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ABSTRACT

Purpose: Paper presents results of investigations with two layers explosively formed sandwich composite 
consisting of different composition joint which requires very often knowledge of structure and mechanical 
properties. These properties are connected with microstructure that is influenced by technological factors under 
cladding.
Design/methodology/approach: The sample bars were prepared from explosively formed sandwich 
composite near the join area. The methods of the light microscopy and the hardness and tensile test for evaluation 
of quality of joined sandwich metals were used. Investigations by a new fatigue method in the case sandwich 
composite steel CrNi(18/10) + Ti were completed.
Findings: Measurement of micro-hardness in the zone of the joint a deformation of materials shows an increase 
value of that. Detailed metallographic observation detected in proximity of the joints an occurrence of structural 
non-homogeneities. Steel and titanium interface surfaces are corrugated. New fatigue method in the case sandwich 
composite steel CrNi(18/10) + Ti were verified.
Research limitations/implications: Knowledge of microstructure characteristics will be extended by the 
method of SEM, including micro-analysis of individual structural components and surface analysis. Influence of 
experiment conditions on results of fatigue test must be more elaborated in future.
Practical implications: The results may be utilized for a relation between structure and properties of the 
investigated materials in process of manufacturing.
Originality/value: These results contribute to complex evaluation of properties explosively formed sandwich 
composite namely for explanation of structure developed new sandwich composites. The results of this paper are 
determined for research workers deal by development new exploitations of new sandwich composites.
Keywords: Materials; Metallic alloys; Sandwich materials joined explosive cladding method; Mechanical 
properties; Structure
Reference to this paper should be given in the following way: 
L. Čížek, D. Ostroushko, Z. Szulc, R. Molak, M. Praźmowski , Properties of sandwich metals joined by explosive 
cladding method, Archives of Materials Science and Engineering 43/1 (2010) 21-29.
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1. Introduction 
 
Surface protection is one of the important processes 

of ensuring efficient and economical use of materials for products 
and in constructions [1-5]. Often it is realized by applying 
coatings to be applied to the original surface of the material and 
usually have different chemical composition and structure than 
the base material. However, there is a significant change in the 
interface with physical-mechanical and chemical properties, 
which can create problems both in the creation of coatings, and 
in their application. Duplex coatings combining the modification 
of surface layers with the deposition of coating. Prevent sudden 
change of physical-mechanical and chemical properties away 
from the surface to the nucleus and done by the required surface 
properties. Among the many methods of building coatings is 
a method of welding explosion [6-17]. Joining explosion belongs 
to a group of pressure welding. Recently explosion cladding 
material machining is very used method, because it brings many 
benefits. One of them is a high strength, wear resistance, 
corrosion resistance and strength of the applied surface layer 
of material, while not necessary for this material to produce the 
whole product. Using this method significantly reduces the cost 
of materials and allows connecting types of materials that are 
otherwise difficult linkable, respectively do not go together (e.g. 
Ti - steel and others) [9-10]. Production of so-called welding heat 
exchanger is one of possible areas of explosive welding 
application. Generally, the welding connectors are metal 
composites having e.g. steel layer from one side and titanium 
alloy layer from the other. Another example of three-layer 
connectors is composites with intermediate layer made out of pure 
titanium. Such connectors are used in anode systems applied 
in electrolysis of aluminium as well as in shipbuilding industry for 
welding aluminium alloy structures to steel decks. Example 
of using explosive welding application is showed in Figure 1. 

 

 
 

Fig. 1. Component of energetic industry plant 
 
Explosive cladding is a manner of cold joining of metallic 

materials by pressure. Pressure of welding is determined by the 
controlled explosion, which uses energy of blasting means – 

explosive welding, or explosives shaped according to the form 
of the welded material, surface welding - cladding. It is possible 
to weld by explosion almost any metals. Thickness of the clad 
layer can vary from several tenths of millimetre up to 18 mm. 
At explosive welding two materials are joined by the pressure 
generated at detonation of an explosive placed on the top surface 
of the welded material. In specials occasions three layer sandwich 
materials are used. 

