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Abstract: A constitutive model considering the size effect was established to investigate the behavior of CoCrNi medium entropy

alloy ultrathin strip in different deformation stages during the uniaxial quasi-static tensile test. Results show that when the #/d value is

lower than 10.62, the CoCrNi alloy ultrathin strip shows an obvious size-dependent property in the elastic deformation stage. With the

decrease in #/d value, the volume fraction of the surface layer grains is increased, leading to the linear decrease in flow stress. In the

plastic deformation stage, the material stiffness is correlated with the #/d value. Specifically, as the #/d value increases, the work-

hardening capacity of the material is enhanced. When the #/d value increases to 10, the work-hardening capacity reaches a maximum

state; when the #/d value is beyond 10, the work-hardening capacity weakens.
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1 Introduction

The mechanical properties, such as strength and flexibility,
of some thin metal strips show different change laws
compared with those of the conventional materials during the
deformation process, which is attributed to the size effect" .
For instance, Wang et al” examined the deformation behavior
of pure tantalum strips with various thicknesses and reported
that the tensile strength and yield strength of tantalum strip
were increased and the elongation was decreased with the
decrease in thickness from 200 um to 30 pum. This feature
reveals that the smaller the thickness, the higher the strength.
Sahu et al™ investigated the mechanical properties and
microstructure evolution of SS304 strips and found that both
the strength and ductility tend to be inversely related to the
size effect, i. e., the thinner the strip, the weaker the
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mechanical properties. Yuan et al” explored the influence of
different thicknesses on the mechanical properties of ultrathin
aluminum strips by combining experimental results and
numerical simulations. It was found that the tensile strength
gradually decreased when the sample thickness reduced from
276 pm to 21 um, and the failure mechanism of the sample
changed from brittle to ductile failure. The thickness
possesses a substantial influence on the mechanical properties
Additionally,
researches have revealed that the ratio of sample thickness to
grain size (#/d) can be taken as a crucial size parameter. Gau
et al™ found that the strength change law was closely related
to t/d through the tensile and three-point bending tests of

of ultrathin aluminum  strips. numerous

industrial-pure aluminum strips. However, the traditional
theory cannot be applied to ultrathin materials, such as
industrial-pure titanium strips'®""", low carbon steel strips"?,
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industrial-pure copper strips™*', and CuZn36 strips’. In
addition, such as
ultrathin strip rolling, the grain size, sample thickness, and

during the micro-forming processes,

texture evolution also exert an influence on dislocation
motion, thereby leading to a unique size effect on the strength
and ductility of ultrathin materials™* "\

Recently, CoCrNi medium entropy alloy (MEA) has attracted
much attention due to its excellent comprehensive properties,
including superconducting and soft magnetic properties, ther-

1718 corrosion resistance, oxidation resistance,

mal stability
resistance to radiation and hydrogen embrittlement, welding
formability, and other physical and chemical properties! .
Particularly, CoCrNi MEA has excellent tensile plasticity, which

(31 Therefore,

results from its face-centered cubic structure
MEA is expected to be employed in cold-forming processing
and manufacturing for precision instruments and other fields.
In this research, considering the size effect in the
preparation of CoCrNi MEA ultrathin strips, the deformation
behavior of CoCrNi MEA with different thicknesses after
recrystallization was examined, and a modified constitutive
model was established to explain the size effect on the

mechanical behavior of ultrathin CoCrNi MEA strips.

2 Experiment

In this research, Co, Cr, and Ni materials (purity>99.9%)
with equal atomic ratios were employed as raw materials to
form CoCrNi MEA, and the MEA ingot was melted at least 5
times in a vacuum magnetic levitation melting furnace for
homogenous composition. To ensure the chemical uniformity
of the alloy, the whole process was conducted under argon
atmosphere protection, and the homogenization temperature
was 1100 ° C. After homogenization for 5 h, the ingot was
water quenched. Finally, ultrathin CoCrNi MEA strips with

different thicknesses were obtained by a twin-roll
synchronous rolling mill.
Subsequently, recrystallization was performed on the

CoCrNi strip. The annealing temperature was 1050 °C and the
annealing time was 30 min. After annealing, the strips were
cooled in furnace. Then, the obtained ultrathin strips were
subjected to quasi-static tensile tests at room temperature with
a strain rate of 2x10™ s™'. The tensile test samples were cut by
the electric discharge machining with the support of the sheet
plate. Tensile tests were performed on an INSTRON 5969

dimensions were 60.0 mm (length) x25.0 mm (width) x6 mm
(thickness). All tests were repeated at least three times. An
optical microscope (JEOL-JSM-IT500) and an electron
emission gun scanning electron microscope (SEM) equipped
with an electron backscatter diffractometer (EBSD) were
employed for detection. Accelerator voltage, sample inclina-
tion angle, and working distance were set as 50 kV, 70°, and
15 mm, respectively. EBSD data analysis was performed
using HKL Channel 5 software.

