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Abstract: Bimetallic materials are important in many industries (aerospace, medicine, etc.) since
they allow the creation of constructions that combine specific functional properties, for example, low
density (aluminum alloy) and high corrosion resistance (stainless steel), due to layering fabrication of
the bimetallic joint. On the other hand, the difference in thermophysical properties of the dissimilar
material layers leads to residual stresses, which cause deformation and destruction of such a bimetallic
joint produced via the methods of surfacing or additive technologies. This article discusses the
methods based on the gray relational analysis and generalized desirability function for the quality
assessment of Al–10Si–Mg aluminum alloy and Cr18–Ni10–Ti stainless-steel bimetal fabricated
via selective laser melting (SLM). There are four main parameters (quality indices) of the quality
generalized assessment, which determine the degree of Al penetration into the steel substrate and
Fe into the deposited layer, the difference in microhardness values on both sides of the interface
boundary, and the resistance to mechanical destruction of the bimetallic joint. According to the
results obtained, the best set of quality indices corresponds to the SLM technological modes with
an energy density of 105 and 147 J/mm3. The greatest functionality of the bimetals is determined
by the quality index associated with its strength. Therefore, methods of gray relational analysis and
desirability function make it possible to form a generalized assessment for the bimetallic joint quality
and, consequently, to select the best technological mode.

Keywords: bimetal; aluminum alloy; stainless steel; selective laser melting; microstructure; micro-
hardness; quality indices; gray relational analysis; generalized desirability function; generalized
quality assessment

1. Introduction

Bimetallic materials are widely used in the medical and aerospace industries, for
example, in the fabrication of bimetallic interfaces in joints, where it is necessary to switch
from one material to another in a limited space (for example, stainless steel–aluminum
alloy interfaces in pneumatic hydraulic systems of launch vehicles).

Bimetallic materials are a type of functional-gradient material (FGM). In FGMs, both
the composition and the structure gradually change over the volume, resulting in cor-
responding changes in the material properties. The structural unit of an FGM refers to
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a gradient along the thickness direction having a continuously varying spatial composi-
tion [1]. The FGM concept applies to many engineering applications, for example, machine
parts and engine components with incompatible functions such as heat, wear, corrosion
resistance plus toughness, and machinability incorporated into a single part [2]. A separate
class of FGMs is made up of metallic layered materials (bimetals) and materials with a
large gradient of the composition ingredients in the interface area. These materials include
bimetallic compounds such as stainless steel–aluminum alloy and stainless steel–copper
alloy and are widely used in the aerospace industry. It should be noted that joining of two
or more dissimilar materials in the laminar form often leads to failure owing to delamina-
tion, because of poor bonding between the materials, as well as the structural strength and
stability of the materials. Furthermore, the difference in the thermal expansion coefficients
of these materials is the cause of significant thermal stresses in the interface area during
their manufacture and operation. Thus, the object of the present research is the interfacial
zone between the layers of the steel–aluminum alloy bimetal. The aim of this research was
to develop and test criteria and methods for quantitatively assessing the structural hetero-
geneity in the interfacial zone and to explore the structural gradient along the thickness
direction. These evaluation criteria are necessary to select the optimal technological modes
for obtaining a bimetallic material with required functional properties.

Various methods are used to join dissimilar materials in bimetallic joints, such as
thermal bonding due to mechanical action (friction stir welding [3,4]) or heat-source
direct action (arc welding [5,6], laser welding [7–11], and hot aluminizing [12]). The
cold welding or cladding techniques are used for the manufacturing of bimetallic sheet
materials by covering the parts surfaces with a uniform layer of another metal through
strong compression and plastic deformation [13]. These technologies are based on a well-
known method in which the joint of metal parts occurs via creating atomic bonds between
their metal surfaces without mutual penetration of the materials.

Selective laser melting (SLM) is a new additive manufacturing technology that uses high-
power lasers to create three-dimensional physical objects by fusing metal powders [14–16]. The
SLM process takes place inside the building chamber, in which a given pressure is maintained
and the ambient gas is controlled, as well as inside technological equipment, where the
initial powder materials and the formed product are located. A large number of parameters
influence the SLM process. The main technological parameters of SLM are usually divided into
four groups: laser parameters, scanning parameters, material parameters, and atmospheric
parameters [17].