Explosive cladding has very specific character of work 
connected namely with shooting range using in most cases (see 
Figure 2). 

 
a) 

 
 
b) 

 
 
Fig. 2. Explosive work in shooting range, a) preparation of the 
sheets, b) sheets after cladding 
 

After completion of explosive works the joined materials are 
cleaned and degreased. This is followed by diagnostic 
examination of possible occurrence of defects of the joined 
materials by ultra-sound testing (see Figure 3). The structure 
is also subjected to metallographic testing in order to obtain more 
information about quality of the bond on the sample taken from 
the area of the joint of materials [18-19]. For detail obtaining 
of information about join quality a series of mechanical testing 
is applied. 

 

 
 
Fig. 3. Diagnostic examination of possible occurrence of defects 

 
Own experimental work focused on the study of 

microstructure and mechanical properties selected sandwich 
materials, namely stainless steel (18/10) + Ti of the ground state 
after the application of merger explosion, and after the application 
of heat treatment. The study of microstructures has been used 
methods of light microscopy, supplemented by microhardness 
tests. The newly proposed method of studying fatigue properties 
of the alloy was arranged. 

 
 

2. Material and experimental procedures 
 

The following materials were joined by the above mentioned 
method of explosive welding: steel CrNi(18/10) + Ti with 
dimensions (110+6) x 2600 x 2600 mm, and brass + steel with 
dimensions (35+6) x 680 x 1500 mm, steel CrNi(18/10) + carbon 
steel with dimensions (90+6) x 1800 x 1800 mm, from which the 
samples were taken for determination of structure and micro-hardness 
of the joined material. The samples with dimension 20 x 20 x 40 mm 
were taken by mechanical cutting in order to prevent change 
of micro-structure of the material. These samples were after usual 
metallographic preparation etched in accordance with metallographic 
procedures for the used materials. Structure of the zone of the joint 
in a section perpendicular to the surface was observed on the light 
microscope Neophot II. In zone of the joint the microanalysis in SEM 
JEOL JSM-6490 LV were executed. Evaluation of micro-hardness 
was made on the LECO AMH 2000.  

In the case of sandwich material CrNi(18/10) + Ti a fatigue 
test was applied. In this case the method of rotation at bending 
or extension - compression cannot be used and from this reason 
a bending method of investigation of fatigue properties of this 
sandwich was newly proposed. Fatigue tests were performed 
on fatigue machine MTS (material test system) type 810 
at Warsaw University of Technology. Test bars were stressed to 
the three-point bending, as schematically shown in Figure 4. 

Heat treatment (HT) had the following course: 
Annealing temperature to 600 0C. Time held at the isothermal 

temperature was 1.5 h with subsequent cooling in air. Samples 

of material related explosion at baseline were identified S-IS and 
after heat treatment S-HT. 

 

 
 

Fig. 4. Fatigue testing on sample – scheme of loading 
 
The length of the test bars L for fatigue for all samples was 80 

mm, width 12 mm and thick 10 mm. 
 
 

3. Description of achieved results  
 
3.1. Metallographic analysis 
 

Character of the joint of the above mentioned materials in 
non-etched condition after polishing is shown in Figures 5-7. 

As it is seen from these pictures the joined areas have wave 
shape character modified by conditions of cladding and specific 
character of joined materials. 

Detailed metallographic observation after etching is showed 
in Figures 8-10. In Figure 8 occurrence of non-homogeneities was 
observed also in the joint of Ti + steel CrNi(18/10). In Figure 9 
has revealed in proximity of the joint on the side of brass the 
areas, in which re-crystallisation occurred and similar occurrence 
of structural non-homogeneities was detected in the case of steel 
CrNi(18/10)  + carbon steel (Figure 10).  

