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Abstract: This paper presents the results of experimental data analysis, which indicate an increased
resistance of heterogeneous multilayer clad composites to dynamic loading destruction compared
with homogeneous materials. The reason for this is the crack retardation caused by lamination at
the boundary of the layers. The destruction of heterogeneous compact composite samples by cyclic
off-center stretching also occurs with crack retardation, with the fractogram clearly demonstrating the
transverse tightening of the sample section. We argue that crack nucleation plays a decisive role in the
process of dynamic destruction of heterogeneous composites obtained by both multilayer cladding
and explosion welding. This study presents generalized calculated data confirming the influence of
the sign and magnitude of residual stresses (the appearance of a stress discontinuity) on the conditions
of fatigue surface crack nucleation and propagation. Unlike homogeneous materials obtained by
casting, forging (rolling), or cladding, which are characterized by a linear dependence of the crack
propagation velocity on the dynamic stress intensity coefficient, for multilayer composites consisting
of strong and viscous layers, a sharp crack deceleration is observed. This is due to the transition
of the crack boundary between the strong and viscous layers. This paper presents studies of the
corresponding properties of adjacent layers on the integral characteristics of the deposited composite.

Keywords: dynamic and cyclic loading; cladding; multilayer composite; heterogeneity; fatigue; crack
propagation rate

1. Introduction

The formation of multilayer composites with layers of heterogeneous composition
and structure (or only structure) is a method for increasing the fracture resistance of metal
materials under the influence of dynamic and cyclic loads. An increase in fracture resistance
is related to the deceleration (retardation) of the crack perpendicular to the boundary of
the layers in composites with layers connected by fusion or pressure welding. Different
mechanisms may be employed in retardation, depending on the strength of the adhesive
bond between adjacent layers in comparison with the mechanical properties of the layers.
The prospects of utilizing heterogeneous composites obtained through cladding [1], surface
hardening, or other methods with a certain number of layers of the required height depend
on several factors, such as the optimal structure achieved through lean alloyed materials,
reliability, technological stability, and energy efficiency during the composite formation
process. Several studies on layered metal composites highlight the benefits of welding
and friction treatments with mixing over conventional liquid-phase processing techniques.
The study [2] investigated the feasibility of using upward friction stir processing (UFSP)
technology to create surface composites of dissimilar aluminum-based alloys that are
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reinforced with functional microparticles. Research findings reported in [3] indicate that
electro-spark deposition (ESD) can be used to produce composite materials.

Although the mechanical properties of these materials in their initial state have been
studied in sufficient detail, predicting the developing processes of destruction under various
load conditions remains a difficult task because of the complexity of the structural state and
numerous damage mechanisms [4]. With uniaxial loading of a layered material, the stress
state of each layer may significantly differ from that of the neighboring layers [5] because
of their unique mechanical and thermophysical properties, since the average physical and
mechanical properties cannot be indicators of resistance to a specific destructive force factor,
even for the surface layer of a composite material [6]. If the load is applied in two or three
axes, the developed models for predicting the resistance [7,8] of layered metal composites
cannot be effectively used for many cases of practical operation of multilayer structures.

A criterion that considers the total amount of damage over time has been suggested [9]
as a way to measure the fatigue strength of composite materials. This indicator is of a
statistical nature because there may be crack interactions between layers when several layers
develop cracks simultaneously due to long-term loading. The model proposed in [10] can be
used to effectively predict the development of cracks in multilayer compositions and assess
the long-term durability of load-bearing structures. In [11], an energy model was developed
to predict the evolution of the subcritical density of matrix cracks in multidirectional
symmetric laminates under multiaxial stress states.

