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Layered metal composites made of dissimilar metals and alloys occupy a special place 

among modern composite materials. In particular, their use is considered promising when high 

strength, fatigue resistance, and wear resistance are required. However, there are few data on the 

abrasive wear resistance of such composites, and further study is necessary. In this paper, an at-

tempt is made to formulate some approaches to the development of wear-resistant laminated metal 

composites in order to promote more detailed research. For this purpose, the abrasive wear re-

sistance at room (+25 °C) and cryogenic (−196 °C) temperatures of a layered metal composite con-

sisting of low-alloy and maraging steels was studied. The composite was obtained by explosive 

welding. It is shown that the wear resistance of the composite is determined by the combined influ-

ence of a number of factors, namely the presence of interlayer boundaries, the structural state, hard-

ness, and toughness of the steels. It is concluded that, for better wear resistance of a layered compo-

site, the dissimilar layers must wear out evenly under existing environmental conditions. 

Keywords: laminated metal composite, microstructure, microhardness, abrasive wear. 

1. Introduction 

Wear is one of the main factors limiting the service life of machine parts and structures  

for various purposes. The most common type of wear is abrasive wear. Abrasive particles are pre-

sent in almost all natural and technological environments. The danger of abrasive wear is also due 

to the fact that it causes a relatively rapid failure of the working surfaces. Therefore, the reduction 

of losses from abrasive wear is an important scientific and practical task. For solving this task, the 

development of new wear-resistant materials and coatings, including composites, is constantly un-

derway [1–16]. Among promising modern composite materials, layered metal composites made  

of dissimilar metals and alloys occupy a special place. The physical and mechanical properties of 

the composites can significantly exceed those of their constituents at room, elevated, and lowered 

temperatures. The use of such materials is considered promising in cases where high strength, fa-

tigue resistance, and wear resistance are required [17–24]. However, in the literature there are few 

data on the abrasive wear resistance of laminated metal composite materials [12]. 

Thus, the aim of the research is to study the abrasive wear resistance at room (+25 °C) and 

cryogenic (−196 °C) temperatures of a layered metal composite consisting of low-alloy and  
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maraging steels and to formulate approaches to the development of wear-resistant laminated metal 

composites. The composite was obtained by explosive welding. The choice of parameters and the 

wear test scheme was due to the fact that such composites are expected to be used in parts and 

structural elements of transport systems operating at low climatic temperatures. It is known that the 

wear of road vehicles is abrasive in 60 % of cases. This is due to the negative effect of dust and fine 

sand particles falling into the gaps of tribological couples. Wear of this type is found in parts of 

running gears, pin joints, open sliding bearings, and working bodies of road vehicles. The choice of 

materials for the constituents of the composite was based on low carbon content in both steels 

(0.12 wt% in the low-alloy steel and 0.02 wt% in the maraging steel), which provides them with 

good deformability in a wide temperature range. It also makes it possible to conduct such heat 

treatment of the composite that the layers of the maraging steel become as hard as possible and 

those of the low-alloy steel become more ductile [19]. Besides, maraging steels have a high re-

sistance to brittle fracture and a low cold brittleness threshold, which can have a positive effect on 

wear resistance at low climatic and cryogenic temperatures. However, this requires additional re-

search. 

2. Experimental procedure 

The structural low-alloy GOST 09G2S and maraging GOST EP678 steels were used as the 

constituents of the composite. Table 1 shows the chemical composition of the steels, which was de-

termined by means of a SPECTROMAXx F optical emission spectrometer. 

Table 1. Chemical composition of the steels constituting the composite, wt% 

Steel С Si Mn Cr Ni Mo P S Al Ti Cu Nb 

Low-alloy 

steel 
0.12 0.68 1.32 0.07 0.07 0.01 0.020 0.010 0.04 – 0.12 – 

Maraging 

steel 
0.02 0.16 0.08 10.65 9.35 1.97 0.004 0.004 0.09 0.90 0.10 0.09 

 

Prior to forming the composite, initial low-alloy steel sheets with dimensions of 95Ч85Ч2 mm 

were normalized by heating to a temperature of 860 °C and holding at this temperature for 2 hours 

followed by cooling in air. Maraging steel sheets with dimensions of 95×85×50 mm were quenched 

by heating to a temperature of 920 °C and holding at this temperature for 30 min followed by cooling 

in water. To form the ultrafine-grained microstructure, the sheets of maraging steel were subjected to 

further processing, which included multidirectional (six-fold) isothermal forging in the temperature 

range of 850–700 °C and at a strain rate ranging between 1×10
−3

 and 5Ч10
−3

 s
−1

 using a PА2638 hy-

draulic press, with subsequent multi-pass warm rolling at a temperature of 700 °C using a DUO-300 

mill. The thickness of the sheets was 24 mm after the forging and 1 mm after the rolling. 