 
 

3.2. SEM microanalysis  
 
Microstructure of investigated places and microanalysis in 

designated points are show in Figs. 11 and 12 and Table 1. As it is 
seeing from these figures the contact surfaces between steel and 
titanium are corrugated and in some parts of join there is small 
amount of penetrations and voids at bonding zone. Details 
compositions of designated points and selected spectra are shown 
in Table 1. As it is seeing from this table in the contact surface 
between steel and titanium some particles with mixture 
composition of basic elements are presented. In place 2 the 
complex oxides particles are occurred. More details attention in 
observations these particles will be devoted in future works. 

 
 

3.3. Micro-hardness analysis 
 
The course of micro-hardness over the joined zone at the 

position of the wave bottom and wave peak was also determined 
on all the above mentioned samples (see the example of diagrams 
of the course of micro-hardness HV0.1 from the zone of the wave 
peak in Fig. 13). 

1.  Introduction
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Fig. 5. Structure of the CrNi(18/10) + Ti in zone of the joint after polishing 
 

 
 
Fig. 6. Structure of the brass + steel in zone of the joint after polishing 
 

 
 
Fig. 7. Structure of the steel CrNi(18/10) + carbon steel in zone of the 
joint after polishing 

 
 
Fig. 8. Structure of the CrNi(18/10) + Ti in zone of the joint after etching 
 

 
 
Fig. 9. Structure of the brass + steel in zone of the joint after etching 

 

 
 
Fig. 10. Structure of the steel CrNi(18/10) + carbon steel in zone of the 
joint after etching 

 

Table 1.  
Microanalysis in designated points 

Name O Al Si Ti Cr Mn Fe Ni 

    Place  1     
A     0.54   20.01 2.06 68.46 8.93 
A     0.56   19.36 1.97 68.16 9.95 
A     0.58   20.26 2.07 68.04 9.06 
B1       100.00         
B2       100.00         
B3       100.00         
C       42.37 11.28 1.34 39.41 5.60 
C       61.91 6.93 0.76 26.38 4.03 
1     98.82 1.18         
2     81.84 13.29 1.07   3.81   
3       6.27 17.60 1.83 64.91 9.39 

    Place 2     
C3       69.40 4.70   22.15 3.75 
C4       70.84 4.51   20.50 4.15 
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Fig. 11. Microstructure of the CrNi(18/10) + Ti - investigated place 1 
 

 
 

Fig. 12. Microstructure of the CrNi(18/10) + Ti - investigated place 2 
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Fig. 13. Course of micro-hardness of the above mentioned 
samples in the zone of the joint a) Ti + steel CrNi(18/10), b) brass 
+ steel, c) steel CrNi(18/10)  + carbon steel 
 

As it can be seen from the figures, a strengthening of all the 
investigated materials occurred in the zone of the joint, especially 
of the basic material. The biggest strengthening occurred in the 
case of the joined materials Ti + steel CrNi(18/10) and steel 
CrNi(18/10)  + carbon steel, in the joint Ti + steel CrNi(18/10) the 
extent of the strengthened area in the steel CrNi(18/10) was the 
biggest one. In the case of the joined materials brass + steel the 
increase in hardness was the smallest one. Zone of strengthening 
at both side of joined area is extended. The difference between of 
hardness measurement at the bottom and peak of wave was 
observed (see detail of microstructure after hardness measurement 
in the joint Ti + steel CrNi(18/10) in Figures 14 a, b). 

 
a) 

 
 

b) 

 
 
Fig. 14. Microstructure of the CrNi(18/10) + Ti in initial state 
with the course of micro-hardness over the joined zone at the 
position of the a) wave peak and b) wave bottom 

 

3.4. Evaluation of fatigue tests 
 
The fatigue test results are given in Tables 2 and 3 and shown 

in Figs. 15 and 16. Appearance of samples after fatigue tests are 
shown in Figures 17 and 18. 