3 Results

Fig. 1a shows the true stress-true strain curves of CoCrNi
MEA strips with different thicknesses, where various #/d
values can be obtained since the strips were subjected to
annealing treatment at 1050 ° C for 30 min. The detailed
tensile test results are listed in Table 1, where the yield
strength (YS), ultimate tensile strength (UTS), and elongation
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Table 1 Experiment results of tensile tests

No. Thickness/pm Grain diameter/pm td YS, o/MPa UTS, o, /MPa Elongation, &/%
1 100 14.81 6.75 222.14 958.06 38.36
2 115 15.21 7.56 244.63 1065.65 42.42
3 130 14.71 8.84 300.19 1406.70 51.91
4 144 13.56 10.62 302.33 1469.13 56.76
5 160 12.85 12.45 286.32 1338.43 53.40
6 210 16.39 12.81 278.51 1359.19 57.90
7 230 14.11 16.30 279.18 1420.98 60.39
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Fig.2 IPFs of CoCrNi MEA strips of thickness of 100 pm (a), 115 um (b), 130 pm (c), 144 pm (d), 160 um (e), 210 pm (f), and 230 pum (g)

are indexed as o, g,, and &, respectively. Fig.2 illustrates the
inverse pole figures (IPFs) of CoCrNi MEA strips of different
thicknesses. TD, RD, and ND represent the transverse
direction, rolling direction, and normal direction, respectively.
The average grain diameter can be obtained according to
Fig.2. It is worth mentioning that the average grain size has no
obvious dependency on the sample thickness. YS and UTS
substantially rise with the increase in thickness, whereas the
average grain size does not show any significant changes.
With the decrease in thickness, the #/d value is gradually
reduced, and YS and UTS are firstly increased and then
decreased. As the t/d value reduces from 10.62 to 6.75, YS
and UTS exhibit a reducing trend. However, when the #/d
value exceeds 10, both the YS and UTS exhibit an obvious
growth trend with the decrease in grain size™".

Fig. 1b shows the work-hardening rate curves of CoCrNi
MEA strips of different thicknesses, which exhibit a typical
three-stage work-hardening behavior (sharp drop, slight
decrease, and continuous decline). The first stage is related to
the elastic-to-plastic transition during tensile deformation. In
the second stage, which is the relatively stable deformation
process, the average value of work-hardening rate of the
approximately horizontal curve corresponds to the slope of the
elastic deformation stage in Fig. la. Therefore, as the strip
thickness decreases, the transitions rapidly change to the third
stage, namely the continuous reduction stage. The work-
hardening rate reaches the maximum value when the thickness
is 130 pm. In the third stage, deformation instability occurs
and eventually leads to premature fracture.

Fig. 3a shows the relationships between strength and #/d
value of CoCrNi MEA strips. It can be seen that when the #/d
value is lower than 10, both the YS and UTS curves present a
linear relationship with #/d. As the sample tends to be
miniaturized, the flow stress variation is significantly affected
by the size effect. This phenomenon can be explained by the

25]

surface layer model®, which divides the sample micro-

structure into inner grains and outer grains of the free surface.

During the deformation process, the inner grains of the sample
pile up at the grain boundaries through dislocation movement,
leading to an increase in YS and UTS. However, grains on the
free surface are relatively less constrained. When the
dislocation moves to the free surface, it is easier to slip from
the crystal surface, so the flow stress of the sample reduces'”.
Fig.3b illustrates the relationships between UTS and thick-
ness of CoCrNi MEA, Q195 steel, industrial-pure copper T2,
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and industrial-pure aluminum™. It can be seen that similar
size effects occur in the abovementioned materials: UTS is
increased and then decreased with the decrease in thickness.
More importantly, the CoCrNi MEA strip exhibits much
higher strength and a stronger size effect than conventional
metallic materials, especially when its thickness is 100-250 pm.

4 Discussion

The true stress-true strain curves can be divided into two
stages. One is the elastic deformation stage, and the other is
the plastic deformation stage, as shown in Fig. la. In each
deformation stage, the true stress-true strain curve can be sim-
plified as a linear curve. In this research, the double-line curve
is introduced to describe the true stress-true strain curve®”.

