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Abstract: An internal state variable (ISV) model was established according to the experimental results of hot plane
strain compression (PSC) to predict the microstructure evolution during hot spinning of ZK61 alloy. The effects of the
internal variables were considered in this ISV model, and the parameters were optimized by genetic algorithm. After
validation, the ISV model was used to simulate the evolution of grain size (GS) and dynamic recrystallization (DRX)
fraction during hot spinning via Abaqus and its subroutine Vumat. By comparing the simulated results with the
experimental results, the application of the ISV model was proven to be reliable. Meanwhile, the strength of the
thin-walled spun ZK61 tube increased from 303 to 334 MPa due to grain refinement by DRX and texture strengthening.
Besides, some ultrafine grains (0.5 um) that played an important role in mechanical properties were formed due to the
proliferation, movement, and entanglement of dislocations during the spinning process.
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1 Introduction

Magnesium alloys are considered to be the
most potential lightweight alloys in the field of
aerospace because of their high specific strength
and increasing demand for energy conservation [1].
However, the poor formability of magnesium alloys
restricts their application, because only a few
independent slip systems can be activated for
the hexagonal close-packed (HCP) structure of
magnesium at room temperature [2,3]. To overcome
the poor formability, the methods of magnesium
alloys processing are usually conducted at a
temperature above 300 °C to activate more non-
basal slip systems [4]. Moreover, dynamic
recrystallization (DRX) usually occurs during the
thermal plastic processing of magnesium alloys,

which is beneficial to grain refinement and micro-
structure reconstruction [5]. Unfortunately, CHENG
et al [6] pointed out that the softening mechanism
was sensitive to the thermal processing parameters,
indicating that the microstructure evolution could
be optimized by controlling the deformation
parameters.

At present, the constitutive modeling is
significant to investigate the deformation
characteristics of materials during the thermal
processing [7,8]. Numerous studies have been
conducted to reveal the flow behavior of the
materials using the Johnson—Cook model [9]
and the Arrhenius model [10]. However, these
phenomenological models always take temperature,
strain, and strain rate as variables, which makes it
hard to reveal the physical insight of the material.
In contrast, physically-based models that involve
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internal state variables (ISV) can be applied to
revealing the evolution of the grain size (GS) and
DRX fraction as well as dislocation density.
Moreover, the ISV model can accurately describe
the microstructure and has been conducted to
predict the microstructure evolution on a finite
element (FE) platform. HUO et al [11] applied the
ISV model to cross wedge rolling of 25CrMo4 steel
and well predicted the GS and recrystallization
fraction. ALABORT et al [12] established the
physically-based ISV model to study the evolution
of GS, void fraction, and dislocation density of
Ti64 alloy during superplastic forming. The results
showed that the FE results well matched the test
results, which confirmed the accuracy of the ISV
model.

Since the microstructure of magnesium alloys
is hard to control during thermal plastic working,
applying a physically-based ISV model to FE is a
useful method of simulating the microstructure
evolution to optimize the deformation conditions.
XU et al [13] imported the ISV model into FE
analysis of hot extrusion of the Mg—Gd—-Y—Zr
alloy and successfully predicted the GS and DRX
distribution, which provided guidance for the
thermal processing of magnesium alloys. In the
study of SU et al [14], the unified ISV model was
verified and embedded in FE software to simulate
the ECAE (equal channel angular extrusion) of
AZ80 alloy. The experimental results proved that
the ISV model could provide a reliable prediction
for the thermal plastic processing of AZ80 alloy.
JIN et al [15] and CAO et al [16] demonstrated that
cracks easily occurred during hot spinning due to
the difficulty in controlling the microstructure of
magnesium alloys. To enhance the plastic forming
capability of magnesium alloys, it is significant to
predict the microstructure evolution of hot spinning

Upper die

via the ISV model.

In the present study, an ISV model was
established based on the results of the ZK61 alloy
during hot plane strain compression (PSC), and its
reliability was verified by comparing the flow
stress, GS, and DRX fractions. Next, ISV model
was used to simulate the microstructure evolution
of the hot spinning process, and its reliability was
verified. Finally, the formation mechanism of the
ultrafine grains was present, and the strengthening
mechanisms of the spun alloys were revealed. This
study may provide an efficacious solution for
the thermal processing of magnesium alloys in
predicting the microstructure evolution.

