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Abstract: In this paper, we report the results obtained from the hot compression behaviour of co-
spray-formed Al-Si/7075 bimetallic gradient alloys by investigating the five selected layers divided
evenly from top to bottom. It was found that with a decrease in the strain rate and an increase in
temperature, the hot compression flow stress of deposited alloys decreases gradually, as expected.
The relationship between flow stress, temperature and strain rate follows the Arrhenius relationship.
The deformation activation energy of the co-spray formed gradient alloy gradually increases from
bottom to top in the height direction, which are 100.15, 167.35, 185.54, 208.78 and 220.83 KJ/mol,
indicating that the degree of difficulty in the deformation of the alloy is affected by changes in
the silicon content of the alloy. Finally, the flow stress constitutive equation is calculated for each
layer of alloy material, which is instructive for the subsequent study of the densification process of
co-spray-formed gradient alloys.

Keywords: spray-deposited; functionally graded materials; hot deformation behavior; constitu-
tive equation

1. Introduction

With the rapid development of science and technology, the requirements for the
environment and properties of materials are becoming more diversified. The complex
and changeable application conditions require materials to have two or more different
properties to meet the different needs, however, many traditional homogeneous materials
and isotropic materials with a single property cannot provide support. Composite materials
formed by dissimilar materials through compounding can meet the requirements for
diversity in a function or property [1–3]. Although traditional composite materials may
have unique properties that are not available in homogeneous materials to some extent,
the interface stress caused by sudden changes in the interface bonding strength and the
property parameter between materials with different properties can easily cause interface
damage and failure [4,5]. Functionally gradient material is an integrated material that
continuously changes from one function (component) to another function (component).
This type of non-homogeneous gradient structure material with continuous changes in
internal composition has no clear interface and can easily provide “new functions” that are
not available with traditional homogeneous materials and ordinary composites [6–8].

The 7075 alloy is widely used in many fields due to its excellent mechanical properties
such as high specific strength and good plastic deformation ability [9,10]. Similarly, the
Al-20Si alloy is widely used in the aerospace, and automotive fields, amongst others, due
to its excellent wear resistance and thermophysical property [11–13]. Therefore, function-
ally gradient materials composed of these two aluminum alloys combine their excellent
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properties, such as high strength, good friction, and excellent thermophysic. In previous
research [14], bimetallic gradient plates with 7075 and Al-20Si alloys were successfully
prepared using a co-spray forming technique.

The study of hot deformation can provide optimal process parameters for further
improving the workability of alloys, and important support for the conditions encoun-
tered in the processing operations of structural materials such as extrusion, forging, and
rolling [15]. Lin et al. constructed a processing map of 7075 alloy by superimposing the
instability map onto the power dissipation map [16]. Hu et al. studied the hot deforma-
tion behavior of hypereutectic aluminum–silicon alloys, and the deformation constitutive
equation established by them can more accurately describe the relationship between flow
stress, temperature and strain rate [17]. Cui et al. studied the deformation behavior of
spray formed hypereutectic aluminum–silicon alloys under different temperatures and
strain rates through compression experiments, and found that flow stress increases with
the decrease of compression temperature and the increase in the strain rate [18]. However,
research is lacking on the deformation behavior of co-spray formed gradient aluminum
alloys. Therefore, the study of the hot deformation behavior of co-spray-formed gradient
aluminum alloys is significant. In this paper, the co-spray formed gradient aluminum alloy
was divided into five layers from top to bottom, and the thermal deformation behavior of
each layer was studied and the constitutive equations were finally obtained.

