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Abstract: The dynamic compression deformation of 3 um, 15 pum and 25 um grain size ZK60 alloys
under high-strain-rate compression is systematically studied. Dynamic compression experiments at a
strain rate of 1700 s~! were conducted using a split Hopkinson pressure bar, and the microstructure
of the specimen was characterized via electron backscatter diffraction and transmission electron
microscopy, as well as via the calculation of Schmid factors. The results showed that the alloy
exhibited the decrease in yield strength and peak stress as the grain size increased under dynamic
compression. The grain refinement in the alloy was conducive to the activation of basic slip. In
turn, an increase in the grain size caused the transition in the main deformation mechanism from
pyramidal <a> slip to {10—12} tensile twinning and pyramidal <a> slip. Based on these deformation
mechanisms, the Johnson-Cook constitutive equation with different grain sizes was modified, and
the fitting results were in accordance with the experimental data.

Keywords: deformation mechanism; Johnson-Cook

dynamic compression; grain size;

constitutive model

1. Introduction

With the introduction of the concept of lightweight, the research on the properties of
lightweight magnesium (Mg) alloys for green engineering materials in the 21st century
has become of great importance from academia to industrial production [1-4]. In order to
expand the application range of Mg alloys in the field of engineering, various attempts have
been made to improve the mechanical properties of alloys in term of strength and plasticity.
The influencing factors mainly include grain size [5], deformation temperature [6], external
force characteristics [7], initial orientation [8] and so on [9-13]. Among them, grain size
is the inherent characteristic of the material, which makes it different from other external
impact factors, thus attracting widespread attention of researchers [14,15].

In recent years, more and more works have been dedicated to exploring the effects
of grain size on the mechanical properties of Mg alloys. For instance, Kula et al. [16]
studied the deformation behavior of Mg-Sc alloys with varying grain size under uniaxial
compression. According to the results, the yield stress depends on the grain size and obeys
Hall-Petch relationship. Meanwhile, the activation of basal and non-basal slip is more
feasible in large grains. Liu et al. [17] investigated the compression deformation behavior
of Mg-47Zn-1Y alloys, revealing that the main deformation mechanism of specimens with 5
pum and 1.5 um grains were pyramidal <c+a> and pyramidal <a> slip modes. Zhu et al. [18]
found that the yield strength of Mg-3Al-35n alloy could be improved after grain refinement,
whereas the pyramidal <a> and pyramidal <c+a> slip modes were easier initiated in alloys
with coarser grains. Luo et al. [19] established that as the grain size of Mg-3Gd alloys
decreased, the yield strength changed from continuous flow to discontinuous flow, while
the main deformation mechanism was transformed from <a> slip and twinning to <a> and

Metals 2023, 13, 314. https:/ /doi.org/10.3390/met13020314

https://www.mdpi.com/journal /metals


https://doi.org/10.3390/met13020314
https://doi.org/10.3390/met13020314
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://doi.org/10.3390/met13020314
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met13020314?type=check_update&version=1

Metals 2023, 13, 314

20f16

Cushion Block —-

Sleeve

<c+a> slips. As of now, most of research on deformed Mg alloys with different grain sizes
focus on tensile or static compression [20-23]. However, less attention has been paid to the
effect of grain size on the evolution microstructure, mechanical properties and deformation
mechanism at high speed impact. Compared with tensile or static compression, Mg alloys
are likely to exhibit different deformation mechanisms and microstructure characteristic
under dynamic compression. The understanding of these scientific issues is essential to
expand the practical application range of Mg alloys.

The high-strain-rate compression has the characteristics of short time and large defor-
mation, resulting in very complex deformation behavior. In order to monitor the dynamic
response of the material under high-strain-rate compression, an effective constitutive model
is required to lay the foundation for subsequent numerical simulations. Among many
approaches, Johnson-Cook (J-C) constitutive model is the most commonly used in the
high-strain-rate compression [24,25].

