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Abstract: In this study multi-layered steel-nickel-aluminum composite with intermetallic interlayers was obtained
using complex process which included explosion welding and heat treatment. Strength properties of the diffusion
NiAl3+NipAls interlayer under thermal stress were investigated. The thickness value of diffusion interlayer as
well as thickness ratios of composites components contributing to the rupture of the intermetallic interlayer during
thermal loading were identified via standard method and verified using FEM simulation. The calculated results
correspond with the experimental investigations. The interlayer rupture resulted in the formation of Ni/NipAlj;

coating on steel.
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1 Introduction

Gas and steam turbine components are usually made
of steel and can undergo temperatures higher than
700 °C. One of the perspective methods of the compo-
nents protection is the formation of Al-Ni intermetal-
lic coatings on the surface of such parts. According to
recent studies complex methods of such coatings for-
mation are applied alongside with the traditional ways
[1-6]. The complex methods allow creating multi-
layered (Ni/NiyAls) coating structures [7-10] where
each layer performs a special task. The Ni layer pre-
vents the penetration of Al atoms into steel layer and
provides high adhesion of the coating to the substrate,
while the nickel aluminide protects the base material
from oxidation due to the formation of robust Al,O3
on its surface.

In this study a new approach of the multilayered
coatings manufacture was developed. The approach
includes the following steps:

1. The joining of nickel to steel via explosion weld-
ing (EW).

2. Pressure treatment of the steel/nickel bimetal.

3. Explosion joining of Al sheet to the nickel side
of the steel/nickel composite.

4. Heat treatment of the obtained composite, which
leads to the formation of intermetallic layer due
to solid state diffusion.
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Such sequence of operations contributes to high coat-
ing/base material bond strength and can be applied to
manufacture the components of the special shape. The
present study aims to investigate the impact of the
layer width ratio on the thermal stress which occurs
during the process of cooling of the composite after
diffusion heat treatment.

2 Materials and experiments

In this study 12X11VMF steel, Np2 nickel alloy and
AA1135 aluminum alloy were used to fabricate the
composite for investigations. Chemical composition
of materials used in this study is presented in table 1

The conditions of EW to join 12X11VMF and
Np2 plates were chosen to obtain a wavy interface of
the bond area. The bond also included molten zones
in its structure. The thickness of 12X11VMF and Np2
plates was 10 and 1 mm respectively.

Subsequent pressure treatment included hot
rolling, performed on twin roll mill at 850 °C with
the total 57% thickness reduction which resulted Np2
layer to be 0.1 mm thick.

The joining of AA1135 plate to 12X11VMF/Np2
bimetal was carried out via EW. The conditions were
chosen to avoid wavy interface formation. AA1135
plates with various thickness values in the range be-
tween 0.7-10 mm were used in this study.

To obtain intermetallics in the composites struc-
ture the 3-metal was heat treated at 600°C for the
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Table 1: Chemical composition of the materials used in this study

Material

Chemical composition, wt. %

12X11VMF | C, 0.09-0.15 | Si, 0.3-0.7

Mn, 0.5-1.1

Cr, 10-12 | Ni, 0.6-0.9 | Mo, 0.6-0.9 | Fe, >85

AA1135 Fe, 0.3 Mn, 0.025 Ti, 0.15

Cu, 0.05 Mg, 0.05 Zn, 0.1 Al, >99.3

Np2 C, <0.02 | Cu, <0.25

Fe, <04

Mg, <0.05 | Mn, <0.35 Ni, >99.5

range from 1 to 10 hours.
Metallographic investigations were performed on
a motorized optical microscope Olympus BX61.