The laminated composite was formed by explosive welding [25–28]. Welding of a package 

of the steel sheets was carried out in one step according to a symmetrical angular scheme (Fig. 1). 

The multilayer package consisted of four alternating sheets of the low-alloy steel with a thickness of 

2 mm and three sheets of the maraging steel with a thickness of 1 mm, the outer sheets being the 

low-alloy steel ones. The maximum distance between the sheets was 7 mm. Ammonite was used as 

an explosive for welding. After the welding, the laminated composite was cut into two parts, one of 

which was left in its original state, and the other was subjected to heat treatment by heating to a 

temperature of 500 °C and holding at this temperature for 3 hours followed by cooling in air. 

The microstructure and features of the interlayer boundaries of the laminated composite, as 

well as the microstructure of the steels constituting the composite, were studied using a Neophot-21 

optical microscope and a Tescan Mira 3 LMH scanning electron microscope (SEM) with an elec-

tron backscatter diffraction (EBSD) analysis system. The microhardness was determined by means 
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of a Shimadzu HMV-G21DT instrument at a load of 0.49 N, with a loading speed of 40 мm/s and 

holding under load for 15 s. 

 

 

Fig. 1. Schematic formation of the laminated 

composite by explosive welding 

Fig. 2. Schematic abrasive wear resistance  

testing 

Testing for abrasive wear resistance was carried out using a laboratory tribological setup 

according to the “pin-plate” scheme [29] in air (at a temperature of +20 °C) and in liquid nitro-

gen (at a temperature of −196 °C) by reciprocating sliding of the composite specimens over a 

fixed electrocorundum with a grain size of 160 мm (GOST 14A 16-N abrasive paper) at a load 

P of 20 and 50 N, an average sliding speed V of 0.175 m/s, a stroke length of 90 mm and a 

transverse displacement d of 1.2 mm (without unloading) after each reciprocating stroke of the 

specimen (Fig. 2). In this case, the total length of the friction path L was 14.2 m. The rationale 

for the structure of the wear test system, as well the parameters chosen, is that the “pin -plate” 

scheme avoids noticeable frictional heating of specimens. In this case, the effect of temperature 

can be clearly determined by external cooling. Prismatic specimens with dimensions of 

10Ч10Ч10 mm were used. Before the testing, the specimens were rubbed until uniform contact 

of the specimen surface with the abrasive was achieved. The sliding of the composite specimens 

was performed both along (as shown in Fig. 2) and across the layers. To test the wear resistance 

of the steels constituting the composite, the composite was divided into separate layers. The 

testing of the specimens, which represented individual layers of the low-alloy and maraging 

steels, was conducted on the bonding area of the layers. Thus, the area S of the test surface of 

the composite specimens and the steels constituting the composite was 1 cm
2
. Four repeats were 

made at each load and temperature. The specimens were weighed by means of laboratory scales 

with an accuracy of 0.00005 g before and after the tribological tests. As a result of weighing, 

the weight loss of the specimens Q was determined. The rate of abrasive wear was calculated by 

the formula [30] 

h

Q
I

SL
, (1) 

where Ih is wear rate, dimensionless; Q is weight loss, g; с is the average density of the specimen 

material, g/cm
3
; S is the geometric contact area of the specimen with the abrasive, cm

2
; L is the total 

length of the friction path, cm. 
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3. Results and discussion 

3.1. Structure and microhardness 

As a result of explosive welding of the sheets of the low-alloy and maraging steels, a seven-

layer composite is formed (Fig. 3). Note that almost diffusionless bonding of metals occurs during 

explosion welding [31, 32]. This is confirmed by a sharp difference in the chemical composition 

between the layers of the five-layer composite obtained from similar steels [19]. Figure 3 also 

shows that the interlayer boundaries are practically free of non-metallic inclusions or welding de-

fects, such as pores, incomplete penetrations and discontinuities. Besides, both wavy and plane in-

terlayer boundaries are formed, which may contain vortex zones with local molten areas (indicated 

by arrows in Fig. 3). This is typical for explosive welding and primarily due to the collision velocity 

of the welded sheets [32]. However, for each combination of the materials and the collision angle, 

there are critical values of the collision velocity, at which the shape of the interlayer boundary 

changes from plane to wavy. It is believed that the shape of the boundary does not significantly  

affect the quality of the joints produced by explosive welding, but the presence of complexly shaped 

interlayer boundaries somewhat increases the bonding strength of the welds [32]. 

