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Abstract  

The petrochemical, oil and gas industries are always looking for the economic and best suitable material 

for the critical operating atmosphere. The project and operational cost can be reduced by selecting the 

suitable material by considering corrosion and temperature of the service. Suitable alloy system can be 

used for the operating service. The usage of clad plates is one of the better solutions for the above 

statement. In clad plates, two different materials are metallurgically bonded where one material take care 

of structural strength whereas other corrosion.  

In this work the carbon steel and UNS N08825 (alloy 825) clad plate was investigated for its structural, 

corrosion and metallurgical properties. The plate was metallurgically bonded by explosion bonding 

(welding) process and a comprehensive testing program is used for characterization of the explosion 

bonded clad plate. The plate was investigated for mechanical tests like tensile, impact test, shear bond test 

and micro hardness test. The structural steel material grade was API 5L X60M and the grade of CRA was 

UNS N08825 (alloy 825). The interface was evaluated by optical microscope and SEM (Scanning electron 

microscope). The CRA was tested for corrosion properties as per ASTM G48 and ASTM A262 Practice E.  
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During the microscopic investigation, it is observed that the waves formed during explosion welding have 

different grain structure at interface. The peak point of carbon steel has finer grains than in rest of the wave 

locations. All the tests are compared with the API 5LD specification and found acceptable. 
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I. Introduction 

The clad plates are widely used for their better structural strength and corrosion resistance properties; the 

clad plate exhibits the lower weight and cost requirement compared to the whole CRA (corrosion resistant 

alloy) material. Clad steel is a composite product developed to provide effective and economic utilisation 

of expensive materials. The cladding layer which will be in contact with corrosive environment is made of 

corrosion resistant alloy whilst the less expensive backing steel provides the strength and toughness 

required to maintain the mechanical integrity. As high strength backing steel can be utilised, the wall 

thickness can be reduced relatively to the solid CRA thus reducing fabrication time and cost [1]. 

Clad plates are used for pressure vessels, heat exchanger, columns and pipeline construction. The 

metallurgical bonded clad plates can be manufactured by roll bonding, weld overlay and explosion welding 

(bonding) processes. Every process of clad plate manufacturing is having its advantages and disadvantages 

in terms of their manufacturing processes, like in weld overlay method of cladding is highly time 

consuming process and the dilution from base metal to cladding metal is an issue to achieve a required 

chemical composition at lower level of weld metal deposition. The mechanical properties can be greatly 

affected in weld overlay due to the heat of welding. The chemical heterogeneity results from the 

solidification process and is manifested by dendritic segregation. The intense microsegregation primarily 

of such elements as Nb and Mo leads to formation of secondary phases and as a consequence reduces the 

corrosion resistance of the overlaid alloy [2-5]. The explosion bonded clad materials do not have the 

dilution problem as explosion bonding is a solid state welding (diffusion) process which produces the 
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metallurgical bond between similar or dissimilar metals [6]. Moreover, this method can be applied to bond 

materials those neither be joined by conventional bonding methods nor they bond in general [7, 8]. 

Compare to the weld overlay the effect of heat transfer is lesser in explosion bonding. 

Explosion driven impact welding is true example of multidisciplinary research as the phenomena 

associated with it fall under the various branches of engineering science [9]. The explosion bonding 

requires a very high degree of skills. There are two types of explosion welding. The oblique and parallel 

configurations are used for manufacturing of clad plates. The oblique configuration is shown in Fig. 1a. 

This method came into play when the size of the plate is thin and small but when plate is larger than 

parallel method is taken as shown in Fig.1b [10, 11].  

 (a) (b) 

                  

 

FIG. 1 The view of explosion welding methods oblique (a) and parallel (b) 

In parallel method, the plates to be welded are cleaned and polished very gently to achieve the good 

bonding. In this process the base plate (parent plate) is kept on the ground, a flyer plate is placed at the top 

of it by predefined distance called “standoff” distance. The design of the standoff should be able to bear 

and handle the load of the flyer plate and explosive, above this a buffer sheet is kept at the surface of flyer 

plate to protect the top surface from damage due to the shock impact of explosion. Now the prepared 

explosive is placed in a box structure designed at the perimeter of the flyer plate which is placed at the top 

of the flyer/buffer plate [11]. The velocity of the collision point governs the time available for bonding. 