3 Results and discussion

According to previous study [11] heat treatment of the
3-layered steel/Ni/Al composite contributes to the for-
mation of the continuous interlayer between Ni and
Al. The interlayer has two intermetallics in its struc-
ture: NiyAls adjacent to Ni side and NiAl; adjacent to
Al side. The separation of the AA1135 layer was ob-
served only in some cases during subsequent to heat
treatment cooling of the composite. The separation
was caused by the rupture of the adjacent to Al NiAlj;
intermetallic if the total thickness of the diffusion in-
terlayer exceeded 30 pm. The most common reason
for rupture is thermal stress, which occurs in the inter-
layer boundary due to differences in thermal expan-
sion coefficient values of its components. To assess
the thermal stress value, the standard model, proposed
by Timoshenko was applied. The approach suggested
the following assumptions:

1. The thickness values of Np2 and intermetallic
layer are insufficiently small related to the thick-
ness of steel and AA1135 layers, therefore the
impact of thin layers was not considered.

2. Temperature field in steel and AA1135 is uni-
formly distributed.

3. Both thermal expansion coefficient and elastic
modulus do not depend on temperature.

The design scheme of the composite is presented
on figure 1.

To define the neutral axis position, consider defor-
mation of the bimetallic element under bending mo-
ment M. The element is assumed to be thin with uni-
axial stress distribution in it and undergoing no tem-
perature impact.

According to Kirchhoff Hypothesis the normals
remain unstretched and therefore the strain is given
by:

_ Y

€x = —,

Pz

ey
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Figure 1: Bimetallic element before and after heating

where y denotes the distance from the neutral axis (fig.
1); p, — denotes the curvature of the element at its
neutral axis.

According to Hooke’s law the stress values at up-
per and bottom layers of the plate are given by:

E
Oy = GZ‘EI = yp 17
X
2
yEs @)
Opy = €xF00 = .
Px

where F; and F — elastic modulus of layers.

The neutral axis position can be found consider-
ing the neutral axis load N to be equal to zero. The
neutral axis load is equal to the sum of integrals of o,
over the thickness of bottom and upper layers:

—a (62—a)
N :/ Oy dy+/
—(81+a) —a

Ei61 [0 Esbo (6
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here d; and d2 — denote thicknesses of layers, a — dis-
tance between the bond and the neutral axis.

The bending moment M is the sum of integrals
of the product of 0, and y over the thickness of bottom
and upper layers:

—a (62—a)
M, = / 0z ydy +/ oz ydy, (5)
—(81+a) —a
thus considering (2):
E E
M, — 1J1+ 2J27 )
Px

where J; and J, — denote moments of inertia per unit
width of cross section of upper and bottom layers with
respect to the neutral axis:

3_ 3
J1:(51+a3) a )
(7
(6 +a)® —a?
J2 = #

Then considering equation (6), the equation (2)
can be presented as:

o1 Ei1Jy + EyJy’ ®)
M MxEQy

Tzz = EiJ + E2J2'

Now consider the bimetallic element is cooled
from the recrystallization temperature of aluminum
to room temperature, thus the change in temperature
At = (273 — 20)— 04T} ,, ~ —80°C (here 5}, —
denotes melting point of Al) and undergoes the bend-
ing moment M. The value of M/, is chosen to con-
tribute the curvature to be equal to zero. Thus the
elongation at the upper layer is equal to:

0_/

€ = Eill + a1 At, ©)
while the elongation at the bottom layer:
o,
€2 = By + anAt, (10)

where a and as — thermal expansion coefficients of
bimetal layers; o7, and ¢, denote stress in the upper
and bottom layers and do not depend on .
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Figure 2: Thermal stress calculated using (15) and
(16) on the internal boundary of AA1135/Steel com-
posite during its cooling

If the right part of (9) is equal to the right part of
(10), then:

/ /

(o Oy
—L At = =2 At. 11
T B, (b
while the axis load:
N =0, 614 04,02 =0. (12)

The solution set of system of equations with (11)
and (12) presents the expression for calculating stress
values:

O'/ _ (Oq - Oég) At
nTo L1y
E1(51 E252 (13)
O'/ . (041 — 042) At

T2 1 N 1\’
E101  Eqdo

The sum of o}, and o7, across the layer thick-

nesses represents the bending moment with %
length displacement vector:
M, _ (041 —062) At (51+52) (14)

v 1 n 1 9
E161  Eqdo

To calculate thermal stress in the cooled bimetal-
lic element with the change in temperature At and un-

dergoing bending mﬁr}lent M, the bending monglt
of the opposite to M, direction and equal to |]\4_;>|
should&e> applied to the considered element. Thus M,

and — M, cancel each other and only the contribution
of cooling can be assessed. The thermal stress values
of Al/steel bimetal considering (8), (13) and (14) can
be calculated using:
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Figure 3: Thermal stress distribution of AA1135/Steel composite during its cooling obtained using COMSOL.:

k=0,07 (a) and k = 2 (b)

t (041 — 042) At
Opp) = — 1 1 X
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According to the calculation results (fig. 2)

maximum stress occurs in the AA1135 layer when
AA1135 to steel thickness ratio is below 0.1 and
higher than 4 k¥ < 0.1 and k > 4. However the maxi-
mum stress values are lower than AA1135 layer yield
stress.

To verify the obtained results the cooling of the
composite was simulated using FEM software COM-
SOL Multiphysics. Linear elastic material model with
plane stress 2D approximation was applied to carry
out simulation. The geometry of the was meshed with
rectangular.

The bimetal plate was cooled from initial ;.. =
600 °C to room temperature. The process of cool-
ing was considered stationary because during exper-
imental studies the specimen were slowly cooled in
furnace. The boundary conditions for the model in-
cluded one fixed constraint point and one point with
displacement in y-direction prescribed to be zero. The
bimetal plate was assumed to have no initial stresses
and strains before cooling. The materials of the model
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were assumed to be isotropic. The calculated results
for k = 0.07 and k£ = 2 are presented on fig. 3.

The comparison between FEM simulation and
calculated using equations (15) and (16) results re-
vealed the convergence in the stress values near the
bond area.

FEM simulation allowed to consider the impact of
thin interlayers of Ni and intermetallics on the stress-
strain state. FEM simulation results for various & val-
ues are presented on fig. 4. The thickness values of Ni
and diffusion zone were both 50 ym. The interlayers
were simulated as individual parts of the model and
were meshed.

The FEM simulation results reveal tensile stresses
in the intermetallic layer to exceed the yield point of
NiAlj; [12], when k = 0.07 and k£ = 5, which appar-
ently leads to the rupture.

The comparison between calculated in this study
results and the experimental results obtained in [13]
reveals thermal stress value to reach 87 MPa when
k = 0.07, which is sufficient for rupture of the com-
posite due to breakdown of NiAl;. When k£ = 2 ther-
mal stress value reaches 24 MPa in the whole range
of intermetallic interlayer thickness values (up to 250
pm) and no rupture was observed (fig. 5).

4 Conclusion

o Heat treatment of the 12X11VMF+Np2+AA1135
composite leads to the formation of the intermetallic
interlayer between Np2 and AA1135. The interlayer
is composed of two zones: adjacent to AA1135
NiAl; zone and adjacent to Ni NipAl; zone. When
the thickness of the intermetallic layer is higher than
30 pum, the breakdown of NiAlj is observed during
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Figure 4: Thermal stress distribution for the composite (a, ¢, e) through thin interlayers (b, c, f) after cooling from
600 °C 12X11VMF+Np2+AA1135 composite £ = 0,07 (a, b), 2 (¢, d), 5 (e, f)
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Figure 5: 12X11VMF+Np2+AA1135 microstructure after cooling from 600 °C (heat treatment took 5 hr.), diffu-

sion zone was formed, £k = 0,07 (a) and k = 2 (b)

the process of cooling of the composite which leads
to the separation of AA1135 layer. The separation is
observed only for 12X11VMF to AA1135 thickness
ration £ < 0.1 and k£ > 4. NiAls rupture is caused
by thermal stress which exceeds the yield point of
the intermetallic. Ni/NiyAls coating is formed on
the surface of steel plate.

o The calculated values of thermal stress can be fea-
sibly used to develop technological process of the
laminated Ni/NiyAl; coating manufacture namely to
choose the appropriate EW, pressure treatment and
heat treatment parameters.
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