The retardation of the main crack and delamination described by the Cook–Gordon
mechanism occurs when the adhesive strength of the interface is lower than that of the
layers. Gordon numerically estimated the conditions required for implementing a mech-
anism to describe a crack of any shape by correlating the maximum stresses along the
direction of the crack with the maximum stresses directed perpendicular to its surface [12].
To achieve these conditions, it is necessary to obtain a given composition (doping level)
for each layer as well as a high contrast in the properties at their boundaries. This can
increase crack resistance by retarding fracture at the boundary through the mechanism
of the lamination formation. Additionally, ensuring reliable penetration of layers is cru-
cial in preventing the formation of defects such as incomplete fusion [13]. This problem
can be solved using strip cladding under flux technology. This approach involves select-
ing appropriate strip sizes, flux composition, and mode parameters. Unlike single-layer
corrosion-resistant cladding [14], multilayer wear-resistant composites can be formed
from layers of high strength and high plasticity (in particular, 10Cr13–30Cr13–10Cr13,
15Cr4MnMoV–25Cr5VMoSi–15Cr4MnMoV). A reduction in the crack resistance of these
composites results in a decrease in the impact strength of the metal in the overlap regions
of neighboring rollers when exposed to reheating. To a large extent, this is caused by the
low strength and brittleness of the heat-affected zone at the boundary between the first
deposited layer (sublayer) and the base metal. This is especially true if the base metal is
steel with limited or low weldability [15]. The potential destruction of welded or clad
composites is linked to the structural heterogeneity (interlayers) that forms near the fusion
boundary [16]. For the fusion zone of 15Cr1Mo1V and 10CrMoVNb steels, the possibility of
destruction depends primarily on the influence of the most dangerous soft layers (the cast
seam structure and softening zones in the HAZ). The dynamic fracture of composites with
weaker interlayer bonding than that formed by fusion or pressure welding shows even
more pronounced crack retardation due to lamination formation. This was demonstrated
in a study of impact destruction testing of a composite obtained by hot-rolling a package of
09Mn2Si and 03Cr11Ni10Mo2Ti steels [17].

Contrary to the described mechanism, the main crack retardation in composites lacking
a clearly defined separation (connection) line between layers results from crack deviation, or
branching. This occurs under the influence of a discontinuity in the residual stress diagram,
which is formed when the structure of the deposited metal changes with a variation in
the direction of crystallization caused by changing the cladding direction (substituting
the cladding direction along the helical line with the direction along the generatrix) [18].
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The analysis of the causes of destruction of steel samples hardened by surface hardening
considers the same mechanism of crack retardation. In this case, the hardened layer has
the same composition but a different structural state (in particular, a different degree of
dispersion) from the adjacent layer. Retardation due to the crack trajectory curvature can
occur during the destruction of a welded structure made of thermally reinforced sheet
materials [19]. Such a material can be reasonably considered to be macro-heterogeneous,
and its gradient structure consists of sections with different mechanical properties. The
physical model used to study the destruction of a thermally reinforced sheet revealed
that secondary cracks that deviate from the main crack direction are initiated when the
latter crosses the hardened section. The branching effect is more prominent when the
strength ratio between the thermally hardened and non-hardened sections of rolled sheets
composed of low-alloy tube steels is within the range of 1.4 to 1.5. A significant decrease
in the rate of fatigue crack propagation was observed during the destruction of welded
joints subjected to ultrasonic shock surface treatment (ultrasonic forging). Thus, due to
changes in the conditions of the nucleation and propagation of the crack, the fatigue life of
the welded joint increases almost two-fold [20].

It should be noted that to date, the influence of the characteristics and properties of
homogeneous (monolithic) layers and their combinations on the macroscopic parameters
of the entire composite, its properties and performance as a whole has not been established.
There are no studies identifying the contribution of the transition zone, which, for example,
when using surfacing to produce layered materials, has fairly extended dimensions [21]. In
each specific case, it is not clear what materials and what ratio of characteristics of adjacent
layers are necessary to obtain the desired properties of the composite layer. This article is
devoted to certain aspects of this problem.