2. Experimental Details

The composition of the 7075 alloy is listed in Table 1. The Al-20Si and 7075 alloys
were atomized by two atomizers of a co-spray forming system, as shown in Figure 1.
The substrate was scanned in the transverse direction and at the same time translated
horizontally through the two sprays. As the substrate performed a cyclical reciprocating
motion, the droplets in the spray cone of 7075 alloy were deposited on the substrate first
and formed the lower layer of the deposit. Following that, the droplets in the spray cone of
Al–20Si alloy were deposited over the lower layer of the deposit and formed the upper layer.
The experimental parameters were as follows: the maximum temperatures of these two
alloys for the experimental tests were both set to 850 ◦C, the distance between the centers
of the two atomization cones was set to 50 mm, the advancing speed of the baseboard was
set to 1.5 mm·s−1, the oscillating period was set to 1 s, and the deposition substrate stroke
was set to 200 mm. The deposition distance of atomization was set to 500 mm, and the
atomizer outlet pressure was set to 1.2 MPa.

Table 1. Chemical composition of 7075 alloy (wt %).

Element Zn Mg Cu Fe Si Mn Al

Content 5.63 2.21 1.41 0.26 0.1 0.05 Bal.

The bimetallic sheet prepared by co-spray forming was pre-layered, and evenly
divided into five layers in the height direction, as shown in Figure 2. A hot deformation test
was conducted on each layer. A cylindrical sample with a diameter of Φ 7 mm was obtained
by using an electrosparking wire cutting machine to cut each layer of the deposited plate
along the deposition direction, and was then processed by a lathe into a compressed
sample of Φ 6 × 8 mm. The end surface of the sample was smoothed with waterproof
abrasive paper.
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Figure 2. The sampling location for gleeble test and sample sizeAn isothermal and constant strain rate
compression deformation was performed on a Gleeble-1500 testing machine (Dynamic Systems Inc.,
New York, NY, USA) for hot working simulation. To reduce the friction between the indenter and the
sample, graphite was applied as a lubricant on both ends of the sample during compression, which
ensured the sample was under unidirectional axial stress during compression. A thermocouple was
welded on to the surface of the middle part of the sample to accurately measure the temperature
change of the sample during the experiment. The experimental parameters are shown in Table 2.

Table 2. Deformation parameters of the deposited alloy.

Deformation
Temperature (◦C) Strain Rate (s−1) Compression

Amount

First Layer 300, 350, 400, 450 0.001, 0.01, 0.1, 1 50%
Second Layer 315, 365, 415, 465 0.001, 0.01, 0.1, 1 50%
Third Layer 330, 380, 430, 480 0.001, 0.01, 0.1, 1 50%

Fourth Layer 345, 395, 445, 495 0.001, 0.01, 0.1, 1 50%
Fifth Layer 360, 410, 460, 510 0.001, 0.01, 0.1, 1 50%

The sample was heated to different deformation temperatures at a heating rate of
5 ◦C/s, and then compressed after 3 min of heat preservation. The stress–strain curve data
were recorded. The microstructure of the sample was observed with a FEI Helios NanoLab
600 Dual Beam FIB/SEM (SEM, Field Electron and Ion Company, Hillsboro, OR, USA)
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and the element content in the sample was detected using an energy dispersive spec-
troscopy detector (EDS, Field Electron and Ion Company, Hillsboro, OR, USA) by plane
scanning model.

3. Results and Discussion
3.1. Microstructure of the Deposited Alloy

Figure 3 shows the microstructures and EDS results of five layers selected from co-
spray-formed Al-Si/7075 bimetallic gradient alloys. According to EDS results of these five
layers, it can be found that the silicon content in the alloy gradually increases from the
bottom to the top, while the contents of Mg, Cu and Zn show a downward trend. The
microstructures of these five layers showed different morphological characteristics due
to the change of silicon content. In the region with low silicon content, the silicon phase
generally presents a fine and round morphology, but with the increase of silicon content,
the silicon phase gradually changes into a coarse and massive morphology. Besides, it can
be found that the bottom of the deposited billet presents a larger number of pores than the
top, because the heat at the bottom is more concentrated than at the top, leading to the
formation of pores.
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3.2. Hot Deformation Behavior of the Deposited Alloy