It is possible to determine from the results of fatigue tests 
made on the samples steel CrNi(18/10) + Ti that heat treatment 
has favourable impact on extension of service life of this material. 
This can be seen in Fig. 17, where at the same load as on the 
sample without heat treatment the tested material withstood 
greater number of cycles.  

Moreover an analysis of propagation of fatigue cracks was 
made, which showed that in the samples without heat treatment 
the crack at lower stresses propagate right to the basic material, 
and at bigger loads the crack propagate only to the weld, and then 
continues to propagate along the welded joint (Fig. 17). 

 
Table 2.  
Number of cycles to fracture, samples S-IS  

The amount of the force (kN) Number of cycles to fracture 
(N) 

10 5 904 
8 22 159 
5 249 744 

4,8 275 856 
4 790 827 

 
Table 3.  
Number of cycles to fracture, samples S-HT  

The amount of the force 
(kN) 

Number of cycles to fracture 
(N) 

10 Plastic bending 
8 12 606 
5 272 143 

4,8 350 412 

4 2 000 000 (without 
breaking) 

 

 
 

Fig. 15. Wöhler curve of samples S-IS 

 
 

Fig. 16. Wöhler curve of samples S-HT 
 

 
 

Fig. 17. Macro samples S-IS after fatigue test 
 
 

 
 

Fig.18. Macro samples S-HT after fatigue test 
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Fig. 13. Course of micro-hardness of the above mentioned 
samples in the zone of the joint a) Ti + steel CrNi(18/10), b) brass 
+ steel, c) steel CrNi(18/10)  + carbon steel 
 

As it can be seen from the figures, a strengthening of all the 
investigated materials occurred in the zone of the joint, especially 
of the basic material. The biggest strengthening occurred in the 
case of the joined materials Ti + steel CrNi(18/10) and steel 
CrNi(18/10)  + carbon steel, in the joint Ti + steel CrNi(18/10) the 
extent of the strengthened area in the steel CrNi(18/10) was the 
biggest one. In the case of the joined materials brass + steel the 
increase in hardness was the smallest one. Zone of strengthening 
at both side of joined area is extended. The difference between of 
hardness measurement at the bottom and peak of wave was 
observed (see detail of microstructure after hardness measurement 
in the joint Ti + steel CrNi(18/10) in Figures 14 a, b). 

 
a) 

 
 

b) 

 
 
Fig. 14. Microstructure of the CrNi(18/10) + Ti in initial state 
with the course of micro-hardness over the joined zone at the 
position of the a) wave peak and b) wave bottom 

 

3.4. Evaluation of fatigue tests 
 
The fatigue test results are given in Tables 2 and 3 and shown 

in Figs. 15 and 16. Appearance of samples after fatigue tests are 
shown in Figures 17 and 18. 

It is possible to determine from the results of fatigue tests 
made on the samples steel CrNi(18/10) + Ti that heat treatment 
has favourable impact on extension of service life of this material. 
This can be seen in Fig. 17, where at the same load as on the 
sample without heat treatment the tested material withstood 
greater number of cycles.  

Moreover an analysis of propagation of fatigue cracks was 
made, which showed that in the samples without heat treatment 
the crack at lower stresses propagate right to the basic material, 
and at bigger loads the crack propagate only to the weld, and then 
continues to propagate along the welded joint (Fig. 17). 