2 Experimental

2.1 PSC tests

The initial material was Mg—6.03wt.%Zn—
0.55wt.%Zr alloy (ZK61) extruded tube, which was
extruded at 450 °C with an extrusion speed of
0.3 mm/s. The hot PSC experiments were carried
out by a Gleeble—3500 machine with temperatures
ranging from 300 to 500 °C and strain rates ranging
from 0.01 to 10s!. To investigate the micro-
structure evolution and deformation mechanism as
a function of strain, some hot PSC samples were
tested with true strains of 0.26, 0.59, and 1.06,
respectively. The PSC samples were cut from the
center of the extruded ZK61 tube (RD: radial
direction, ED: extrusion direction, TD: transverse
direction) with a dimension of 10 mm (RD) x
15 mm (ED) % 20 mm (TD). Figure 1 shows the
schematic diagram and dimension of the hot PSC
sample. The testing plane was the ED—TD plane
and the compression direction (CD) was RD. After
the tests were completed, the samples were cooled
with water to maintain the hot PSCed microstructure.
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Fig. 1 Schematic diagram and dimension of hot PSC sample
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2.2 Hot spinning experiment

Figure 2(a) shows the hot spinning process of
ZK61 extruded tube conducted on the SXY—800
spinning machine, which was made in Bosai CNC
Machine Tools Co., China. The mandrel rotation
speed and the roller feed rate were 200 r/min and
75 mm/min, respectively. Figure 2(b) shows the
original extruded tube and spun tube. The extruded
tube was 165 mm in outer diameter and 10 mm in
thickness. Before the spinning experiment, the
extruded tube was heated to 350 °C in the furnace
and then kept at this temperature for 30 min to
ensure a uniform temperature throughout the
tube. Moreover, the mandrel and the rollers were
pre-heated to 200 °C using the spray gun to prevent
temperature drop of the tube. The spinning process
was divided into six passes and the thickness
reduction of each pass was presented in Table 1.
After the hot spinning experiment, a spun tube with
1.4 mm in thickness was successfully obtained.

2.3 Microstructure characterization

The microstructure of the ZK61 alloy was
characterized by an optical microscope (OM), a
scanning electron microscope (SEM, Zeiss)
equipped with electron backscattered diffraction
(EBSD), and a transmission electron microscope
(TEM). The OM specimens were corroded in a
solution of 0.8 g CsH3N3;0O7 +4 mL CH;COOH +
4 mL H,O + 10 mL C;HsOH for 6—8s. For the
EBSD test, the specimens were mechanically
polished with sandpaper and then electrolytically
polished in an ethanol and phosphoric acid (5:3)
solution with a current of 0.5 A for 2 min. The
EBSD test was conducted at a voltage of 20 kV. The
TEM samples were prepared on a Gatan 691 ion
beam thinner and then detected with a voltage of
200 kV.

3 Model establishment and validation

3.1 Establishment of ISV model
Based on Hooke’s law, YASMEEN et al [17]
expressed the true stress—strain relation as

o=E (8T—8P) ( 1 )

where E is the elastic modulus, er and ep are total
strain and plastic strain, respectively, and o is the
flow stress.

The hyperbolic-sine type flow equation can be
introduced to characterize the relationship between
flow stress and microstructure characteristics under
various deformation conditions in LIN’s study [18]:

g-p—(ﬁj”(—a—%—f’j" 2)
d K
where K is material constants, ép is the strain rate,
oo is the yield stress, d and dj are the GS and initial
GS, u represents the GS parameter, and n represents
the index of stress parameter.

The hardening variable H of the material
during plastic deformation is related to the

dislocation density p. The hardening stress in
Eq. (2) can be expressed as [19]

H=B,50'5 (3)

where B is a temperature-dependent parameter of
the material, and p is normalized dislocation
density. It can be simplified as p =1—po/p [20]
where po and p are the initial and deformed
dislocation density. The value of p is in the range
of 0—1.