In view of the above, the ZK60 alloys with different grain sizes were chosen in this
work for experiments. To elucidate the effects of grain size on the mechanical properties
and deformation mechanism of ZK60 alloys, their microstructures were characterized via
electron backscattering diffraction (EBSD) and transmission electron microscopy (TEM).
The constitutive relationship of ZK60 alloys was established through optimization of the
J-C constitutive model.

2. Experimental Material and Method

The commercial extruded ZK60 (Mg-6Zn-0.6Zr) alloy was used in the experiments.
Before the ES (extrusion shearing) process, the homogenized ZK60 cylindrical billets
(970 x 70 mm) and ES mold were preheated at 450 °C for 2 h. The ZK60 cylindrical billets
after extrusion shearing turned into bars with the diameter of 20 mm (the extrusion ratio
was 12.5). The ES mold and the sampling position of the ZK60 test specimen are shown in
Figure 1.
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Figure 1. Schematic of ES mold and sampling position of ZK60 test specimen.

The microstructure of ZK60 alloy after hot extrusion is shown in Figure 2a. The grains
of the ZK60 alloy after ES were small and uniform, and no twins were observed. The ZK60
alloy after ES was exposed to heat treatment at 400 °C for 12 h and 430 °C for 12 h, and
then cooled at room temperature to obtain two ZK60 alloy microstructures with different
grain sizes (see Figure 2b,c).
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Figure 2. Microstructures of ZK60 alloy with different grain sizes: (a) primary extrusion shearing;
(b) heating at 400 °C for 12 h; (c) heating at 430 °C for 12 h.

The high-strain-rate compression tests were performed using a split Hopkinson pres-
sure bar (SHPB), as shown in Figure 3. Once the compression strain rate enriched a value
of about 1700 s~!, the specimen was broken. A more detailed description of the test proce-
dures can be found in Ref. [26]. In order to ensure accuracy of the results, the compression
testing at a curtain strain was repeated three times.
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Figure 3. Schematic of the SHPB apparatus.

After compression, the specimens were cut along the loading direction, and their
longitudinal cross-sections were observed via optical microscopy (MR-2000). The etching
solution was composed of 4.2 g of picric acid, 10 mL of acetic acid, 10 mL of H,O, and
70 mL of ethanol. As shown in Figure 2a, a sheet with a 200 um thickness and a 3 mm
diameter was cut from the core of the overlapping region via electrical discharge wire-
cutting for subsequent EBSD measurements and TEM analysis. The EBSD specimens were
then prepared via ion milling using a Gatan691 bombardment thinning instrument for
50 min at an incident angle of 4° and a voltage of 5 KV. The EBSD measurements were
conducted by means of a SEM-300 microscope equipped with an EBSD detector system
(Oxford HKL Channel 5) at 20 kV. The step size of the EBSD mapping was set to 0.2 um. The
TEM samples were also prepared via ion milling at an incident angle of 6° and a voltage of
3.5 kV. Milling was performed until a pinhole appeared at the center of the specimen.

3. Results and Discussion
3.1. Initial Microstructure of ZK60 Alloys with Different Grain Sizes
Figure 4a-i depict the orientation maps, the pole figures and the grain size distribution

histograms of ZK60 alloys with different grain sizes at the initial state. According to
the histograms obtained via EBSD, the average grain sizes (AGS) of three ZK60 alloys
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were determined to be 3 um, 15 um and 25 um, respectively. In the orientation maps
(Figure 4a,d,g), different colors represent various grain orientations that become more
dispersed as the grain size increases. This is also confirmed by the pole figure (Figure 4b,e/h)
in which the texture strength is gradually weakened with increasing grain size. This is due
to preferred orientation of the 3 um grains as a result of extrusion shearing, which increases
the texture strength (the Max value is 8.51). The 15 pm and 25 pm specimens are through
heat treatment to unloading the stress caused by extrusion shearing, and high temperature
conditions promoted the deflection and growth of grains in the corresponding alloys, so as
to decrease the strength of the (0001) basal texture (the Max values for these systems are
6.42 and 5.19, respectively) [27].
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Figure 4. Initial microstructure of 3 pum specimen, 15 um specimen and 25 um specimen:
(a,d,g) EBSD maps; (b,e,h) pole figures; (c,f,i) grain size distribution histograms.