The formation of high residual stresses in the layer interface, caused by the significant
difference in their thermal expansion coefficients, is a main drawback of additive manufac-
turing of steel–aluminum bimetallic joints. The increasing the aluminum layer thickness,
deposited by the selective laser melting (SLM) method on a stainless-steel substrate, due
to the action of residual stresses, leads to deformation and destruction of the bimetallic
joint [18].

A decrease in the thermophysical property gradient of intermetallic compound layers
at the interface between steel and aluminum is achieved by expanding this area. The
effect of residual stresses can be reduced by reducing the degree of the thermal effect
during melting. In this article, the tasks of identification and qualitative assessment of the
bimetallic joint quality indicators, which are obtained via the SLM of aluminum powder
by deposition on a stainless-steel substrate, were addressed. Moreover, the dependence of
quality indicators on the values of the specific fusion energy was investigated.

2. Materials and Methods

The Al–Si10–Mg metal powder was used as a surfacing material. The results of Al–Si10–
Mg morphology, microscopy, and chemical composition investigations are shown in Figure 1
and Table 1. Powder particles generally had a nonspherical form, with a significant number of
inclusions, i.e., satellites. The results of studying the powder grain-size composition showed
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that the particle size distribution varied in the range from 5 to 60 µm. The presence of adhering
particles, i.e., conglomerates, with an average size of 70 µm was observed.
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Figure 1. Scanning electron mycroscopy images of Al–Si10–Mg powder.

Table 1. Chemical composition of Al–Si10–Mg powder.

Element Si C O Mg Al

Weight ratio, % 10.73 3.35 2.41 1.30 balance

The surfacing of aluminum powder was performed onto a precleaned Cr18–Ni10–Ti
stainless-steel substrate (cold-rolled sheet with a thickness of 2.0 mm). Table 2 shows the
chemical composition of the stainless-steel substrate.

Table 2. Chemical composition of Cr18–Ni10–Ti stainless-steel sheet.

Element Cr Ni Mo Mn Si Ti C Р S Fe

Weight ratio, % 16.0–18.0 10.0–14.0 2.0–3.0 <2.0 <1.0 <0.5 <0.07 <0.045 <0.03 balance

The surfacing was realized by stripes with dimensions of 70 × 10 mm. Ten layers were
deposited sequentially on five strips (specimens) using different SLM scanning parameters
for each strip (Table 3). The main SLM scanning parameters (Figure 2) affecting the
quality of the synthesized material were as follows: laser power P, W; scanning speed
V, mm/s; scanning step (hatch distance) h, mm; layer thickness t, mm; type of scanning
strategy [19]. For comparison of the physical and mechanical properties of material sintered
under various technological scanning parameters, the energy density E (J/mm3) is often
used [20,21].

E =
P

V · h · t
. (1)

Table 3. Technological scanning parameters for selective laser melting (SLM) of Al–Si10–Mg and
Cr18–Ni10–T bimetal.

Mode No. Laser Power P,
W

Scanning
Speed V,

mm/s

Hatch
Distance h,

mm

Layer
Thickness t,

mm

Energy
Density E,

J/mm3

1 350 450 0.19 0.05 82
2 350 350 0.19 0.05 105
3 350 250 0.19 0.05 147
4 350 150 0.19 0.05 246
5 350 50 0.19 0.05 737
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Figure 2. Selective laser melting (SLM) scanning parameters.

Bimetal fabrication was carried out on the SLM 280 machine.
The metallographic samples of the bimetal cross-section were prepared for analysis of the

microstructure and chemical composition, as well as measurement of the microhardness in the
interface area. The samples were cut on a cutting machine equipped with a cooling system,
which allowed for avoiding thermal effects due to heating. Furthermore, the experimental
samples were pressed into a conductive phenolic resin with a graphite filler (pressing temper-
ature, 160 ◦C; holding time, 8 min; water cooling). Then, the pressed samples were ground
on sandpaper. The paper grain was reduced from 320 to 2400 during grinding. The samples
were then polished using a suspension (the size of diamond particles ranged from 9 to 1 µm).
Grinding and polishing were carried out at a speed of 180 rpm for 3 min. Next, the samples
were etched by dipping for 5 min in an acid solution (H2SO4–HCl–HNO3–HF in a proportion
of 180–180–120–30 mL, respectively).