2. Materials and Methods
2.1. Characteristics of the Studied Materials

The development of crack-resistant layered composites with macro-heterogeneous
cladding requires study of the individual layers’ resistance to destruction from dynamic
and cyclic loading effects. Tests for the dynamic crack resistance of samples of clad metal, as
well as centrifugal cast and forged metal, were conducted on prismatic samples measuring
10 × 10 × 55 mm at a temperature of 20 ◦C using pendulum copra equipped with a strain
gauge. (The compositions and properties of the materials under study are presented in
Tables 1 and 2).

This allows the fracture waveforms to be recorded in force-time coordinates and math-
ematically processed to determine the crack resistance properties (impact strength KCV
and dynamic stress intensity coefficient Kc

d). In addition, the recording on the oscillogram
allows the integral value of the impact strength to be divided, highlighting the part asso-
ciated with elastic and plastic deformation of the sample until the crack appears (energy
costs for crack nucleation KCn), as well as the second part associated with energy costs for
crack propagation KCp.

Table 1. Chemical composition of the steels under study.

N Steel Grade
Content of Elements, Mass. %

C Mn Si Cr Mo V S P +

1 25Cr1Mo1V 0.32 0.44 0.44 1.57 0.54 0.27 0.010 0.015 0.30 Ni
2 17Cr12Mo2V 0.17 0.52 0.24 11.2 2.08 0.21 0.019 0.020 -
3 35W9Cr3VSi 0.32 0.80 0.60 2.50 - 0.30 0.025 0.030 8.80 W
4 25Cr5VMoSi 0.25 0.70 0.80 5.2 1.20 0.50 0.020 0.030 -
5 10Cr13 0.10 0.60 0.65 12.2 - - 0.019 0.030 -
6 12Cr12Mn12SiV 0.11 11.85 0.50 12.65 - 0.30 0.022 0.028 0.003 N



Metals 2023, 13, 1899 4 of 11

Table 2. Mechanical characteristics of the steels under study.

N Steel Grade

Mechanical Properties

KCV,
MJ/m2

σm,
MPa

σ0.2,
MPa

ψ,
%

δ5,
% HV

1 25Cr1Mo1V 0.65 910 800 55 16 265
2 17Cr12Mo2V 0.30 770 615 54 15 240
3 35W9Cr3VSi 0.12 900 810 28 10 550
4 25Cr5VMoSi 0.33 850 780 48 12 410
5 10Cr13 0.60 600 440 53 14 280
6 12Cr12Mn12SiV 0.65 510 430 33 28 240

For the same materials, the fatigue crack propagation rate was estimated based on
the results of cyclic tests conducted according to a scheme involving three-point bending
of the prismatic samples (15 × 15 × 150 mm) with a sharp 1.5 mm deep incision and a
bottom radius of less than 0.25 mm; the loading frequency was 50 Hz with the asymmetry
of the cycle R = −1. The data obtained allow the construction a kinetic diagram of fatigue
failure in the coordinates “fatigue crack growth rate dl/dN and the magnitude of the stress
intensity coefficient ∆K”.