3.2. Mechanical Response of ZK60 Alloys with Different Grain Sizes

The specimens with different grain sizes were compressed at a strain rate of
1700 s, the 3 um specimen was compressed, while the 15 um specimen and 25 pum
specimen were fractured, and the corresponding true stress-strain curves are displayed in
Figure 5a. The curves under the high-speed impact state possessed the “S” shape, which
might be owing to the activation of numerous {10-12} tension twins during deforma-
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tion [28]. As the grain size decreased, the yield stress of the ZK60 alloy specimen increased
from 67 MPa to 172 MPa, the peak stress rose from 322 MPa to 441 MPa. According to the
stress-strain curves shown in the Figure 5a, the deformation rates (DR) of 3 um, 15 pm and
25 pum specimens were 10.3%, 9.7% and 8.6%, respectively. The variation of strain and stress
at different grain sizes under high-strain-rate compression directly affected the deformation
energy of the material, which corresponded to the energy required for crack expansion per
unit area in the material under impact. The deformation energy of the material in dynamic
compression can be derived from the following equations [29]:
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where ¢ represents the material strain; ¢ is the strain corresponding to the peak stress;
E is the elastic modulus; U, p, H, and A are the elastic strain energy density, deforma-
tion energy density, height, and deformation energy of the specimen under the peak
stress, respectively.
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Figure 5. (a) True stress-strain curves and (b) strain hardening curves of 3 um specimen, 15 um
specimen and 25 pm specimen during shear deformation at a strain rate of 1700 s~ 1.

The deformation energies of alloys with 3 um, 15 pym and 25 pm specimens were
8588.24 ], 8013.66 ], and 7965.63 ], respectively. It can be seen that the deformation energy
has decreased with increasing grain size, indicating that the latter exerts a considerable
effect on the high-strain-rate deformation behavior of the material.

The difference in the true stress-strain curves of the specimens was also reflected by the
strain hardening curves (Figure 5b). The overall trend of the plots in Figure 5b at any grain
size remained consistent, exhibiting a drastic decrease at first, then slowly increasing, and
finally decreasing again. The strain hardening curves are usually divided into three stages,
different deformation mechanisms cause different strain hardening characteristic [17].
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In stage I, the strain hardening curves declined to a large extent, which could be due to
the activation of basal slip [6]. In stage II, all three curves showed an upward trend, which
is a typical strain hardening behavior dominated by {10-12} tensile twinning [30]. It can
be seen from Figure 6 that there are the statistics of the grains whose c-axis is in a state of
favor to activation tension (70°~110°) in the three grain size specimens [17]. According to
statistical calculations, the volume fractions of grains conducive to the activation of {10-12}
tensile twins in the 3 um, 15 um and 25 pm specimens were 12%, 29% and 42%, respectively.
Therefore, the strain hardening rate of the 25 pm specimen was the highest in stage II. As
the deformation proceeded, the strain hardening rate curve reached a peak in stage II. This
is due to the high stress concentration at which the ability of twin boundaries to hinder the
dislocation motion is reduced, and the ZK60 alloy further deformation requires activation
non-basal slip [31-33]. In turn, the 3 pm specimen possessed a high grain boundary density,
which induced the non-basal slip, resulting in a longer strain in stage III of the curve.
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Figure 6. Distribution of grains conducive to the activation of tensile twinning in (a) 3 um specimen
(DR: 10.3%), (b) 15 pm specimen (DR: 9.7%) and (c) 25 pm specimen (DR: 8.6%); (d) volume fraction
statistics on these grains.