LIN and DEAN [21] suggested that the
dislocation density (p) was regarded as an internal
parameter of the material and it could be quantified

as
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Fig. 2 Hot spinning experiment: (a) Hot spinning process; (b) Tubular workpiece; (c) Dimension of samples (Unit: mm)
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Table 1 Thickness reduction of ZK61 tube under
different passes

Pass Wall Total thickness
No. thickness/mm reduction/%
0 10 0
1 7.5 25
2 6.3 37
3 4.9 51
4 33 67
5 2.5 75
6 1.4 86
- LS. — .5 - —5 _ S
p=Aé e, |-kpe) €, |-k,p™ —kgpm

Q)]
where A, ki, k», k3, 01 and 0, are temperature-
dependent parameters of the material. The first item
reveals the dislocation storage induced by plastic
strain. The second and third items are the reduced
dislocation density caused by dynamic recovery and
static recovery. The final item is to explain the
reduction in dislocation density due to dynamic
recrystallization (DRX), and the S represents the
fraction of DRXed grains.

During the plastic deformation of materials,
the material will undergo a DRX process when the
temperature exceeds recrystallization temperature.
The occurrence of DRX will consume a large
amount of the generated dislocations during the
plastic deformation. In the work of JI et al [22], the
rate of DRX (§) is defined as

$=q,[xp-p.(1-9]|1-5)"=%/d (5)

i=A,(1-x)p ©)

where x is put forward to represent in cubation
fraction. Ao, g1, ¢» and ¢; are temperature-
dependent parameters of the material.

In the work of CHO et al [23], the sub-grains
grow through aggregation and annexation of the
surrounding smaller sub-grains driven by the
thermal effect during plastic deformation, and the
plastic deformation-induced grain growth rate (d,)
can be expressed as

d=ad™ (7)

o in Eq. (7) is given by ai=My oy, Where My,
and ow.r represent the mobility and energy density
of the grain boundary, respectively. The static grain
growth rate is considered to be an atomic diffusion

process influenced by temperature, which is related
to the mobility and energy density of the grain
boundary. SANDSTROM and LAGNEBORG [24]
proposed that the static grain growth rate (d,) was
characterized by

dy=a,é,d 7" (8)

where o>, 71 and y, are temperature-dependent
parameters of the material.

In the study of LIN and LIU [25], the DRX
behavior of the material during plastic deformation
at high temperatures will promote the size change,
and the resulting GS change rate (d,) is simplified
as

dy=-aS"d" (9)

where a3, y; and ys are temperature-dependent
parameters of the material.

After comprehensive consideration of the
effects of static grain growth, plastic deformation-
induced grain growth, and dynamic recrystallization
behavior on GS, the relative GS change rate of the
material (d ) can be expressed as

d=ad ™ +a,é,d " —a,S"d" (10)

During plastic deformation, distortion energy
and thermal energy occur within the material. Most
of the energy is converted into heat, leading to an
increase in the temperature of the material, which in
turn affects the dislocation density, recrystallization
ratio, grain size, etc., and reduces the plastic
deformation resistance of the material. The effect of
plastic deformation on the material temperature can
be expressed as

n &p
AT = ode 11
R ()

where 7, Cy and d, are heat dissipation fraction
(0.9), specific heat capacity and density of the
material, respectively.

Therefore, the constitutive equations are as
follows:

. (d()}”(o—ao —Hjn
gp: — —

d K
H=Bp®"

S=q,[xp-p.(A-)]1-8)"é"/d

s —.5 _ _ S
p:A5§'|5p|_k1P5§'|€p|_k2p§2_kspﬁ
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5= A (1-x)p
d=0,d 7" +0,é,d 7> —a,Sd

The corresponding parameters of the material
in the constitutive equations took the form of
Arrhenius equations and were calculated using the
genetic algorithm optimization method, as shown in
Fig. 3, Tables 2 and 3.