Microstructure analysis was performed using a Zeiss Axio Vert A1 Mat optical micro-
scope (Carl Zeiss Microscopy GmbH, Jena, Germany) in a light field and a gray filter to
improve the visibility of the grain boundaries, with 200× and 500× magnifications for each
sample. The processing of the microstructure images was carried out using the specialized
software SIAMS 800 (version 800, OOO “SIAMS”, Ekaterinburg, Russia).

To determine the chemical composition, a Phenom ProX electron microscope with an
attachment for energy-dispersive analysis was used (Phenom-World, Eindhoven, Nether-
lands). The chemical composition was measured at the boundary of two materials with a
step of 18–20 µm (five measurements along and 10 measurements across the boundary)
with a magnification of 1000×. The measurement results along the border were averaged
and processed using statistical methods.

Vickers microhardness was measured on a Matsuzawa MMT-X microhardness tester
(Matsuzawa Co., Ltd., Toshima, Japan) at a load of 100 g and a holding time of 10 s. The
measurements were carried out at the boundary of two materials with a step of 10–20 µm
(four measurements along and 10 measurements across the boundary) at a magnification
of 400×.

The resistance to mechanical fracture was evaluated by cross-cutting of the bimetallic
specimens with a 1 mm thick disc cutter. With the simultaneous penetration of the cutter
tooth into the deposited layer and the substrate material, shear stresses were formed in the
interface zone, leading to local delamination of the deposited layer material. Resistance
to mechanical fracture was evaluated in points from 0 to 10. Samples with the greatest
damage in the cut area corresponded to zero points, whereas 10 points denoted samples
with the least damage.
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3. Experimental Results
3.1. Micro- and Macrostructure of the Bimetal Interface Zone

A general view of the specimens deposited using various SLM scanning parameters is
shown in Figure 3. Excessive energy was supplied to specimens 4 and 5 during SLM, which
led to intense evaporation of the aluminum alloy during its deposition and the formation
of discontinuities in the sintered layer (Figure 3). The bimetallic joint of specimen 1 was
formed with an insufficient amount of SLM energy density, which led to a weakened
connection of the deposited material with the substrate, as evidenced by the heterogeneous
surface of the deposited layer. The melting of samples 2 and 3 with the steel substrate
along the strip length was uniform and continuous.
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Figure 3. A general view of the sintered specimens: 1—SLM mode1; 2—SLM mode 2; 3—SLM mode
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The microstructure of the samples is shown in Figure 4. There were three zones in all
samples after SLM: a zone of deposited material, a zone of thermal action, and a substrate
(from bottom to top, Figure 4a–e). The depth of the heat-affected zone in the substrate
increased from 65–80 µm (SLM modes 1–3) to 120–180 µm (SLM modes 4 and 5) with
increasing energy density. The thickness of the deposited layer decreased with increasing
energy density: SLM mode 1, 180–240 µm; 2, 120–200 µm; 3, 60–100 µm; 4 and 5, 20–40 µm
(in some places, there was no deposited layer). SLM modes 1 and 2 were characterized
by pores in deposited layers. The most continuous and smoothest layer corresponded to
SLM mode 3. The molten state of the substrate during the SLM process was proven by the
columnar microstructure in the heat-affected zone with the grains oriented normally to
the substrate surface (Figure 4f–j; the deposited layer was removed during etching). The
difficulty in heat removal from the heat-affected zone with increasing depth (caused by the
increase in energy density) led to the formation of equiaxed grains.
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Figure 4. Microstructure of bimetal interface zone: (a,f) SLM scanning mode 1; (b,g) SLM scanning mode 2; (c,h) SLM scanning
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3.2. Distribution of Chemical Elements at the Bimetal Interface Zone

The distribution of chemical elements at the bimetal interface zone is shown in Figure 5.
The zero of the abscissa is the boundary of the substrate and the deposited layer, whereby
positive values correspond to the substrate and negative values correspond to the deposited
layer. As can be seen from Figure 5, a mutual penetration of elements from the deposited
layer material into the substrate and vice versa took place during the SLM process. The
depth and intensity of penetration slightly varied depending on the element and the SLM
mode; however, in all cases, the depth was no more than 80–100 µm.