The quality of bond depends on careful control of the process parameters. These include material surface 

preparation, plate standoff distance, explosive load, detonation energy and velocity [9, 12].  
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When explosive is detonated the explosion releases a very high pressure in a violent manner that progress 

and propagate with a wave like nature. The detonation velocity of the explosive must be less than 120% of 

the sonic velocity of the material [12]. Both materials (flyer and base metal) colloids at an angle with each 

other and a jetting action at collision interface occur. This jet is the product of two pieces of metal surfaces 

colliding. This clears the metals and allows to pure metallic surfaces to be joined under extremely high 

pressure [11]. Therefore, these are not the original surfaces that are put together, but the fresh, unaffected 

metals which are below the original surface layers. Also during this process, regions of molten material 

may appear in the interface [13]. Even though the heat is not externally applied in making an explosion 

weld, it appears that the metal at interface is molten during welding [14-16]. 

 

This work is carried out to analyse the material characterization of parallel explosion clad plates of carbon 

steel API 5L X60M grade and CRA of UNS N08825 (alloy 825). The clad plate was produced for 

manufacturing the CRA clad pipes as per API 5LD, Specification for CRA Clad or Lined Steel pipes [17]. 

II. Experimental/ Materials and Methods 

The material used for this experimental study was a clad plate produced by explosion welding process. The 

backing steel was API 5L X60M grade steel and the CRA (corrosion resistance alloy) was UNS N08825 

grade.  The nominal thickness of the carbon steel plate was 15.88 mm and the CRA was 3.0 mm thick. 

The chemical composition of both the materials were analysed by optical spectrometer and the results are 

given in Table 1. 

TABLE 1 

Chemical composition of clad plate 

Materials C Si Mn Cr Ni Mo Ti Cu Nb 

CS X60M 0.10 0.30 1.52 0.03 0.07 <0.03 0.005 0.04 0.03 

Alloy 825 0.01 0.13 0.43 23.0 39.1 3.36 0.62 1.90 -- 
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The carbon equivalent for base material was PCM 0.19. The steel was produced by TMCP rolling practice. 

This grade is widely used for its better weldability and good toughness properties. The UNS N08825 is 

having very good corrosion resistance properties in chloride environment whereas normal austenitic 

stainless steel grades are not resistant. UNS N08825 is very often used in refineries, chemical processing 

units and oil and gas exploration.  

The explosion welded clad plate had undergone for various types of test. The tensile properties of carbon 

steel and CRA are given in Table 2. 

TABLE 2 

Tensile properties of clad plate 

Material Yield Strength (MPa) Tensile Strength (MPa) % Elongation 

CS – X60M 487 567 37 

Alloy 825 271 613 48 

 

The CVN impact test values of X60M backing plate was tested at -100C as given in Table 3. 

TABLE 3 

CVN impact Values of backing plate 

Specimen  1 2 3 Average 

Values in Joule (J) 390 228 396 338 

 

The clad plate was also tested for its shear bond strength. The sample was prepared in accordance to 

ASTM A 265-12 as shown in Fig. 2 and the values are given in Table 4. 
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FIG. 2 Shear bond test 

 
 

TABLE 4 
 

Shear bond strength 
 
 
 

  

 

The Vickers micro hardness test was also performed on clad plate. The profile micro hardness of CRA to 

backing plate test was performed at 500 g load and results are shown in Figs. 3a & 3b. 

(a) 
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(b) 

 

FIG. 3 Micro hardness at crest (a) and peak (b) 

The guided bend sample of the clad plate was prepared and tested for any discontinuity at the interface. 

The clad plate sample was also prepared for the optical microscope and scanning electron microscope 

(SEM) where 2% Nital and Marble's reagent was used to reveal the microstructure. The EDS (Energy 

Dispersive X-Ray Spectroscopy) analysis of base metal, CRA and interface were also performed. 