3.2 Validation of ISV model

Figure 4 presents the comparison between the
true stress—strain curves and the calculated results
using the ISV model of the ZK61 alloy during hot
PSC at strain rates of 10, 1, 0.1 and 0.01 s™'. It was
found that most of the calculated results of the ISV
model were consistent with experimental results,
while part of the flow stress deviated slightly from

True strain—stress d:O, p=0, S=0
curves Optimize y and n

the fitting curve at 300 °C which might be
attributed to the dynamic balance between the
work hardening and the thermal softening at low
temperatures. These results revealed the fact that
the ISV model could predict the work hardening
and thermal softening trends of the ZK61 alloy.

To verify the microstructure evolution during
the PSC, Fig.5 exhibits the inverse pole figure
(IPF) maps of the extruded (Fig. 5(a)) and hot PSC
specimens deformed at 450 °C and 1s' with the
true strains of 0.26, 0.59, and 1.06, respectively
(Figs. 5(b—d)). The extruded ZK61 alloy consisted
of equiaxed grains and some un-extruded grains
with a mean diameter (dm) of 31.62 um. At a
low strain of 0.26 as shown in Fig. 5(b), the
microstructure consisted of DRX grains and
initial large grains whose dn was 24.2 um. As the

Steady-state behavior, and

Satisfactory fitting ? A
Yy £ stable microstructure

.

Grain size—strain .
curves in Optimize oy, ay, 7;, and y, Hardening is caused by
deformation of d=o,d a8, d grain growth
ZK61 alloy
Optimize 03, 3, Y4, ki»
ky, ks, q1, 2, and g3
Dynamic d=—a;Snds -
. p p Softening is caused by
. S A0 o =k Hedla |— Satisfact fitting?
recrystallization: PAE] |k pélé,| atistactory iting dynamic recrystallization
grain s1ze . S
o ke i
. ' zé 3P (1-5) o
5=q,[xp—pL1-9)I(1-8)%:& %/d Other mechanism
operating
Fig. 3 Genetic algorithm optimization method of ISV parameters
Table 2 Temperature-dependent parameters of material
Equation Equation Equation

00=00,0eXp[Qoo/(RT)]
E=Eoexp[Qr/(RT)]
K=Koexp[O«/(RT)]
n=noexp[Ow/(RT)]
#=toexp[ O/ (RT)]
di=d\0exp[Qa1/(RT)]
dr=d,0exp[-0n/(RT)]
B=Boexp[Q5/(RT)]
q1=q1,0exp[Og1/(RT)]

42=q2.0exp[-0qp/(RT)]
45=43.0exp[Qy3/(RT)]
A=Aoexp[Q4/(RT)]
0=00exp[-Qs/(RT)]
01=01,0exp[~0s1/(RT)]
92=02,0exp[ Qs/ (RT)]
ki=k10exp[ O /(RT)]
ka=kz,0exp[ O/ (RT)]
ks=ks,0exp[-QOis/(RT)]