2.2. Study of Macrostructural Characteristics of Monolithic Materials and Composites

The impact strength of a monolithic metal, which characterizes its resistance to dy-
namic destruction, depends on its chemical composition and structural state. As can be seen
from Figure 1, for the compositions of the clad metal (1, 3, 4, 5), the impact strength mono-
tonically increases from 35Cr3W9 to 12Cr12Mn12SiV. The impact strength almost triples
during the transition from the 35W9Cr3VSi composition with the structure of twinned
martensite, carbide eutectic (large carbides located along the grain boundaries), and iso-
lated low-strength ferrite sections to the 25Cr5VMoC composition with the structure of
lath martensite and partial crystals of twinned martensite. The stark difference may be
attributed to the negative impact on crack resistance of the structure containing massive
tungsten carbides along the grain boundaries. The resistance of the clad metal 25Cr5VMoC
to fatigue crack propagation is higher than that of the tungsten-doped 35Cr3W9 composi-
tion and is similar to the crack propagation resistance during dynamic fracture (Figure 2).
The destruction of 35Cr3W9 steel is of a characteristic brittle mixed nature, i.e., intergran-
ular spalling and intragranular fracture. In contrast, separate areas of viscous fracture
were observed in the destruction of 25Cr5VMoSi steel. The composition 10Cr13, which
exhibits a higher integral impact strength value, differs from the discussed clad metal
composites. In addition, the fine-grained martensitic-ferritic structure provides high resis-
tance to crack formation under both dynamic and cyclic loading. The chromium content in
10CR13 exceeds the second critical concentration; the steel becomes stainless, and the limit
of corrosion-fatigue endurance of this steel in fresh water is much higher than that of the
austenitic steel 10Cr18Ni9. The clad 12Cr12Mn12SiV metal with the structure of metastable
austenite is also stainless, and the increased energy intensity of this structure provides
a slightly higher impact strength of the clad metal than that of the 10Cr13 composition.
The resistance of the 12Cr12Mn12SiV composition to destruction through cyclic loading is
notably lower than that of the 10Cr13 composition. However, it differs only slightly from
the resistance of 25Cr5VMoSi, considering the differences in the structures and mechanical
properties. The metastable austenite structure of the clad 12Cr12Mn12SiV metal has a much
lower resistance to fatigue crack nucleation than 10Cr13. In addition, the higher fatigue
crack propagation rate in 12Cr12Mn12SiV is related to the insufficient tensile strength and
ductility of the metal.
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The 17Cr12Mo2V centrifugal-cast steel, used as a surface layer on rollers of continuous
casting machines (CCM), exhibits no casting defects and possesses a fine-grained, high-
density structure composed of lath martensite and ferrite hardened with fine carbides.
High strength and, in particular, ductility in steel (relative transverse contraction of 54%)
are correlated with molybdenum content (2.1%), which alloys a solid solution and creates
dispersed carbides. The low impact toughness value of this metal (see Figure 1) may have
resulted from the heat treatment process employed for the CCM roller, from which the test
samples were cut from the surface layer. In contrast to the centrifugal cast, the material of
the solid-forged rollers is 25Cr1Mo1V steel with a finely dispersed structure of tempered
martensite, which is characterized by high impact strength and toughness (Figure 1). Its
values exceed those of the clad metal compositions considered, and the plasticity of steel
25Cr1Mo1V is not less than that of steel 17Cr12Mo2V. The dynamic destruction micro-
mechanism of 25Cr1Mo1V steel is quasi-spalling; the destruction mechanism of centrifugal
cast steel is less energy intensive.

Significantly, a comparison of the fatigue crack propagation rate in the steels under
consideration revealed that the plastically deformed metal 25Cr1Mo1V exhibits a higher
crack propagation rate (Figure 2). Here, the micro-mechanism of destruction involves both
inter-granular spalling and localized areas of viscous destruction. The fracture exhibits a
comb-shaped relief. The heterogeneity of the microstructure contributes to the increased
resistance to destruction by cyclic loading of 17Cr12Mo2V steel. The crack passes through
martensite, which has a microhardness of 5000–6000 MPa, before losing speed and blunt-
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ing at the interface with the more plastic phase, ferrite. The microhardness of ferrite is
2500–2700 MPa. Leaving the ferrite and entering a stronger martensitic phase, the crack
decelerates because of the rigid stress state at the apex. The uneven movement of the crack
is accompanied by its retardation and can lead to its stopping. The micro-mechanism of
17Cr12Mo2V fatigue failure is energy intensive, and the microrelief in the fatigue fracture
zone is grooved.

The influence of structural heterogeneity on destruction retardation is more evident
in heterogeneous layered composites consisting of lean-alloyed clad layers. Thus, we
assessed the fracture resistance of the 18Cr6MnMoVSi–15MnSi–18Cr6MnMoVSi composite
subjected to dynamic and cyclic loading. An alternating layer composite consisting of
18Cr6MnMoVSi and 15MnSi was obtained by multilayer cladding with an Sv-08kp strip
electrode under an alloying ceramic flux and an Sv-15MnSi strip electrode under an AN-60
flux, respectively. The technology of strip electrode cladding under flux allows welding of
adjacent strong and plastic layers with strictly limited mutual penetration and a contrasting
boundary between them (Figure 3), as evidenced by the distribution of hardness across the
layers (Table 3).
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Table 3. Hardness and dynamic crack resistance of the layered composite.