 

 

 (b) 

 

 

FIG.4 Macro of explosion welded plate as polished (a) and location marked (b) 
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FIG. 5 Optical microscopic images 

(a) base metal microstructure, (b) CRA microstructure, 

(c) peak point microstructure and (d) crest point microstructure 
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FIG. 6 Scanning electron microscopic images (SEM) 

(a) base metal microstructure (b) CRA microstructure,  

(c) peak point microstructure and (d) crest point microstructure 
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 (a) 

 

 

(b) 

 

 

FIG. 7 EDS analysis at interface CS side (a) and at CRA side (b) 

 

The CRA layer was also undergone for corrosion resistance testing performed according to the ASTM G 

48 – 2015, Standard test methods for pitting and crevice corrosion resistance of stainless steels and related 

alloys by use of ferric chloride solution [21]. 
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III. Results and Discussion 

The results for various tests shown in Table 1- 3, for the backing plate are meeting the criteria required as 

per the API 5LD [17] and ASTM A265 [18]. The values of shear bond test shown in Table 4 exceeded the 

requirement of standard (140MPa). The micro hardness test results shown in   Figs. 3a and 3b reveals that 

interface area between CRA and base material having the different hardness. The peak area is having 

higher hardness than the crest area. The indentation was taken at every 200µm distance. As per API 5LD, 

the hardness indentation location should be 1.0 mm either side of carbon steel backing to clad alloy weld 

interface [17]. In this study, the micro hardness was taken at wavy interface (peak and crest) formed during 

explosion bonding. The peak point is having a hardness of 409 HV500 and the crest having the hardness of 

364 HV500. The increase in hardness may be caused due to detonation velocity and cold plastic 

deformation caused by explosion or sudden (thermal) shock hardening [19]. 

 

The bend tests performed on explosion bonded plate do not reveal any crack or discontinuity. 

A macro of the clad plate is shown in Fig. 4 which shows the wavy interface. Fig. 5a shows the 

microstructure of backing plate (base material) which consist the banded structure of ferrite and pearlite. 

The interface was investigated with optical microscope and the differences in grain size were observed. 

The peak point in waviness area of carbon steel has the finer grains than in the crest area of the carbon 

steel as shown in Figs. 5c and 5d. The microstructure changes significantly at the distance of ≈ 100µm 

from the interface and the grain boundary at this region is difficult to reveal. This is possibly due to the 

intense plastic deformation close to the interface [7, 19]. 

 

Fig. 6 shows the SEM analysis of the clad specimen, the Figs. 6c and 6d shows the peak area of the base 

material is having fine microstructure and crest area is having the coarser grain structure. This is because 

of plastic deformation and heat generation during the explosion process. The peak area experienced higher 

cooling rate than the crest area, due to this grain growth at the crest interface is observed. If we go little bit 
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far from the interface into the base metal area, the recrystallized microstructure is observed. One of the 

most important features is a pronounced increase of the dislocation density and an extremely strong grain 

refinement in the parent sheet near the interface [20]. Fig. 6b shows the CRA area which is the fine grain 

nickel based solid solution with twins and strain induced microstructure.  

 

The EDS analysis of clad specimen in different zone is shown in Figs. 7a and 7b. In Fig.7a, the area of 

backing steel is having diffusion of nickel and chromium in the matrix. In Fig. 7b, the area at CRA 

interface side reveals the diffusion of iron particles in the austenitic reason. Apart from this, the fine 

particles of Mn, Si, Cr and Fe are also observed in the interface area. The fine particles are more probably 

formed during the explosion process. It is evident that nickel and chromium elements diffused from alloy 

825 to carbon steel.  

IV. Conclusions 

 The study done for material characterization of the explosion welded plate reveals that the 

microstructure at peak and crest area are different and the interface has fine particles of diffused 

chromium and nickel.  

 The mechanical properties are meeting the requirements of the API 5LD. No crack was observed in 

guided bend test.  

 The shear bond strength exceeded the required values of 140 MPa.  

 The corrosion test was conducted and no pitting and cracking was observed under optical 

microscope. 
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