Figure 4 shows the true stress–true strain curve of the hot compression deformation
of the deposited alloy obtained from the material of the first layer. It can be seen from the
figure that the compression curves of the alloys at different temperatures and strain rates
present the same rule. In the initial stage of deformation, the flow stress (σ) rises rapidly
with the increase in the strain, and then reaches the peak at a certain strain. As the strain
increases, the stress begins to decrease. When the deformation is at the same strain rate,
the flow stress of the alloy decreases with the increase in temperature. For example, in the
case of

.
ε = 0.001 s−1, when the temperature increases from 300 to 450 ◦C, the peak stress of

the alloy decreases from 98.043 MPa to 46.313 MPa; when the temperature is constant, the
flow stress increases with the increase in the strain rate.
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Figure 5 shows the true stress–true strain curve of the hot compression deformation of
the deposited alloy obtained from the material of the second layer. The figure shows that
the change rule of the hot compression deformation curve in the second layer is similar to
that in the first layer material. The flow stress (σ) increases with the increase in the strain at
the beginning, and then rises to the maximum at a certain strain. When the strain increases,
the stress begins to decrease.
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Figures 6 and 7 show the true stress–true strain curve of the hot compression defor-
mation of the deposited alloy obtained from the material of the third and fourth layers,
respectively. Compared to the first two layers of materials, the trends of the hot compres-
sion deformation curves in the third and fourth layers are generally the same. At a low
strain rate, after a short and sharp rise in the initial stage, the stress begins to enter a rela-
tively gentle stage, that is, the stress remains essentially unchanged as the strain increases,
and after the temperature increases, it begins to decrease slowly at a certain strain.
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Figure 8 shows the true stress–true strain curve of the hot compression deformation
of the deposited alloy obtained from the material of the fifth layer. Figure 5 shows that
the flow stress (σ) also rises rapidly with the increase in the strain in the initial stage of
deformation, and then reaches a peak. With a further increase in the strain, except in the
case of

.
ε = 0.001 s−1, the stress of the other three strain rates begins to decrease drastically.

In the case of
.
ε = 1 s−1, the flow stress of the alloy presents a short-term downward trend

after reaching the peak, and then at a certain strain, the downward trend tends to be flat,
showing a horizontal change with the increase in the strain. The flow stress then starts
to decrease after the strain is greater than 0.8. From the true stress-strain curve of each
part, the corresponding peak stress of the five layers of materials of the deposited alloy
at different temperatures and strain rates can be obtained. The stress values are listed
in Table 3.

During the deformation, the true stress–strain curves of the above five layers of mate-
rials are caused by the combined effects of work hardening and dynamic softening [19,20].
The dominant work hardening causes the flow curve to rise rapidly in the initial stage of
deformation. When the strain continues to increase, many dislocations and other defects
accumulate in the alloy. At this time, the dynamic softening effect gradually increaseand
the rising speed of flow stress slows constantly. When the softening rate gradually exceeds
the hardening rate and becomes dominant, the flow stress passes the peak point and
then decreases [20,21]. As the deformation continues, if the softening rate is greater than
the hardening rate, the flow stress continue to decrease. From the change trend of the
stress–strain curves, it can be preliminarily judged that the softening process in the hot
deformation of the deposited gradient composite alloy includes both dynamic recovery
(DRV) and dynamic recrystallization (DRX), which is consistent with the general rule of
hot deformation of most aluminum alloys.
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Table 3. Peak stress at different temperatures and strain rates (MPa).

Temperature
(◦C)

Strain Rate (s−1)
0.001 0.01 0.1 1

First layer

300 98.043 114.84 145.28 187.97
350 75.536 96.095 121.42 159.9
400 59.473 77.187 106.1 148.81
450 46.313 61.032 85.423 136.83

Second layer

315 45.94 67.402 94.54 104.31
365 33.074 46.759 62.69 79.796
415 26.796 34.935 46.873 63.37
465 22.596 27.654 34.618 50.8

Third layer

330 57.469 71.818 93.695 113.53
380 43.683 56.656 72.526 89.229
430 33.744 40.829 52.263 68.715
480 26.333 31.749 43.347 57.241

