmeasured radially towards the plate centreሻ 
ሺ ሻ Ǥͷ ͳǤͻ ͳʹ Ͷ ͳ ͻ ʹǤʹ ʹͷ  ͳǤʹ ͳͳ ͵ǤͶ ʹͳ  ͳǤͷ ͳʹ ͵Ǥͺ ʹʹ  ͳǤ ͳ͵ ͶǤͷ ʹͶ ͷ ͳǤ ͳͶǤʹ ͶǤͷ ʹ͵ ͺ ͳǤͻ  
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  Microstructures of Ͷmm thick plates subjected to various charge mass detonations ሺetched in ʹΨ nitalሻ 
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  Microstructures of ʹ mm thick back plate subjected to various charge mass detonations ሺetched in ʹΨ nitalሻ  Table ͷǣ Average grain sizes of ʹ mm thick back plate ሺmeasured radially towards the plate centreሻ 
ሺ ሻ ሺ ሻ ሺ ሻ Ͷ ͳǤ ͳͳ ͵ ͳ ͳͲ ʹǤͶ ͳ  ʹǤͶ ǦǦǦ ǦǦǦ ǦǦǦ ǦǦǦ ǦǦǦǦ ͳ͵Ǥ͵ ͵Ǥ ʹͳ  ͵Ǥʹ ͳͶǤ͵ ͵Ǥͻ ʹ͵ ͺ ͵ǤͶ ͳͷǤͳ ͶǤͳ ʹ͵ ͺ ͵Ǥͷ 
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 ǣ Graph of grain size versus midǦpoint deflection thickness ratio 

  Graph of normalised grain size versus impulse  
The experimental work reported herein has shown that similar failure modes ሺMode Iǡ Mode IIȗc and Mode IIcሻ were evident in both the single and double plate configurationsǤ The double plates exhibited slightly larger midpoint deflections than the single platesǤ Partial tearing of the front double plate was observed at a lower impulse than in the single platesǤ Complete capping failure of both plates in the double plate configuration occurred at the same charge mass as for the single platesǤ It is therefore concludedǡ that for this particularly loading threatǡ both the single and double plate configurations offered equivalent protection from capping failureǤ A metallographic study of the deformed and torn regions of the plates did not reveal any phase transformation in the steelǤ This meant that adiabatic heating during tearing did not induce temperatures that approached the melting temperature of the 
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steelǤ No significant differences in grain size were observed for the front and back ʹ mm thick platesǤ It was also found that the ʹ mm thick plates exhibited larger increases in grain size than the Ͷ mm thick platesǤ 
The authors would like to acknowledge Penny Louw of the Centre of Materials Engineering for helping in metallography and mechanical testingǡ and the contributions of Reuben Govender and Victor Balden of the Blast Impact and Survivability Research Unit ሺBISRUሻǡ University of Cape Townǡ for the valuable assistance during blast experimentsǤ The authors are grateful to the UCT University Research Committee and the National Research FounǦdation ሺNRFሻ of South Africa for their financial supportǤ Opinions expressed and conclusions arrived atǡ are those of the authors and are not necessarily to be attributed to the NRFǤ 
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