N Parameter
Material

18Cr6MnMoVSi 18Cr6MnMoVSi–15MnSi–18Cr6MnMoVSi

1 Hardness, HV 400 400 210 400

2 KCV, MJ/m2 0.42 1.50

3 Kc
d, MPa·m1/2 * 46.0 65.0

* Average data from 10 Kc
d measurements (tests) for each material.

The study of the dynamic crack resistance of such a composite was performed ac-
cording to the above method. The study was conducted using standard samples with
a sharp incision made perpendicular to the plane of the layer interface. Because of the
viscous inner layer, the destruction of the layered composite during impact bending occurs
in several stages and is characterized by crack retardation at the boundary of the layers as a
result of micro-layer formation. The clad layer of 18Cr6MnMoVSi, which has a structure
of high-tempered martensite with elongated lath crystals and carbides in the body and
along the boundaries of martensitic crystals, is destroyed by a mixed mechanism, including
transcrystalline spalling with areas of viscous dimple rupture, and the deposited layer
of 15MnSi is destroyed by a microviscid dimple rupture mechanism. For the three-layer
composite, the impact strength reached 1.50 MJ/m2, and for the deposited homogeneous
18Cr6MnMoVSi metal it was 0.42 MJ/m2 (stress intensity coefficients: Kc

d = 65.0 MPa·m1/2

and 46.0 MPa·m1/2, respectively).



Metals 2023, 13, 1899 7 of 11

The resistance to cyclic destruction of the layered 18Cr6MnMoVSi–15MnSi–
18Cr6MnMoVSi composite was evaluated during the testing of compact samples by off-
center stretching. The micro-voids (pores) formed in the process of viscous destruction
merge to form a dimple rupture (Figure 4). During the cyclic load, the viscous fracture fol-
lows plastic deformation, and the sample cross-section is observed to experience tightening.
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The critical zone of plastic deformation expands at the slip crack’s mouth when it de-
velops in the main direction [22]. The destruction caused by cyclic loading is distinguished
from dynamic destruction by the suppression of microplastic deformation, which occurs
because of the high rate of deformation.

3. Results and Discussion

The resistance to dynamic destruction of the deposited metal is largely determined
by the work of crack generation. Oscillography tests of the fracture process can determine
the integral value of the impact strength, and isolate the crack nucleation and the work of
its propagation in a layered composite (see Table 4). The analysis included studying the
samples obtained by cladding a layer of 30CrMnSi steel onto 90CrV eutectoid steel, which
had a pearlitic structure. Samples of 12Cr18Ni10Ti and 15 kp steels with intermediate layers
were tested to determine the impact of a viscous intermediate layer. For samples with
an intermediate layer, the integral value of the impact strength increases by 1.4–1.9 times,
which is caused by an increase in the specific work of crack nucleation. The austenitic
metal’s properties, including its fine grain and smaller spread of dimensions, determine
the increased impact strength values obtained using a 12Cr18Ni10Ti steel sublayer. Addi-
tionally, compared with the ferrite-pearlite structure of 15 kp steel, the flow stress of the
austenitic structure is 20–25% higher. The increase in crack resistance due to lamination is
associated with the crack stopping at the boundary of a strong and viscous layer, which
is a crack localization barrier. When the crack approaches the boundary of these layers,
the stress–strain state at the crack tip changes because of stress relaxation upon encoun-
tering a soft component. When the crack from the destroyed composite deposits enters
the lamination structure, it stops because of a sharp increase in the radius of the tip. This
stoppage leads to the creation of a new crack. For all the variants of layer compositions, the
work of crack nucleation is approximately the same. However, unlike a three-layer metal
composite with a sublayer of 15 kp steel, in the case of a sublayer of steel 12Cr18Ni10Ti,
the work of crack nucleation KCn is approximately equal to the work of its propagation
KCp; however, the proportion of KCn increases significantly with a change in the ratio of
the layers’ thicknesses (an increase in the thickness of the 30CrMnSi layer).
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Table 4. Resistance to dynamic destruction of heterogeneous clad layered composites.