 
Table 2.  
Number of cycles to fracture, samples S-IS  

The amount of the force (kN) Number of cycles to fracture 
(N) 

10 5 904 
8 22 159 
5 249 744 

4,8 275 856 
4 790 827 

 
Table 3.  
Number of cycles to fracture, samples S-HT  

The amount of the force 
(kN) 

Number of cycles to fracture 
(N) 

10 Plastic bending 
8 12 606 
5 272 143 

4,8 350 412 

4 2 000 000 (without 
breaking) 

 

 
 

Fig. 15. Wöhler curve of samples S-IS 

 
 

Fig. 16. Wöhler curve of samples S-HT 
 

 
 

Fig. 17. Macro samples S-IS after fatigue test 
 
 

 
 

Fig.18. Macro samples S-HT after fatigue test 

3.4. Evaluation of fatigue tests 

http://www.archivesmse.org
http://www.archivesmse.org
http://www.archivesmse.org
http://www.archivesmse.org


28 28

L. Èí�ek, D. Ostroushko, Z. Szulc, R. Molak, M. PraŸmowski 

Archives of Materials Science and Engineering 
 

 
Top of wave 

 
Detail 

 
Fig. 19. Example of fracture morphology from loading value 4kN 
- sample without heat treatment 

 

 
 
Fig. 20a. Example of fracture morphology from loading value 
5kN - sample with heat treatment 

 
 

Fig. 20b. Example of fracture morphology from loading value 
5kN - sample with heat treatment- another place 
 

 
 

Fig. 20c. Example of fracture morphology from loading value 
5kN - sample with heat treatment- another place 

 

 
Fig. 20d. Example of fracture morphology from loading value 
5kN - sample with heat treatment- another place 

 

Situation in the sample with heat treatment at bigger loads is 
the same as in the sample without heat treatment, and in lower 
stresses the crack does not propagate into the basic material as 
distinctly as in the sample without heat treatment (Fig. 18). 

As it is seeing at biggest loads 10 kN the bending fatigue test is 
finished from the reason of plastic deformation occurrence which is 
higher in case sample with heat treatment (Figs. 17 and 18)  

 
 

3.5. SEM micrograph of fracture  
 
As it is following from discussion in previous chapter the 

typical fatigue crack propagation through joined layer is realized 
at loading force 4 or 5 kN. Examples of fracture morphology from 
those loading values are presented in Figures 19 and 20a-d. As it 
is seen from these Figures and Figures 17 and 18 the initiation and 
propagation of cracks in joined layer arises in case of sample 
without heat treatment at load 4 kN while in case of sample with 
heat treatment at load 5 kN. That fact shows favourable influence 
of heat treatment on fatigue properties. These pictures also show 
that important role for crack initiating process play the 
inhomogenities at wave peaks. 

 
 

4. Conclusions
 
 In collaboration with the company EXPLOMET material steel 

CrNi(18/10) + Ti, brass + steel andsteel CrNi(18/10) + carbon 
steel was joined including control of quality of the joined plates. 

 The above mentioned materials were subjected to metallographic 
evaluation and determination of micro-hardness, which revealed 
that in the zone of the joint a deformation of materials occurs, 
which is manifested by an increase of micro-hardness. 

 As was recommended at the contact surface between joined 
materials some particles with mixture composition of basic 
elements were presented.  

 Detailed metallographic observation detected in proximity of the 
joints an occurrence of structural non-homogeneities, which will 
be investigated in future works. Contact surfaces between steel 
and titanium are corrugated; there is small amount of penetrations 
and voids at bonding zone. 

 In place 2 the complex oxides particles are occurred.  
 In the case of sandwich material CrNi(18/10) + Ti in initial state 

and after heat treatment a fatigue test was applied. In this case the 
method of rotation at bending or extension - compression cannot 
be used and from this reason a bending method of investigation of 
fatigue properties of this sandwich was newly proposed. 

 It is possible to determine from the results of fatigue tests made 
on the samples steel CrNi(18/10) + Ti that heat treatment has 
favourable impact on extension of service life of this material 

 These observations also show that important role for crack 
initiating process play the inhomogenities at wave peaks. 

 More details attention in observations these particles will be 
devoted in future works. 
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- sample without heat treatment 

 

 
 
Fig. 20a. Example of fracture morphology from loading value 
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Fig. 20b. Example of fracture morphology from loading value 
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