4.1 YS predictive model based on Hall-Petch relationship
and surface layer effect

The true stress-true strain curve is divided into the elastic
deformation stage and the plastic deformation stage, as
denoted by the dotted line in Fig. la. It is mentioned that
CoCrNi MEA strips have a more pronounced size effect than
traditional alloys. Generally, the generalized size includes the
sample thickness. The effect of the grain size on the plastic
deformation is mainly caused by grain sliding, rotation, and
distortion. The effect of grain size on flow stress is expressed
by the Hall-Petch formula, as follows:

o,= o, + Kd "’ (1)
where ¢, denotes the stress when the grain size is infinite (i.e.,
the yield stress of a crystal), K reflects the grain boundary
effect on the deformation, and d represents the grain size.
However, in this research, as the thickness of the CoCrNi
MEA strip decreases, the flow stress gradually decreases. It
can be seen from Fig.3a that there is an apparent relationship
between YS and #/d. This is mainly ascribed to the fact that the
surface layer grains are more easily deformed than the inner
grains. Therefore, the effect of the apparent size (length and
thickness) on Y'S should also be considered. The flow stress-
strain equation can be expressed by Eq.(2), as follows:

o=f(Ltd) 2
where /, ¢, and d represent the length, thickness, and grain size
of the sample, respectively. In this research, the length can be
rationally ignored due to the ultrathin thickness. As a result,
the size-dependent flow stress-strain model can be further
simplified as Eq.(3), as follows:

o=/(td) 3)

As demonstrated in Fig.3b, the grains located on the free
surface are more confined than those inside the material.
Therefore, the surface grains usually do not have a significant
effect on the mechanical properties of materials. But when the
volume fraction of grains (o) in the surface layer increases by
decreasing the number of grains along the thickness direction,
the flow stress decreases. In this research, only linear
relationships are introduced to describe the size effect on flow
stress before the yield point. In the elastic deformation stage,
the elastic modulus can be considered as a constant, and the
plastic behavior of the material is commonly not affected by

the sample thickness. One way to quantify the effect of grain
size and thickness on YS is to assume that their contributions
have a power-law form™, as expressed by Eq.(4):

o,=0y+ Kd™"+ h(tld)™" “)
where 4 is a coefficient; m and n are material-related
constants. This formula consists of two main terms: one is the
size-independent term, namely the intrinsic YS (o,) and the
other is the size-dependent term, Kd " + h(t/d )™". In this case,
the following assumptions are made: the first term is
essentially based on the grain boundary (d), and the second
term is related to surface grains (¢#/d). In Eq.(4), o,+Kd ™" is
similar to the classic Hall-Petch formula with m=0.5"""", The
classical theory for the exponential form in Eq.(4) is mainly
based on the activation of dislocation sources due to the
dislocation accumulation or work-hardening caused by the
overflow of dislocations at the grain boundaries”". Therefore,
a modified Hall-Petch model can be constructed based on the
relationship between Y'S and #/d, as follows:

o,=0,+Kd* +h(t/d)" ®))

Yu et al”? investigated the YS of copper films on Kapton
rubber and found that YS depends largely on the film thick-
ness and can be suitably fitted by o,=116+355:"*". Venka-
traman et al®™ examined the effects of grain size and layer
thickness on the mechanical properties of Al layers pre-pared
by electrolytic thinning on Si substrates. Although the Hall-
Petch analysis was used for the grain size effect (i.e., m=0.5),
it was found that n=1 was more appropriate for the thickness
effect, and m=1 was more reasonable for the grain size effect.
In this research, 6,+Kd "’ can be rationally taken as a con-
stant. In the case of n=-1, two straight lines can be obtained
according to Fig.3a, and the fitting formulas are as follows:
={93.141 +18.766t/d 6.75<t/d<10.62 ©)

304.818 -0.996t/d 10.62<t/d<16.3

Table 1 and Table 2 show YS and K parameter under
different #/d values, respectively. Therefore, the unknown
values of specific parameters from Eq.(5) are obtained; ¢, =

y

)
1 > 6,=26751 MPa, K, =%zjj} K,=-63.53, and K, =

n=1
1< _
7 D K= 74354,

Therefore, the fitting formulas can be further modified, as
follows:
B 267.51-63.53d *°+18.766 (#/d )  6.75<t/d<10.62

771 267.514743.54d05-0.996 (1/d )  10.62<t/d<16.3

For the case of 6.75<t/d<10.62, the t/d value determines
YS. For the case of 10.62<t/d<16.3, the K value becomes