a1=01,0eXp[—Qa1/(RT)]
02=02,0eXp[~Q0u/ (RT)]
03=03,0exp[ Qus/(RT)]
11=Y10exp[-On/(RT)]
72=)20exp[ O/ (RT)]
73=73.0exp[ Oy3/(RT)]
74=Y4.0exp[ O/ (RT)]
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Table 3 Determined constants in unified constitution equations
Material constant Value Material constant Value Material constant Value
E¢/MPa 2.553x10% qu/(J'mol'l) 6.6758%10° k30 2.02342x1074
QE/(J'molfl) 6.12925x104 q2,0 1.62005 ka/(J'molfl) 3.7871x10*
00,0 9.834x107° qu/(J'mol'l) 3.5198%10? aio 2.71x1072
Qoo/(J'molfl) 6.682x10* q3,0 8.8261x107! Qm/(J'mol*l) 3.56125x10*
Ky 1.32834 Qq3/(J'm0171) 2.001x10? 02,0 3.091x1072
QK/(J'molfl) 1.8243x10* Ao 1.601x1072 Qaz/(J'molfl) 5.00182x103
no 1.83321 04/(J-mol™) 3.8603x10* a3 1.641x107!
Qn/(J'molfl) 3.14762x103 do 2.12126 Qas/(J'molfl) 8.83044x10°
Mo 4.12792 Os/(J-mol™") 1.403x104 P10 9.801x107!
Q,/(J'molfl) 6.399x10° 01,0 3.13641 Qy1/(J'm0171) 7.0281x10?
Boyo 0.51237 Qm/(J'mol*l) 1.134x10* 72,0 2.0688
QBo/(J'molfl) 2.5692x10* 02,0 2.34017 Qyz/(J'molfl) 5.34039x10!
dio 1.12403 Osn/(J-mol™) 1.661x103 73,0 1.00213
le/(J'molfl) 7.0012x102 kio 5.69003 st/(J'molfl) 6.7784x10!
dayo 2.50112 Ow/(J-mol™) 8.0202x10° V4,0 1.1801x107!
de/(J'molfl) 3.2365%103 k20 2.31376 Oy 8.27034x10!
q1,0 8.4393x107! ka/(J'molfl) 4.1128x10*
- 180
(a) —300 °C (Calculated) = 300 °C (Experimental) (b) ——300°C (Calculated) ® 300 °C (Experimental)
100 - ——350 °C (Calculated) ® 350 °C (Experimental) ——350°C (Calculated) * 350 °C (Experimental)
——400 °C (Calculated) 4 400 °C (Experimental) 150 - ——400 °C (Calculated) 4 400 °C (Experimental)
——450 °C (Calculated) v 450 °C (Experimental) ——450 °C (Calculated) v 450 °C (Experimental)
80 L ——500 °C (Calculated) ¢ 500 °C (Experimental) ———500 °C (Calculated) ¢ 500 °C (Experimental)
%‘f . . § 120
z 60 . V=_0.9522 E
g g
@ * e . r=09656| @
2 40 /—\\'\\ g ~0.9536
g _— 09749 & — :
’ © T =.9881 . , + r0.9671
20 vy v v v " x . . r=0.9838
E— 209802 © r=0.9774
0 02 04 06 08 1.0 12 0 02 04 06 08 1.0 12
True strain True strain
() ——300 °C (Calculated) = 300 °C (Experimental) 240 Fr_(d) — 300°C(Caleulated) = 300 °C (Experimental)
200 ——350 °C (Calculated) ¢ 350 °C (Experimental)| — 350 °C (Calculated) * 350 °C (Exper¥mental)
———400°C (Calculated) 4 400 °C (Experimental) —— 400 °C (Calculated) & 400 °C (Experimental)
—— 450 °C (Calculated) v 450 °C (Experimental) 200 — 450 °C (Calculated) v 450 °C (Exper%mental)
o 160 H = +—— 500 °C (Calculated) ¢ 500 °C (Experimental) «; 500 °C (Calculated) « 500 °C (Experimental)
a - o
= = 160
(] 80 (]
£ & 80
40 40

1
0.6
True strain

0 02 04 0.8 0.6

True strain

Fig. 4 Comparison between prediction results of ISV and true stress—strain curves during high temperature plane strain
compression: (a) 0.01 s7!;(b) 0.1 s7';(c) 1s7';(d) 10s™!
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Fig. 5 IPF maps of extruded (a) and hot PSC specimens deformed at 450 °C and 1 s™! with true strains of 0.26 (b),
0.59 (c) and 1.06 (d)

deformation proceeded, the microstructure showed 12 (@)  — 105 Caleulated) + 105" (Experimental)
a “necklace” structure that consisted of fine DRX 15" (Calculated) * 15" (Experimental)