N Composition of Composite’s Layers KC,
MJ/m2

KCn,
MJ/m2 KCp, MJ/m2 Kc

d,
MJ/m2

1 90CrV (4) 1 + 30CrMnSi (6) 0.28 0.26 0.02 31.1
2 90CrV (4) + 15kp (3) + 30CrMnSi (3) 0.36 0.28 0.08 55.2
3 90CrV (4) + 12Cr18Ni10Ti (3) + 30CrMnSi (3) 0.48 0.25 0.23 58.7
4 90CrV (5) + 12Cr18Ni10Ti (3) + 30CrMnSi (2) 0.42 0.31 0.11 –

1—The thickness of the layers is indicated in parentheses, mm.

The dynamic destruction mechanism of layers obtained by cladding, which is similar
to the one described above, can be observed in multilayer composites acquired through
explosion welding [23]. In this process, the adhesive strength of the layers’ connections
differs from that of fusion welding. Impact tests on a five-layer composite (three layers of
09Mn2Si steel and two layers of 03Cr11Ni10Mo2Ti steel) produced by explosion welding
demonstrated that the crack deviates along the interlayer boundary, resulting in delamina-
tion (splitting) that decelerates the crack. The work of crack nucleation makes an important
contribution to improving the resistance of such composites to destruction by shock loading.
It is proposed that the fracture resistance, along with the impact strength value, can be
evaluated by the dynamic crack resistance parameter Jid, which is calculated based on the
magnitude of the crack nucleation work An [24]:

Jid = 2An/W(H − a), (1)

where W is the width of the sample; H is the height of the sample; and a is the depth of
the incision.

The test results analysis revealed that the composite’s impact strength (0.92 MJ/m2)
is greater than the values measured for each individual layer, including steel 09Mn2Si,
which was used here as a viscous layer with high resistance to cracking. The values of the
dynamic crack resistance parameter Jid for the composite are also higher than those for
individual layers.

One of the main reasons for crack retardation at the boundary of the brittle and viscous
layers is the formation of a stress discontinuity at this location. The magnitude and sign of
the residual stresses formed during the cladding process affect the behavior of the fatigue
crack spreading from the surface to the depth of the product. However, the calculated
outcomes and experimental observations prove that under a thermally pressured state
resembling a hot metal deformation tool’s operating circumstances (such as working rolls
of hot rolling mills, continuous casting rollers, and hot stamping dies), this effect can
take two basic forms. The first involves increased resistance to crack nucleation, and the
second involves retardation of surface cracks at the boundary between the metal layers and
the base metal. The formation of residual compression stresses in the surface layer leads
to an increase in the resistance to crack nucleation, which is confirmed when a layer of
10Cr13 steel with a martensitic-ferritic structure is clad on the base of the CCM roller (steel
25Cr1Mo1V). The compression stresses on the roller surface may not exceed 200 MPa, but at
the same time, the resistance to crack formation increases significantly. Thus, the number of
loading cycles required when operating continuous casting rollers with a 300 mm diameter
and a 10Cr13 layer deposited with a thickness of 7.5 mm before the surface crack forms
is significantly higher than the average value of ~5000 and significantly higher than that
for rollers deposited with austenitic steel [25]. However, if tensile stresses of +200 MPa
are formed at the boundary of the clad layer with the base metal and the discontinuity is
insufficient (from 200 MPa up to +200 MPa), the crack crosses the border (Table 5). And
certainly, the surface crack does not stop when tensile stresses are formed at this location
(from +300 MPa up to +600 MPa). The probability of surface crack retardation substantially
increases if the level of tensile axial thermal stresses from the surface deep into the roller
decreases abruptly at the boundary of layers with significantly different thermophysical
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properties (from +850 MPa up to +300 MPa). The crack is even more likely to stop under
compression stresses (200 MPa) at the boundary between the clad layer and the base metal.