 

 

Fig. 3. The structure of the seven-layer composite obtained by explosive welding:  

L – the low-alloy steel layers; M – the maraging steel layers. The arrows indicate vortex zones  

with local molten areas 

The study of the microstructure of the as-welded laminated composite by optical and scan-

ning electron microscopy has shown that the low-alloy steel layers have a ferrite-pearlite structure 

with a pearlite content of 10 % and an average size of ferrite grains of 10–12 мm (Fig. 4a). The 

maraging steel layers have a homogeneous ultrafine-grained structure (Fig. 4b) with an average 

crystallite size of 187±47 nm according to the results of EBSD analysis (Fig. 5). It contains frag-

mented batch martensite, some amount of retained austenite (up to 10 %), and a small fraction of 

primary carbonitrides, this being consistent with the available data [33]. Near the interlayer bounda-

ries, the mixing of the steels is observed, and on the side of the low-alloy steel layers there is an up 

to 5 мm wide dispersed zone with a crystallite size of 0.5 to 2 мm (see Fig. 5). The microstructure 

of the maraging steel layers is homogeneous over the entire width of the layers. 
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a b 

Fig. 4. The microstructure of the low-alloy (a, optical microscopy) and maraging (b, SEM) steel 

layers constituting the as-welded composite 

 

Fig. 5. The EBSD grain map of the interlayer boundary formed within the as-welded composite:  

L – the low-alloy steel layer; M – the maraging steel layer 

After additional heat treatment of the composite (heating at 500 °C), the microstructure of the 

low-alloy steel layers remains unchanged according to the optical microscopy; however, carbon redis-

tribution and coarsening of carbides must occur in the steel [19]. No visible changes in the microstruc-

ture of the maraging steel layers were also observed by optical microscopy; however, the formation of 

intermetallic phases must occur in the steel heated above 400 °С [34–36]. At the aging temperature of 

500 °C, the main hardening phase is the Ni3Ti intermetallide with an h.c.p. structure. The retained 

austenite, which is present in the structure of the maraging steel, becomes depleted of alloying ele-

ments during the heat treatment due to the formation of new phases and partially turns into martensite 

when the aged steel is cooled to room temperature. This reduces the content of retained austenite to 

about 5 %. Consequently, after additional heat treatment, the microstructure of the maraging steel 

mainly consists of batch martensite and dispersed particles of intermetallic phases. 

Figure 6 shows the microhardness of the laminated composite. It can be seen that, for the as-

welded composite, the average microhardness of the low-alloy steel layers is 250 HV0.05, and that 

of the maraging steel layers is 460 HV0.05. As expected, the hardness of the maraging steel with an 
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ultrafine-grained structure is significantly higher than that of the low-alloy steel with a ferrite-

pearlite structure. After the additional heat treatment of the composite, the microhardness of the 

low-alloy steel layers decreased to 220 HV0.05, and that of maraging steel layers, on the contrary, 

increased to 520 HV0.05. The observed change in the hardness of the heat-treated composite is 

caused by the corresponding structural changes, namely carbon redistribution and coarsening of 

carbides for the low-alloy steel and the formation of intermetallic phases and the austenite to mar-

tensite transformation for the maraging steel. Note that the heat treatment of the composite increas-

es the difference in the hardness of the layers. 

 

 

Fig. 6. Distribution of microhardness HV0.05 over the cross section of the as-welded (1) and heat-

treated (2) composite: L – the low-alloy steel layers; M – the maraging steel layers 

3.2. Abrasive wear resistance 

Table 2 and Figs. 7 and 8 show the results of testing the laminated composite and its constit-

uents for abrasive wear resistance. Note that testing along and across the layers reveal no significant 

difference in the specimen properties. Therefore, the results of testing along the layers are given. 