Metals 2021, 11, x FOR PEER REVIEW 7 of 16 

Figure 4. Microstructure of bimetal interface zone: (a,f) SLM scanning mode 1; (b,g) SLM scanning mode 2; (c,h) SLM 
scanning mode 3; (d,i) SLM scanning mode 4; (e,j) SLM scanning mode 5; (a–e) 200×, without etching; (f–j) 500×, after 
etching. 

3.2. Distribution of Chemical Elements at the Bimetal Interface Zone 
The distribution of chemical elements at the bimetal interface zone is shown in Figure 

5. The zero of the abscissa is the boundary of the substrate and the deposited layer,
whereby positive values correspond to the substrate and negative values correspond to
the deposited layer. As can be seen from Figure 5, a mutual penetration of elements from
the deposited layer material into the substrate and vice versa took place during the SLM
process. The depth and intensity of penetration slightly varied depending on the element
and the SLM mode; however, in all cases, the depth was no more than 80–100 μm.

(a) (b) 

(c) (d) 

(e) 

Figure 5. Distribution of chemical elements Fe (a), Al (b), Cr (c), Si (d) and Ni (e) at the bimetal interface zone: SLM mode 
1; SLM mode 2; SLM mode 3; SLM mode 4; SLM mode 5. 
Figure 5. Distribution of chemical elements Fe (a), Al (b), Cr (c), Si (d) and Ni (e) at the bimetal interface zone: SLM mode 1;
SLM mode 2; SLM mode 3; SLM mode 4; SLM mode 5.



Metals 2021, 11, 172 8 of 16

3.3. Distribution of Microhardness and Resistance to Mechanical Destruction

Figure 6 presents the results of microhardness variance analysis (ANOVA) for five
specimens. Microhardness measurements were carried out at 25–30 equidistant points
located in four rows at distances within 60–90 µm of the bimetal layer boundary. The
specified range of distances was divided into 7–12 uniform sections, on which the measured
values of microhardness were averaged. Mean standard errors of microhardness were
calculated using pooled variance.
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The analysis of changes in microhardness for five specimens with different SLM
scanning parameters (Figure 6) showed that the maximum values of microhardness shifted
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into the depth of the substrate as the SLM energy density and, therefore, the melt pool
depth increased. The average maximum values of microhardness were 500–650 HV for all
specimens.

The resistance to mechanical fracture of bimetallic specimens was scored as follows:
specimen obtained first SLM mode—5 points; second SLM mode—10 points, third SLM
mode—8 points, fourth and fifth SLM modes—0 points. The maximum resistance corre-
sponded to 105 J/mm3 energy density, whereas lower or higher energy density during
SLM did not provide good adhesion between the deposited layer and substrate (this led to
failure and delamination during the cutting test).

4. Discussion
4.1. Gray Relational Analysis of Quality Indices

We used six quality indices to analyze the quality of the bimetal through the gray
relational analysis method:

1. The Fe content in the deposited aluminum layer at a distance more than 20 microns
from the boundary (% Fe, h < −20 µm).

2. The gradient of Fe content in a narrow region near the boundary (grad % Fe, −20 µm
≤ h ≤ 20 µm).

3. The Al content in the steel substrate at a distance more than 20 microns from the
boundary (% Al, h > 20 µm).

4. The gradient of Al content in a narrow region near the boundary (grad % Al, −20 µm
≤ h ≤ 20 µm).

5. Difference in microhardness between the deposited aluminum alloy and the steel
substrate near the boundary of the layers (∆HV).

6. Relative resistance to mechanical fracture of bimetal in points from 0 to 10 during
transverse cutting.

To determine the quantitative characteristics of the penetration of Al into the substrate
and Fe into the deposited layer, a piecewise linear approximation of the experimental data
was used.

%m =


a0 + a1h, h < hAl ,
b0 + b1h, hAl ≤ h ≤ hFe,
c0 + c1h, h >hFe,

(2)

where %m is the content of the corresponding element depending on the distance from
the bimetal boundary; a0, a1, b0, b1, c0, c1 are the approximation coefficients, found using
the least square method; and hFe and hAl are the coordinates of the break point of the
approximating straight lines (linear regression lines) from the substrate and sintered layers.