Table 5. Effect of stress discontinuity on surface crack retardation.

Roller Material Cladding Material
Stresses, MPa

Type 1 Roller Surface Boundary with the Base Metal

25Cr1Mo1V 12Cr12Mn12SiV
σr +300 −200

σr + σt +850 +300

25Cr1Mo1V 10Cr13
σr −200 +200

σr + σt +300 +700

12Cr1Mo1V 0Cr17Ni4
σr −269 −139

σr + σt −119 −2
1—σr, σt are residual and temporary stresses, respectively.

This is confirmed by the fatigue crack retardation at the fusion boundary between the
clad 12Cr12Mn12SiV layer and the metastable austenite structure of the roller’s 25Cr1Mo1V
steel. When a layer of 0Cr17Ni4 with a ferritic structure is clad onto the roller material
(12Cr1Mo1V steel), the compression stresses generated on the roller surface and at the
boundary with the base metal (Table 5) prevent surface cracking.

The linear nature of the dependence of dl/dN on the change in ∆K on the kinetic
diagram of fatigue failure (KDFF), indicating a constant rate of crack propagation, is charac-
teristic of monolithic materials, for example, sheet steel 09Mn2Si. The same characteristics
of the crack propagation rate were established for the cast structure of homogeneous
clad-layered and centrifugal-cast metal, as well as for that obtained by forging.

Importantly, the fatigue failure process of a heterogeneous multilayer composition
obtained through explosion welding is characterized in the kinetic diagram by specific
dips [23,26]. These dips are connected with the change in the nature of fatigue crack
propagation when moving toward the boundary of the layers and crossing this boundary.
The sharp decrease in the crack velocity that occurs in this case leads to abnormal dips
on the KDFF in the boundary zone of a viscous layer (steel 09Mn2Si) and a stronger
one (martensitic-aging steel 03Cr11Ni10Mo2Ti). The dip is associated with the layered
structure and the correlation of the mechanical properties of the layers. According to the
study [23], the retardation effect occurs prior to the crack tip reaching the interface of
the layers. At this point, the plastic deformation zone formed at the crack tip changes
its shape, which ultimately slows down crack propagation before it reaches the layer
boundary. Two types of five-layer composites were used in the tests (each of three layers
of 09Mn2Si steel and two layers of 03Cr11Ni10Mo2Ti steel): a conventional fine-grained
structure of martensitic-aging steel and an ultra-fine-grained structure of this steel obtained
by thermoplastic processing.

According to results obtained in previous studies [23,26], the most interesting is the
interval of changes in ∆K = 24–32 MPa·m1/2, within which dips in KDFF are observed. The
dips’ shape and depth and the fatigue crack rates change significantly vary between com-
posites with fine-grained and ultra-fine-grained structures containing layers of martensitic-
aging steel. This may be attributed to variations in the strength and ductility properties
resulting from thermomechanical processing.

4. Summary

1. The improved resistance to dynamic load destruction of the studied heterogeneous
multilayer composites obtained by fusion and pressure welding is related to crack
retardation due to the lamination mechanism at the boundary between the strong and
viscous layers. The integral value of the impact strength of these composites primarily
depends on crack nucleation work.
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2. According to the analyzed data, residual stresses may increase the resistance to
fatigue crack nucleation or crack retardation at the boundary of layers in heteroge-
neous composites.

3. The dependency between dl/dN and ∆K appears linear when observing the kinetic
diagram of fatigue failure mechanisms of monolithic materials with a cast or plastically
deformed structure, as well as homogeneous layered deposited composites. However,
in the case of multilayer composites consisting of viscous and strong layers that are
connected by welding explosion, a sharp slowdown of fatigue crack occurs in the form
of a dip due to the crack’s crossing the boundary between a strong and viscous layer.
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