Table 2. Wear rate Ih of the composite and its constituents during abrasive wear testing  

under different conditions 

Specimen 

Ih, 10
−6

 

T = +25 °C T = −196 °C 

P = 20 N P = 50 N P = 20 N P = 50 N 

Low-alloy steel 4.4±0.2 10.6±0.1 2.9±0.1 7.4±0.1 

Maraging steel 4.6±0.1 10.6±0.1 2.1±0.1 6.1±0.1 

As-welded com-

posite 
3.9±0.1 9.3±0.1 3.3±0.1 7.5±0.1 

Heat-treated 

composite 
3.5±0.1 8.8±0.1 3.5±0.1 8.0±0.1 

 

It can be seen from Table 2 that, at the test temperature of +25 °C, the wear rate of the low-

alloy and maraging steels does not differ significantly and that the wear rate of the seven-layer 

composite is lower (wear resistance is higher) than that of the steels constituting the composite. 

Specifically, the decrease of Ih is 11 to 15 % under a load of 20 N and 12 % under a load of 50 N 
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i.e. it is approximately the same (see Table 2). This may be due to the influence of the interlayer 

boundaries, which complicate the separation of wear products from the specimen surface. Besides, 

the dispersed structure of the low-alloy steel near the interlayer boundaries (see Fig. 5) also contrib-

utes to the increased wear resistance of the composite since the increase in the length of grain 

boundaries can lead to additional local hardening of the material under wear due to blocking the 

motion of dislocations [37]. 

 

 

a b 

 

c 

Fig. 7. Worn surfaces (SEM) after the testing of the as-welded composite for abrasive wear  

resistance under a load of 50 N at temperatures of +25 °C (a, b) and −196 ° C (c): L – the low-alloy 

steel layer; M – the maraging steel layer. The dashed line denotes the interlayer boundary,  

and the arrows in (b) indicate the terminated wear grooves 

SEM investigation has shown that the worn surfaces have an oriented roughness with wear 

grooves, which is typical of abrasive wear. The predominant wear mechanism is microcutting, as 

evidenced by the sharp edges of the wear grooves (Fig. 7). As a rule, microcutting is observed when 

the hardness of the abrasive is more than 1.3 times as high as that of the tested material [38], and the 

hardness of the electrocorundum, which is about 2000 HV, is more than 3 times as high as that of 
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the steels constituting the composite (see Fig. 6). However, the low-alloy steel is characterized by 

wide wear grooves compared to the maraging steel, this being due to a significant difference in the 

dispersity of their structure (see Figs. 4 and 5). It should also be noted that some wear grooves (in-

dicated by arrows in Fig. 7b) terminate near the interlayer boundary. This confirms the earlier as-

sumption that the interlayer boundaries complicate the separation of wear products from the surface 

of the specimen under wear. In the absence of the interlayer boundaries, this process could continue 

and lead to a greater wear of the specimen. It is also important to emphasize that the interlayer 

boundaries affect the wear resistance of the composite when tested both along and across the layers, 

and this may be due to the presence of wavy boundaries (see Fig. 3). 

Heat treatment at 500 °C for three hours additionally decreases the composite wear rate de-

termined at a test temperature of +25 °C; this is due to the increasing microhardness of the marag-

ing steel layers (see Fig. 6). Specifically, the decrease in the Ih is 10 % at a load of 20 N and only 

5 % at a load of 50 N (see Table 2). Since the heat treatment decreases the microhardness of the 

low-alloy steel layers (see Fig. 6), a decrease in the wear resistance of these layers is also expected. 

Apparently, as the test load increases, the influence of low-alloy steel layers on the wear rate of the 

composite becomes more significant. 

At the test temperature of −196 °C, there is a substantial difference in the wear rate of the 

steels constituting the composite, with the wear rate of the maraging steel being significantly lower 

than that of the low-alloy steel. Specifically, the value of Ih of the maraging steel is lower than that 

of the low-alloy steel by 28 % at the load of 20 N and by 18 % at the load of 50 N (see Table 2). 

The predominant wear mechanism is microploughing, as evidenced by the blunted edges of the 

wear grooves, and low-cycle fatigue microcracking (see Fig. 7c). It is known that the abrasive wear 

resistance of a material is determined by both its hardness and toughness since the embrittlement of 

the material facilitates the separation of wear products from the specimen surface [39]. Obviously, 

at a temperature of −196 °C, the low-temperature embrittlement of the low-alloy steel is much more 

pronounced. It can therefore be concluded that, at low temperatures, the abrasive wear resistance of 

the maraging steel exceeds that of the low-carbon steel. Note that, as the test load increases, the dif-

ference in the wear rate of the steels constituting the composite slightly decreases. 