Fourth layer

345 67.537 85.039 109.82 149.1
395 49.856 59.016 78.196 102.13
445 38.177 44.287 64.575 81.36
495 28.975 32.697 44.865 61.243

Fifth layer

360 64.336 73.302 88.777 100.79
410 53.017 59.422 71.54 81.836
460 41.66 47.659 59.195 68.287
510 34.782 40.15 52.701 58.844

With the increase in the strain rate, the deformation time per unit strain shortens,
the dislocation density in the alloy increases, and the critical shear stress increases corre-
spondingly in the deformation of the aluminum alloy, resulting in an increase in the flow
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stress [22,23]. According to dislocation dynamics, the influence of the strain rate on the flow
stress during deformation can be explained directly, as shown in Equations (1) and (2) [22–24]:

.
ε = ρbν (1)

ν = Aσm (2)

In the equation, ρ refers to the dislocation density;
b refers to the Burgers vector of a dislocation;
v refers to the speed of the dislocation movement, and
m refers to the stress exponent.
As the strain rate increases, the dislocation density or the speed of the dislocation

movement increases during compression, and the required external stress increases, result-
ing in an increase in the flow stress of the aluminum alloy. At the same strain rate, with
an increase in strain temperature, the thermal activation of atoms increases, the critical
shear stress between atoms decreases, and the softening degree caused by the dynamic
recrystallization of the alloy also increase, which ultimately leads to the decrease of stress.

When the strain rate (
.
ε) is constant, the flow stress (σ) decreases significantly with the

increase in temperature, which can be attributed to the following points [25]:

(1) As the temperature increases, the kinetic energy of atoms increases, the bonding
force between atoms decreases, the movable slip system increases, and the critical
shear stress of the dislocation movement decreases, which reduces the deformation
resistance and the flow stress.

(2) In the flow softening stage, the softening effect caused by DRV and DRX increase with
the increase in temperature. At high temperatures, the cross-slip of screw dislocations
and the climb of edge dislocations are more easily excited, making DRV more obvious.
With the increase in temperature, both the driving force of the nucleation rate and
the grain growth rate of DRX increase, so the softening effect increases and the flow
stress decreases.

(3) The increase in temperature reduces the intergranular shear resistance, and facilitates
grain boundary sliding. The enhancement in diffusion can eliminate the microcracks
caused by grain boundary sliding in time, and increase the amount of grain boundary
sliding. In addition, as a result of grain boundary sliding, the stress concentration
caused by uneven deformation between adjacent grains can also be relaxed. Therefore,
the flow stress decreases.

3.3. Compression Activation Energy of the Deposited Alloy

The results of research on different materials showed that the hot plastic deformation
of metals or alloys is a thermal activation process in which dislocations move against resis-
tance. Here, we report the calculation and analysis of the compression activation energy
in the respective regions of the five layers of materials obtained from the deposited alloy.
According to the Arrhenius relationship, there is a relationship among the macroscopic
parameters of hot plastic deformation, such as temperature, flow stress, and strain rate,
which can be expressed by the following creep equation [26–29]:

Z =
.
ε· exp

(
Q
RT

)
= f (σ) (3)

.
ε = f (σ) exp

(
− Q

RT

)
(4)

where Z refers to the Zener–Hollomon parameter, namely, the strain rate (s−1) corrected
by temperature;

Q refers to the apparent deformation activation energy (kJ/mol), which reflects the
difficulty in the material deformation to an extent (roughly equivalent to the diffusion
activation energy of the metal);
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R refers to the gas constant, 8.314 J/(mol·K);
and T refers to the absolute temperature (K).
In general, the constitutive equation of a material is a functional relationship between

the flow stress of the material and the amount of the strain, strain rate, deformation
temperature and other factors. During hot deformation, the peak stress (σp), the steady-
state stress (σs), and the flow stress (σ) at each moment all conform to the relationship
shown in Equation (4). An ideal constitutive relationship equation is a mathematical
relationship model that reflects the relationship among various thermodynamic parameters
of a material. There are three commonly used mathematical models as follows:

.
ε = A1σm exp

(
− Q

RT

)
(ασ < 0.8) (5)

.
ε = A2 exp(βσ) exp

(
− Q

RT

)
(ασ > 1.2) (6)

.
ε = A3[sinh(ασ)]n exp

(
− Q

RT

)
(for all σ) (7)

In the equation, A1, A2, A3, α, and β are all material constants; m and n are stress
exponents and applied to the equation α = β/m; Q is the deformation activation energy;
and R is the ideal gas constant with a value of 8.314 J·mol−1·K−1. Equation (5) is the power
exponential relationship suitable for low stress conditions, Equation (6) is the exponential
relationship suitable for high stress conditions, and Equation (7) is the hyperbolic sine func-
tion relationship suitable for a wide range of stress levels. We chose to use the hyperbolic
sine function relationship.

According to the peak stress at different temperatures and strain rates in each part in
Table 1, the relationship curves of ln

.
ε − lnσs and ln

.
ε − σs at the respective temperatures in

each layer of the deposited alloy are drawn in Figures 9–12 and 13a,b.
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Figure 13. The relationship between the peak stress, strain rate and deformation temperature
in the fifth layer of the deposited alloy: (a) ln

.
ε − lnσs, (b) ln

.
ε − lnσs, (c) ln

.
ε − ln[sinh(ασ)],

(d) ln[sinh(ασ)] − 1/T.

A linear regression was then performed on each part. It can be seen from the figure that
each line has a linear relationship and is approximately parallel to each other. According
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to the fitting result, the derivative of ln
.
ε about lnσs and σs can be obtained; that is, the

following relation is satisfied:
m =

(
∂ ln

.
ε/∂lnσs

)∣∣
T (8)

β =
(
∂ ln

.
ε/∂σs

)∣∣
T (9)

Therefore, the slope of each regression curve can be calculated, and then the average
value of each slope can be obtained; that is, the values of m and β. According to α = β/m,
the corresponding α can then be calculated.

From the relationship between the peak stress, strain rate and deformation temper-
ature of the five layers of materials, the linear fitting results are good, and the linear
correlation coefficients of each part are close to one.

According to the values of m and β obtained from the unary linear regression curves
of ln

.
ε − lnσs and ln

.
ε − σs, the respective α was obtained, and then the relationship curves

of ln
.
ε − ln[sinh(ασ)] at the respective temperatures in each layer of the deposited alloy are

drawn, as shown in Figures 9–13c. A linear regression was then performed on each part,
and the derivative of ln

.
ε about ln[sinh(ασ)] was obtained according to the fitting results,

that is, the following relation is satisfied:

n =
∂ ln

.
ε

∂ ln[sinh(ασs)]

∣∣∣∣
T

(10)

According to the average value of the slope of the regression curve of ln
.
ε and ln[sinh(ασ)]

corresponding to the temperature, n can be obtained. The values of ln[sinh(ασ)] and T of the
flow stress of the alloy under different conditions are analyzed, 1000/T and ln[sinh(ασ)] were
adopted as the coordinates to draw, and the linear regression was performed. The relationship
between 1000/T and ln[sinh(ασ)] is shown in Figures 9–13d, from which the slope of each
curve can be obtained, and the average value is s. From Equation (7), the expression of the
activation energy (Q) of the hyperbolic sine function relationship can be obtained:

Q = R·n·∂ ln[sinh(ασs)]

∂(1/T)

∣∣∣∣ .
ε

= Rns (11)

According to the above group of diagrams, the slope of the relationship curve between
the peak stress, strain rate and deformation temperature in each layer of the deposited
alloy can be calculated, and the average value can be used to obtain the values of m, β, n
and s. According to Equation (11), the activation energy (Q) corresponding to each part of
the deposited alloy can then be calculated, as shown in Table 4. The deformation activation
energy of the material can indirectly reflect its deformation ability. It is shown that the
refinement of grains increases the number of grain boundaries in the alloy, and facilitates
grain boundary sliding during the hot compression deformation of the alloy, which reduces
the area of stress concentration and reduces the stress of the alloy during hot compression.
For the same type of alloy, the activation energy is proportional to the grain size of the alloy.
Therefore, a small grain size can reduce the activation energy of the material, resulting in
an easier deformation of the alloy [30–32].