3.3. Microstructure Evolution of ZK60 Alloys with Different Grain Sizes

Figure 7a,d,g depicts the microstructures of 3 um, 15 um and 25 um specimens after
compressive loading at a strain rate of 1700 s~!. Compared to the data in Figure 4, it
can be seen that the microstructure and texture in Figure 7 have changed significantly
after high-strain-rate deformation. In particular, the coarse deformed grains coexisted
with recrystallized grain refinement under dynamic loading. As shown in Figure 7b,e/h,
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the textures of the three specimens exhibited preferred orientations under high-strain-
rate deformation. According to Figure 7c f,i, the misorientation angle distributions of the
specimens under high-strain-rate deformation. As the grain size increased, abundant DRX
grain boundaries with the orientation difference above 5° appeared [17]. Tang et al. [6]
showed that the change in orientation difference distribution could be mainly caused by
the nucleation and growth of DRX, indicating that the large grain size specimens were
more prone to DRX under the same condition of dynamic compression. In addition, the
local magnification of the misorientation angle distributions (Figure 7c,f,i) revealed the
low-intensity peaks at about 30°. These peaks were attributed to the 30°<0001> due to the

fact that the symmetry of the hexagonal structure could have limited the effective increase

in the grain misorientation angle during the DRX process [34,35]. In Figure 7i, there are

two obvious misorientation angle peaks at ~60° and ~90°. The higher peak at about 90°

indicated the tensile twin formation, while the lower one at 60° implied the interaction

between different twin variants of tensile twins [36].
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Figure 7. EBSD maps, pole figure, and misorientation angle distributions of specimens at the strain
rate of 1700 s~ with (a—c) 3 um specimen (DR: 10.3%), (d—f) 15 um specimen (DR: 9.7%), and
(g-i) 25 um specimen (DR: 8.6%).
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3.4. Distribution Grain Boundaries in ZK60 Alloys with Different Grain Sizes

As shown in Figure 8a—d, plenty of LAGBs were found in the specimens, whose
amount gradually increased with the decrease of grain size. It was earlier found that the
increase of LAGBs could be related to the dislocation slip, thereby indicating a significant
dislocation buildup in the 3 um specimen during loading [37].

- Low-angle grain boundaries (LAGBs)

-High—ungle grain boundaries (HAGBs)
gof 77%

63%

Frequency/%

3 15 25

Grain Size/pm

Figure 8. Grain boundary distribution in ZK60 alloys at the strain rate of 1700 s~! with
(a) 3 pm specimen (DR: 10.3%), (b) 15 pm specimen (DR: 9.7%) and (c) 25 pm specimen (DR: 8.6%);
(d) frequency statistics on grain boundaries.

3.5. Deformation Mechanism of ZK60 Alloys with Different Grain Sizes

In order to elucidate the deformation mechanism of ZK60 alloys with various grain
sizes under dynamic compression, the Figure 9 depicts the Schmid factor (SF) distributions
as well as the average SF values in different slip systems and tension twinning for 3 um,
15 pm and 25 pm specimens. From blue to red in the SF figures, which represents the
difficulty of slip system activation. As seen from Figure 9a—d,f-i k—n, the maximum average
SFs of the slip systems for the 3 um, 15 pum, 25 um specimens were 0.37, 0.44, and 0.39,
respectively, corresponding to the pyramidal <a> slip. In a word, this kind of slip was
the main deformation mechanism in the above specimens under dynamic compression.
Since the specimens were selected along the ED of the bars, the C-axes of the grains were
in a tensile favor to activate state, and the compression twining was not easy to activate
due to the high critical shear stress [38]. Therefore, the next step of the study consisted in
comparing the SFs of the tensile twinning of the three specimens. As shown in Figure 9e,j,0,
the SFs related to the tensile twinning of the 15 um and 25 pm specimens were higher than