 

 

a b 

Fig. 8. The worn surfaces (SEM) of the maraging steel layers near the interlayer boundary  

after the testing of the as-welded (a) and heat-treated (b) composite for abrasive wear resistance  

at a load of 50 N and a temperature of −196 °C 
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In contrast to the tests at room temperature, the wear rate of the seven-layer composite at a 

temperature of −196 °C is higher (wear resistance is lower) than for the steels constituting the com-

posite. Specifically, the increase in Ih is 14–57 % at the load of 20 N and 1–23 % at the load of 50 N 

(see Table 2). It can be seen that the wear rate of the composite is close to, but exceeds that of the 

low-carbon steel. Since the wear resistance differs substantially for the dissimilar layers of the com-

posite at the test temperature of −196 °C (see Table 2), there takes place uneven wear, when the 

low-carbon steel layers wear out faster than the maraging steel ones. SEM investigation of the worn 

surfaces has shown that this may lead to tearing off the protruding microvolumes of the maraging 

steel by abrasive particles under further wear (Fig. 8a). This is what seems to cause a higher wear 

rate of the composite. Apparently, as the test load increases, the effect of uneven wear becomes less 

pronounced since the difference in the wear rate of the dissimilar layers decreases (see Table 2). 

The heat treatment at 500 °C leads to an additional increase in the wear rate of the composite 

determined at a test temperature of −196 °C, which is due to the increased difference in the hard-

ness of the dissimilar layers (see Fig. 6). This enhances the uneven wear and relevant tearing off of 

protruding microvolumes of the maraging steel by abrasive particles (Fig. 8b). In this case, the in-

crease in the value of Ih is 6 % at the load of 20 N and 7 % at the load of 50 N; i.e. it is approxi-

mately the same (see Table 2). 

The results of abrasive wear resistance testing at different temperatures have also shown that 

the wear rate of the laminated composite and its constituents at a temperature of −196 °C is lower 

(wear resistance is higher) than at +25 °C. This is observed at loads of both 20 and 50 N and is due 

to a change in the predominant wear mechanism from microcutting to microploughing (see Fig. 7). 

It is well known that microploughing decreases wear rate. The reason is the low-temperature hard-

ening of the steels constituting the composite. This decreases the ratio of the hardness of the abra-

sive and the tested material [38]. It should also be noted that the wear resistance of the composite 

depends on the test temperature to a lesser extent than the wear resistance of the steels separately. 

Thus, the composite has more stable properties. To increase the wear resistance of a laminated 

composite at low temperatures, it is necessary to choose the layers that ensure minimum uneven 

wear of the composite, as well as a low cold brittleness threshold. 

4. Conclusions 

The abrasive wear resistance of a laminated composite consisting of low-alloy and maraging 

steels at room (+25 °C) and cryogenic (−196 °C) temperatures has been studied. The composite was 

obtained by explosive welding. It has been found that, at a test temperature of +25 °C, the wear re-

sistance of the composite is higher than that of the steels constituting the composite. This is due to 

the influence of the interlayer boundaries, which complicate the separation of wear products from 

the specimen surface under wear, as well as the dispersed structure of the low-alloy steel near these 

boundaries, which promotes local hardening of the material. Heat treatment at 500 °C additionally 

increases the wear resistance of the composite determined at a test temperature of +25 °C, this being 

due to the increasing microhardness of the maraging steel layers. At a test temperature of −196 °C, 

the wear resistance of the composite, on the contrary, is lower than that of the steels constituting the 

composite. This is caused by the uneven wear of the composite, when the low-carbon steel layers 

wear out faster than the maraging steel ones and provide conditions for the separation of protruding 

microvolumes of the maraging steel by abrasive particles under further wear. Heat treatment at 

500 °C additionally decreases the wear resistance of the composite determined at a test temperature 

of −196 °C, this being due to the increased difference in the hardness of the dissimilar layers and 

the enhanced effect of uneven wear. The results of testing for abrasive wear resistance at different 

temperatures have also shown that the wear resistance of the laminated composite and its constitu-

ents is higher at −196 °C than at +25 °C. This is due to the low-temperature hardening of the steels 

constituting the composite, causing a change in the wear mechanism. It should also be noted that the 

wear resistance of the composite is less dependent on the test temperature than the wear resistance 
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of the steels separately. Thus, the composite has more stable properties. To increase the wear  

resistance of a laminated composite at low temperatures, it is necessary to choose the layers that 

ensure minimum uneven wear of the composite, as well as a low cold brittleness threshold. 
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