Table 4. Parameters and activation energy in each layer of the material.

m β/MPa−1 α/MPa−1 n s Q/KJ·mol−1

First layer 8.367 0.075 0.009 6.269 1.922 100.176
Second
layer 7.996 0.169 0.021 5.933 3.393 167.366

Third layer 9.450 0.169 0.018 6.947 3.213 185.574
Fourth
layer 8.815 0.139 0.016 5.656 4.440 208.786

Fifth layer 13.948 0.232 0.017 10.294 2.580 220.808



Metals 2021, 11, 1266 14 of 16

As can be seen from the Figures 9–13, for each layer of the deposited alloy, both
ln[sinh(ασ)] and T−1 reflect a relatively good linear relationship, indicating that the rela-
tionship between the flow stress, strain rate and deformation temperature conforms to the
Arrhenius relationship. Therefore, the hot deformation flow stress of the deposited alloy
can be described by Z. The parameters of each layer of material in Table 2 were applied to
Equation (3), and the corresponding values of Z were obtained after a calculation. The rela-
tionship curve of lnZ − ln[sinh(ασ)] was then drawn, and the linear fitting then performed,
as shown in Figure 14.

Figure 14 that the lnZ − ln[sinh(ασ)] relationship curve corresponding to each layer
of material conforms to the linear law well. The slope of each straight line is its stress index
n value, and its intercept is lnA. After fitting all the data, n and lnA of each part can be
obtained. The Z parameter has the following relationship with the flow stress σ:

Z = A[sinh(ασ)]n (12)

Take the logarithm of both sides of Equation (12) at the same time to obtain:
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The calculated values of Q, σ, n, and A for each layer of material are entered into
Equations (3) and (7) to obtain the flow stress constitutive equation of each layer of the
deposited alloy during the thermal compression deformation:

First layer :
.
ε = 2.85 × 106[sinh(ασ)]6.14 exp

(
− Q

RT

)
Second layer :

.
ε = 1.61 × 1011[sinh(ασ)]5.78 exp

(
− Q

RT

)
Third layer :

.
ε = 1.97 × 1012[sinh(ασ)]6.88 exp

(
− Q

RT

)
Fourth layer :

.
ε = 1.08 × 1013[sinh(ασ)]5.42 exp

(
− Q

RT

)
Fifth layer :

.
ε = 9.04 × 1013[sinh(ασ)]10.25 exp

(
− Q

RT

)
(14)

4. Conclusions

In this paper, the hot compression deformation behavior of different composition
layers of a co-spray-formed gradient deposited alloy was studied. According to the mi-
crostructure analysis and EDS results of the five layers from gradient deposited alloy, the
silicon content gradually increases from bottom to top, and the microstructures of the
gradient alloy at different heights show the characteristics corresponding to the silicon
content. It was found that with the decrease in the strain rate and the increase in temper-
ature, the hot compression flow stress of the deposited alloy gradually decreased. The
magnitude of the flow stress during the hot compression was mainly determined by work
hardening and flow softening. The relationship between the flow stress, temperature and
strain rate conformed to the Arrhenius relationship. The deformation activation energy of
the co-spray formed gradient alloy gradually increased from bottom to top in the height
direction, which were 100.15, 167.35, 185.54, 208.78 and 220.83 KJ/mol. The degree of
difficulty in the deformation of co-spray-formed gradient alloys increased with the increase
in the height of the alloy layer. This rule was consistent with the distribution trend of the
silicon content in the alloy, due to the influence of silicon content and morphology on the
thermal deformation behavior of the bimetallic gradient alloy. Finally, the flow stress con-
stitutive equation was calculated for each layer of alloy, which is of use to understanding
the deformation behavior of the co-spray-formed gradient alloy and the subsequent study
of the densification process.
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