The coefficients, calculated according to Equation (2), are given in Tables 4 and 5. The
adequacy degree of the piecewise linear approximation by Equation (2) was R > 0.92. The
statistical significance (p-level) of the approximation coefficients, except for a few cases,
was less than 0.005. Typical piecewise linear approximation curves are shown in Figure 7.

Table 4. Piecewise linear approximation coefficients of Fe content (%) in the bimetal interface zone.

Mode No. 1 2 3 4 5

Coef. Value p Value p Value p Value p Value p

a0 8.68 0.058 5.08 0.077 6.52 0.337 41.84 0.085 55.21 0.000
a1 0.05 0.396 0.05 0.245 0.01 0.949 0.44 0.114 0.07 0.254
b0 27.83 0.000 24.96 0.000 29.52 0.000 46.74 0.011
b1 0.94 0.000 1.08 0.000 1.29 0.000 0.30 0.042
c0 42.85 0.000 43.05 0.000 54.79 0.000 61.69 0.033
c1 0.17 0.007 0.13 0.004 0.10 0.166 0.03 0.619



Metals 2021, 11, 172 10 of 16

Table 5. Piecewise linear approximation coefficients of Al content (%) in the bimetal interface zone.

Mode No. 1 2 3 4 5

Coef. Value p Value p Value p Value p Value p

a0 61.16 0.001 43.78 0.001 89.90 0.000 23.30 0.126 17.55 0.002
a1 −0.09 0.493 −0.22 0.066 0.18 0.098 −0.75 0.029 −0.15 0.009
b0 19.04 0.029 18.89 0.012 33.95 0.001 22.02 0.056
b1 −1.06 0.001 −1.03 0.000 −1.60 0.000 −0.48 0.025
c0 18.05 0.029 13.56 0.030 13.08 0.028 5.34 0.420
c1 −0.17 0.086 −0.12 0.103 −0.09 0.161 −0.04 0.596
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Figure 7. Piecewise linear approximation of Fe (a) and Al (b) content in the bimetal interface (SLM mode 2).

The microhardness in the interface region had a gap; therefore, the experimental
results were approximated using the following equation:

HV =

{
d0, h < h0 ≈ 0,

e0 + e1h + e2h2, h > h0 ≈ 0,
(3)

where HV is the Vickers microhardness, e0, e1, e2, d0 are approximation coefficients (Table 6),
the values of which were found using the least square method, and h0 is the coordinate of the
break point. A typical curve of microhardness approximation is shown in Figure 8.

Table 6. Piecewise approximation coefficients of microhardness in the bimetal interface zone.

Mode No. 1 2 3 4 5

Coef. Value p Value p Value p Value p Value p

d0 151.72 0.002 160.30 0.000 147.42 0.003 475.22 0.000 573.95 0.000
e0 679.75 0.000 549.17 0.000 448.15 0.000 276.96 0.042 367.36 0.131
e1 −7.48 0.001 −7.06 0.000 20.41 0.010 15.35 0.062 −0.49 0.598
e2 −0.51 0.003 −0.21 0.028
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Figure 8. Piecewise approximation of microhardness distribution in the bimetal interface (SLM mode 2).

On the basis of the performed regression analysis of Al and Fe content in the interface
(Equation (2)), as well as the microhardness (Equation (3)), it was possible to determine the
values of five quality indices:

Index 1: %Fe (h < −20 µm) = a0—The Fe penetration into the deposited layer (Table 4);
Index 2: grad %Fe (−20 µm ≤ h ≤ 20 µm) = b1—The gradient of Fe content in the

bimetal interface (Table 4);
Index 3: %Al (h > 20 µm) = c0—The Al penetration into the substrate (Table 5);
Index 4: −grad %Al (−20 µm ≤ h ≤ 20 µm) = −b1—The gradient of Al content in

the bimetal interface (Table 5);
Index 5: ∆HV = e0 − d0—Microhardness gap (Table 6).
These indices and the values of resistance to mechanical destruction are shown in

Table 7. It is obvious that the degree of Fe and Al penetration into the deposited layer and
the substrate should be maximized, i.e., “more is better”. The same characteristic was used
for the resistance to mechanical destruction. The opposite requirement (“less is better”)
was suggested for the parameters of the Fe and Al gradient in the interface zone and the
microhardness gap near the bimetal layer boundary.