Metals 2023, 13, 314

9of 16

those of the slip system, meaning that the tensile twinning exerted a greater influence on
their dynamic compression deformation behavior. Hence, as the grain size increased, the
deformation mechanism of the ZK60 alloy specimens changed from pyramidal <a> slip to
tensile twinning and pyramidal <a> slip.
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Figure 9. Distribution of Schmid factors in ZK60 alloys with different grain sizes: (a—e) 3 pum specimen
(DR: 10.3%); (f—j) 15 um specimen (DR: 9.7%); (k-0) 25 um specimen (DR: 8.6%).
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Li et al. [39] identified the types of slip systems activated in Mg alloy grains by slip
trace analysis. It was found that the deformation dominated by the basal slip accounted for
50% of the total material strain during the deformation process of Mg alloys. Therefore, the
differences between the basal plane slip hard orientation and soft orientation of ZK60 alloys
with different grain sizes were further compared. In this study, the SF of basal slip less than
0.1 is defined as hard orientation, i.e., the basal slip is considered not favoured to activate,
while the part with SF greater than 0.1 is soft orientation. The more SF distribution in the
soft orientation, the slip system is favour to activate [7]. As shown in Figure 10, as the grain
size decreased, the more SFs were distributed in the soft orientation and the proportion
with an overall gradual increase. This clearly indicated that the finer the grain size is, the
basal slip is more favored to activate.

50

Hard orientation Soft orientation

- B 3pm 2.85% 97.15%
I 1 Spm 11.22% 88.78% 41.81%
40 F -25!»““ 18.91% 81.09%
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Schmid Factor

Figure 10. SF distribution of soft orientation and hard orientation of basal slip in ZK60 alloys with
different grain sizes.

3.6. Dislocation Analysis of ZK60 Alloys with Different Grain Sizes

Kernel average misorientation (KAM) can reflect the degree of homogenization of
plastic deformation. The higher is the KAM value, the greater is the degree of plastic
deformation and the larger is the dislocation density [40]. Figure 11 displays the KAM maps
and KAM distribution histograms of ZK60 alloys with different grain sizes. After dynamic
compression, the KAM value of the 3 um specimen was 2.2. As the grain size increased,
the KAM values of 15 pum and 25 pm samples decreased to 1.8 and 1.5, respectively, which
was due to the formation of abundant twins, reducing stress concentration and dislocation
accumulations [41].
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Figure 11. The local misorientation distributions of ZK60 alloys at the strain rate of 1700 s~ with

different grain sizes: (a,b) 3 um specimen (DR: 10.3%); (c,d) 15 um specimen (DR: 9.7%); (e,f) 25 um
specimen (DR: 8.6%).

Figure 12 depicts the TEM images of 3 um, 15 um and 25 um specimens under dy-
namic compression. As shown in Figure 12a, there were almost no deformation twins
in the 3 um specimen, which was consistent with the above results revealing the disloca-
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tion entanglement and the formation of a new cellular microstructure called DRX in this
alloy [42]. Figure 12b,c show the DRX and subgrain boundaries in the 15 pm specimen.
The appearance of subgrain boundaries reduced the total energy of material deforma-
tion, resulting in scarce DRX grains. Moreover, deformation twins grew from the grain
boundaries to the interior of the grains and through the cut parent grains, leading to grain
refinement and the formation of microstructure large and fine grains in 15 um specimens
after dynamic compression deformation. Figure 12d show abundant deformation twins
in the 25 pm specimen, which divide grains in parallel and intersecting ways to refine the
grains. As the deformation progressed, one could observe the emergence and accumulation
of dislocations around the twins, which were mainly determined as <a> type.

Figure 12. TEM images of ZK60 alloys with different grain sizes at the strain rate of
1700 s~1: (a) dislocation entanglement and DRX in the 3 um specimen; (b) DRX and subgrain
boundaries in the 15 pm specimen; (c) twins in cut parent grains in the 15 um specimen; (d) deforma-
tion twins in the 25 pm specimen.