Table 2 K parameter under different #/d values

No. 1 2 3 4-1 4-2 5 6 7
t/d 1630 12.81 1245 10.62 10.62 884 756 6.75
K -63.33 -68.26 -60.44 —62.08 717.38 747.09 759.83 749.85

Note: at point 4, the curve has two fitting results, resulting in two #/d
values which are denoted as 4-1 and 4-2; at other points, the curves only

have one result
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positive, indicating that the size effect gradually weakens.
Both K and 4 can be applied to calculate the coefficients in the
Hall-Petch relationship. For the case of #/d <10.62, the size
dependency is obvious. Fig.4a illustrates the volume fractions
of surface and internal grains under different #/d values. The
volume fraction of grains in the surface layer is increased with
the decrease in #/d value. As the free surface constraint is
small, the flow stress weakens. This is essentially ascribed to
the fact that dislocation tangles occur near the triple junctions
of grain boundaries, and some dislocations are heteroge-
neously distributed within the grains on the surface™.

Based on the Hall-Petch relationship and surface layer
model, the relationship between YS and #/d value of CoCrNi
MEA strips can be rationally estimated. Furthermore, since
the surface layer grains are located on the free surface, the
constraints relatively small. Therefore, when the
dislocation moves towards the surface layer grains, it can be
removed more easily from the crystal surface, so the flow
stress reduces. The size effect on the elongation is shown in
Fig. 4b. The schematic diagrams inside Fig. 4b show the
surface layer change during tensile test. The elongation is
reduced with the decrease in #/d value. This fact reveals that

are

1.0

although the grain size changes slightly, the elongation is
decreased with the reduction in thickness.
4.2 Uniform constitutive model

Fig. 1a shows the relationship between true stress and true
strain, and the true stress-true strain curve at this stage can
also be simplified as a line, as follows:

c=0,t+E"(¢-0,/E) &e>0,/E ®

E"=1(d,t)
where o, represents the YS, £ denotes the size-independent
elastic modulus™”, E" signifies the plastic stiffness, and 7(d, ?)
is a plastic stiffness function.

The plastic stiffness values of metal plates with different #/d
are shown in Table 3. Fig.5 illustrates the relationship between
plastic stiffness and #/d value, which denotes the work-
hardening capability of the strip material. The plastic stiffness
corresponds to the slope of the plastic deformation stage in
Fig. 1a. Initially, the plastic stiffness rises with the increase in
t/d value, but it eventually decreases. The plastic stiffness
reaches its maximum when the #/d value is approximately 10.

Hence, the form of the plastic stiffness function I is
proposed, as follows:

80
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Table 3 Plastic stiffness under different #/d values (MPa)
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Fig.5 Relationship between plastic stiffness and #/d value

stic stiffness function related to thickness. The parameters p,
q, u, and v are 1929.06, 223.90, 10.08, and 1.49, respectively.
Based on the above analysis, a uniform constitutive model
considering the effect of grain size and thickness of strip metal
can be proposed, as follows:
Ee e<o,/E

o= (1d-10.08)

4.4402 (870'},/E)

(10)
e>o0,/E

0,+1929.06+223.90¢

where E=871.11 GPa; g, is shown in Eq. (7); ¢ is sheet
thickness and also an internal parameter that describes the
behavior of the material in relation to the thickness. The
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Fig.6 Comparison of experimental and predicted results of CoCrNi
MEA ultrathin strips with #/d=9.6

plastic stiffness is increased firstly and then decreased with
the increase in #/d value, and it reaches a peak value when #/d
value is approximately 10.

Fig.6 presents a comparison between experimental data and
predicted results of CoCrNi MEA ultrathin strips when the #/d
value is 9.6. It can be seen that the prediction has high
accuracy.

5 Conclusions

1) The CoCrNi MEA ultrathin strips have a more
pronounced size effect during the uniaxial tensile test. The
reduction in the strength is mainly attributed to the surface
layer effect. The t/d value is the main reference variable.

2) The uniform constitutive model equations of the elastic
deformation and plastic deformation stages are constructed.
The relationship between YS and #/d can be efficiently
simulated using the modified formula. In the case of 6.75<#/d<
10.62, the size effect should be appropriately considered; YS
and UTS are reduced with the decrease in #/d value. When the
t/d value is greater than 10.62, the size effect causes the
decline of YS and UTS.

3) During the plastic deformation stage, the plastic stiffness
of the material is correlated with the #/d value. Initially, as the
t/d value increases, the work-hardening capability is
enhanced. The work-hardening capacity reaches the maximum
state when the #/d value is approximately 10. When the #/d
value exceeds 10, the work-hardening capacity weakens.
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