Table 7. Coefficients of gray relational analysis of quality indices for bimetal interface.

Mode No. %Fe Grad %Fe %Al Grad %Al ∆HV Resistance to
Destruction

yij
1 8.68 0.94 18.05 1.06 477 5
2 5.08 1.08 13.56 1.03 423 10
3 6.52 1.30 13.08 1.60 327 8
4 41.84 0.30 15.00 0.48 198 0
5 55.21 0.06 17.55 0.15 186 0

More is better Less is better More is better Less is better Less is better More is better
xij

1 0.072 0.288 1.000 0.372 0.000 0.500
2 0.000 0.170 0.095 0.391 0.185 1.000
3 0.029 0.000 0.000 0.000 0.516 0.800
4 0.733 0.801 0.386 0.771 0.959 0.000
5 1.000 1.000 0.899 1.000 1.000 0.000
x0

j 0.557 1.045 6.427 1.103 1.642 1.000
ξij

1 0.186 0.179 0.108 0.180 0.159 0.928
2 0.184 0.176 0.101 0.180 0.163 1.000
3 0.185 0.172 0.100 0.171 0.170 0.970
4 0.195 0.193 0.103 0.190 0.181 0.865
5 0.187 0.199 0.108 0.197 0.182 0.865
ζ 0.2 1
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Since the quality indices were heterogeneous, we used a gray relational analysis. Gray
relational analysis is a measurement technique in gray system theory that analyzes the
degree and the ratio of dissimilar parameters for their discrete sequence.

Initial experimental data were normalized in the range from 0 to 1 in accordance with
the principle “less is better” for indicators 2, 4, and 5 (Table 7).

xij =
yij − minjyij

maxjyij − minjyij
, (4)

where yij represents the values of the quality indices j for the i-th SLM technological mode,
and maxjyij and minjyij are the maximal and minimal values among the considered SLM
modes (n = 1 − 5).

For quality indices 1, 3, and 6, for which the “more is better” characteristic was suitable,
the normalization was carried out as follows:

xij =
maxjyij − yij

maxjyij − minjyij
. (5)

The gray relational coefficient ξij, which is calculated to determine the relationship
between ideal and actual experimental results, can be evaluated as

ξij =
miniminj

∣∣∣x0
j − xij

∣∣∣+ζmaximaxj

∣∣∣x0
j − xij

∣∣∣∣∣∣x0
j − xij

∣∣∣+ζmaximaxj

∣∣∣x0
j − xij

∣∣∣ , (6)

where x0
j is the ideal result (i.e., the best normalized result) for the j-th quality index. The

values of x0
j corresponded to 33% Fe for index 1, 45% Al for index 3, 0 for indices 2, 4, and

5, and 10 points for index 6.
The distinguishing coefficient is ζ = [0, 1], which weakens the influence of maximaxj

∣∣∣x0
j − xij

∣∣∣
(when it becomes too large, it increases the significance of the gray relational coefficient). In general,
its value is taken as equal to 0.5 if all process parameters have equal weight [22]. For the SLM process,
as a method for bimetal manufacturing, the influence (weight) of Al uniformity and Fe distribution
in the bimetal interface, which is described by indices 1–4, and the difference in microhardness (index
5), in total, should not exceed the weight of resistance to mechanical destruction, which is the key
indicator of the bimetal quality. In this regard, the following values of the distinguishing coefficients
were adopted: ξ = 0, 2 for indices 1–5; ξ = 1 for index 6.

A general assessment of multiple quality indices was made after obtaining the gray
relational coefficients:

γi =
1
N

N

∑
n=1

(
1

mn

mn

∑
j=1

ξij

)
, (7)

where N is the number of quality index groups, each of which has mn indices. All quality
indices were divided into two groups: content of elements and microhardness (indices 1–5,
m1 = 5); resistance to mechanical destruction (index 6, m2 = 1).

The resulting relational quality assessments based on Equation (7) are shown in Figure 9.
A higher integral relational assessment denotes better experimental results, closer to the
ideal normalized value. According to Figure 9, it can be seen that the second (γ = 0.562)
and third (γ = 0.548) SLM technological modes had the maximum value of the integral
relational assessment. The parameters of these technological modes (Table 3) provided the
best-quality bimetal.
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4.2. Desirability Function of Quality Indices

The use of complex quality indices is a very promising approach for solving problems
with several dependent variables. Such an index is the desirability function [23,24]. Desir-
ability denotes one or another desired level of quality indices. The value of desirability,
depending on the type of desirability function, can vary from 0 to 1.