3.7. Constitutive Relation of Dynamic Compression
A standard form of the ]J-C constitutive model is described by the equation below [7]:

o= (A+ ) [1+ (/8] [1- (=2 ) ] ©

where the three terms represent strain, strain rate, and temperature, respectively. The yield
stress (A), strain hardening coefficient (B), strain rate sensitivity coefficient (C) and strain
hardening index (n) are the major parameters to be solved. The rest parameters, namely o},
€p, ¢, &, Tm and Ty, represent the equivalent stress, equivalent plastic strain, plastic strain
rate, reference strain rate, melting temperature and reference temperature, respectively [17].

Prior to the application, the J-C constitutive model needs to be modified according
to the actual situation. When the dynamic deformation behavior of the material at the
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reference temperature, the temperature part of the J-C constitutive model is approximately
neglected, as shown in the following equation [42]:

op = (A+Beg) [1+c1n(2/2r)] @)

Since the elastic deformation phase of the material is not considered in Equation (7), so

the strain hardening part of Equation (7) should be corrected to a multiple times functional
form [7]. Therefore, the modified J-C constitutive model can be written as follows:

0p = (A+Bie, +Bick +Biey ) [1+Cln(&/2) | (8)

where A, B1, B2, B3 and C are the parameters to be solved, which are attributed to the yield
stress, strain hardening coefficient, and strain rate sensitivity coefficient, respectively.

When ¢ = ;,r, Equation (8) takes the form of
0p = A+ By, + Bogp, + Bae) ©9)
Ate #* Er, Equation (8) can be rewritten as:
oy = (A + By, + Bl + 1335130) [1 n cm(z /Er)] (10)
It follows from Equation (10) that
C= (A+Blsp+132s§ +Bgsl3o) - 1/1n(£/2r) (11)
The modified J-C constitutive model parameters are shown in Table 1.

Table 1. Calculation values of the modified J-C constitutive model.

Parameter Names

Grain Size A/MPa By/MPa B,/MPa Bs/MPa C
3 um 218.89 —149.42 4844706  —267,83258  7.34 x 10-°
15 um 206.06 ~1730.11 6463408  —313,013.63  9.89 x 10-6
25 um 187.05 —1969.49 7319844  —38741625 121 x 10-6

The experimental and fitted stress-strain curves for the 3 um, 15 um and 25 um ZK60
alloys at a strain rate of 1700 s~! are shown in Figure 13a—c. The coefficient of determination
R? was used to evaluate the fitting degree, as shown in the following Equation (12) [43]:

C(: - vi)?
AR o "

i

where ¥, y;, V; are the fitted value, the measured value, and the average, respectively.

The larger is the value of R?, the higher is the fitting degree of the model. The
correlation between the fitted and experimental results is illustrated in Figure 13d—f. Almost
all data points are distributed within the error range of —10%~10%. The coefficient of
determination R? of the 3 um, 15 um and 25 pm specimens were 0.9998, 0.9987 and
0.9983, respectively. Therefore, the results indicated the high accuracy and reliability of the
modified J-C constitutive model for prediction and analysis of the problems concerning the
dynamic compression of ZK60 alloys with different grain sizes.
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Figure 13. True stress-strain curves and fitted curves at a strain rate of 1700 s71, and the fitting degree
relative to the actual value for (a,d) 3 pm specimen; (b,e) 15 um specimen and (c,f) 25 um specimen.

4. Conclusions

The mechanical response, microstructure evolution and deformation mechanism of
ZK60 alloys with different grain sizes under dynamic compression were studied. Based on
the findings, the main conclusions can be drawn as follows.

(1) The ZK60 alloy exhibited the decrease in yield strength and peak stress as the grain
size increased under dynamic compression.

(2) According to the Schmid factor analysis, the grain refinement in ZK60 alloys was
conducive to the activation of basic slip under dynamic compression, so that the main
deformation mechanism of alloys transformed from pyramidal <a> slip to {10-12}
tensile twinning and pyramidal <a> slip.

(8) The fitting results obtained using the modified ]-C constitutive equation were consis-
tent with experimental data, thereby proving the validity of the model proposed for
accurate prediction of the deformation of ZK60 alloys with different grain sizes under
dynamic compression.
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