The value of each quality index (yij), the number of which is not limited, was trans-
formed into the desirability (dij). The following equation was chosen as the desirability
function:

dij = e−(e
−xij )nj , (8)

where nj is a coefficient characterizing the significance of the j-th quality index in the
generalized desirability function. The values of nj were similar to the coefficient ζ for gray
relational analysis: nj = [0.2, 0.2, 0.2, 0.2, 0.2, 1]. Normalized values of quality indices (xij)
were substituted into Equation (8). Normalization was carried out using Equations (4)
and (5) in the same way as gray relational analysis. The values of the desirability for each
quality index (without the influence of nj) are given in Table 8.

Table 8. The desirability for each quality index (without the influence of nj).

Mode No. %Fe Grad %Fe %Al Grad %Al ∆HV Resistance to
Destruction

1 0.394 0.472 0.692 0.502 0.368 0.545
2 0.368 0.430 0.403 0.508 0.436 0.692
3 0.378 0.368 0.368 0.368 0.551 0.638
4 0.619 0.638 0.507 0.630 0.682 0.368
5 0.692 0.692 0.666 0.692 0.692 0.368
nj 0.2 1

Subsequently, the generalized desirability function (Di) is calculated, which represents
the geometric mean of the desirabilities of individual quality indices for the i-th SLM mode.

Di =
m
√

di1di2 . . . dim. (9)

The values of the generalized desirability function are shown in Figure 10. It can be
seen that the maximum value corresponded to the second SLM technological mode.
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5. Conclusions

As a result of the studies carried out to select the best mode for obtaining a bimetal,
criteria that characterize the degree of heterogeneity of the interfacial zone were obtained
and tested. A group of criteria describing the gradient of changes in the composition
of key elements (aluminum and iron) in the interfacial zone was proposed. Using these
criteria, the thickness of the interface region and its uniformity could be evaluated. The
microhardness values on both sides of the layer interface and the resistance to interlayer
delamination under mechanical loading were used as functional criteria to characterize
the adhesion of the layers. Methods of gray relational analysis and desirability function
were used, allowing us to consolidate the criteria considered, taking into account their
significance to form a generalized assessment for the bimetallic joint quality and to select
the best technological mode. Of course, characteristics such as the residual porosity and
quantitative assessment of the presence of microcracks should be used for further analysis
of the quality of a bimetallic joint; however, discussion of this issue is beyond the scope of
this work.

According to gray relational analysis and analysis of the quality generalized by the
desirability function, the best set of quality indices corresponded to the SLM technological
modes with an energy density of 105 and 147 J/mm3. The greatest functionality of the
bimetal was determined by the quality index associated with its strength.

The quantity of the alloying elements in the interface zone of the bimetal, i.e., the con-
tent of Fe in the deposited layer and Al in the substrate material, as well as the uniformity of
their distribution, was related to the strength properties of the bimetal. A more chemically
uniform interface led to a more uniform distribution of the mechanical and thermophysical
properties in this zone. Any heterogeneity contributed to interlayer separation.

Analysis showed that increasing the SLM energy density led to deepening of the
melt pool. As a result, the mutual penetration of alloying elements of the substrate and
the deposited layer increased. This led to the formation of a wider interface zone, as
evidenced by analysis of the microstructure and chemical composition. At the same
time, the significant difference between the thermal expansion coefficients of the substrate
material and the deposited layer led to deterioration of the heat stress state and growth of
the residual stresses with an increase in SLM energy density.

Significant residual stresses in the interface zone led to deformation and destruction of
the bimetallic joint, as evidenced by the resistance to mechanical destruction of specimens
manufactured by SLM modes with an energy density of 246 and 737 J/mm3. Further
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studies suggested a decrease in the effect of residual stresses and stabilization of the heat
stress state in the bimetal interface due to the use of powder mixtures in the intermediate
layer during SLM, the use of a special strategy for the layer formation, and the preparation
of a special texture of the substrate surface.
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