. . 1.0 ——— 0.1 s (Calculated) + 0.1 s™' (Experimental)
grains, and the grain refinement effect was —— 001 57! (Calculated) 001 5™ (Experimental)

more pronounced. The comparison between the

s
=
S o8t
calculated GS results and the experimental GS =
results at 450 °C during the PSC is presented in & 0.6
Fig. 6. The calculated results showed that the GS é
decreased rapidly and then tended to be stable. The S 04r
experimental GS matched well with the calculated
results, where the correlation coefficient (r) was 0.2 . . . . .
0.9968. 0 0.2 0.4 0.6 0.8 1.0 1.2
To better verify the DRX fraction during the True strain
hot PSC, the grain orientation spread (GOS) value 0.9 ®)
distributions under different strains were calculated, 08k
as shown in Fig. 7. The GOS value was used to
evaluate the average misorientations of the %O 0.7¢ — Fitting line
surrounding pixel points, and grains with a GOS é 0.6 r=0.99146
value lower than 2 were considered DRXed grains g o5l
(marked in blue). It was shown that the DRX § '
fraction increased from 38.7% to 51.5% as the =04t
strain increased from 0.26 to 1.06, indicating that 03l
the severe plastic deformation promoted the DRX
process due to more lattice distortion energy and 02503 04 05 06 07 08 09
sufficient DRX time. With the proceeding of Calculated d/d,,

hot PSC, more extruded coarse grains (in red) Fig. 6 Plots of calculated GS results (a) and fitting
experienced plastic deformation, and occurred during results (b) at 450 °C
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the DRX process, resulting in a large decrease in
the lattice distortion energy. The comparison
between the calculated DRX fractions and the
experimental DRX fractions under various
deformation conditions is presented in Fig. 8. The
experimental results matched the calculated ones
with a relatively low deviation, indicating that the
ISV model could be used to predict microstructure
evolution.

4 Results and discussion

4.1 Microstructure  prediction
spinning using ISV model
4.1.1 FE simulation of hot spinning

In the process of power spinning the tube
workpiece, compression deformation occurred in

during hot

the radial direction (RD) and tensile deformation
occurred in the axial direction (AD), while the flow
of material in the TD was hindered. Based on the
ISV constitutive model during hot PSC, this study
simulated the hot spinning of the ZK61 alloy via
the FE software Abaqus and its subroutine Vumat,
which coupled the fields of heat, stress, and
microstructure to reflect the microstructure
evolution during hot spinning. The FE model
of the ZK61 alloy is presented in Fig. 9. The
element mesh of the deformable workpiece was
set to be C3D8R [26]. The friction coefficient
between dies and workpiece was set at 0.15 using
the Coulomb friction model [27,28]. The spinning
process was divided into three passes, and the
thickness reduction was 10, 7, 5 and 4 mm at
350 °C. The spinning rotational speed of the mandrel

& dy/pm
0.26 2421 38.7%1 14.6% 20.5% 26.2%
0.59 12.18 49.2%'11.2% 12.0%27.6%
1.06  7.61 51.5%:21.1% 17.4%10.0%
Min  Max CD

- ]5° 180°
ED

Fig. 7 GOS distributions of hot PSC specimens deformed at 450 °C and 1 s™! with true strains of 0.26 (a), 0.59 (b) and

1.06 (c)
=)
1 0 ——300 °C (Calculated) ¢ 300 °C (Experimental) 1 O L ——0.01 s™" (Calculated) 9 08
——350 °C (Calculated) ¢ 350 °C (Experimental) . ——0.1 5" (Calculated) 6
0.8F 400 °C (Calculated) +400 °C (Experimental) 157" (Calculated) s 0.7+
o VY ——450 °C (Calculated) +450 °C (Experimental) =08} —— 105" (Calculated) fiet :
o —— 500 °C (Calculated) + 500 °C (Experimental) oV Ftt l
8 0.6k e 8 +0.01 5™ (Experimental) é 0.6+ nung line
20 T 806 tor Evemen r=0.987645
faet L= ¢ 10s™ (Egperimenlal) E 0.5+ '
5 04 504 =
(=]
202} 802} g 04r
Y 1s7 (a) 0 450 °C (b) g 0.3F (c)
1 L L L L L L 1 L L L L L 1
=
0 02 04 06 08 1.0 1.2 0 02 04 06 08 1012 g 02 03 04 05 06 0.7

True strain True strain Calculated DRX fraction

Fig. 8 Comparison between calculated DRX fraction and experimental DRX fraction at 1 s! (a) and 450 °C (b), and
fitting result (c)
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Fig. 9 FE model of ZK61 alloy during hot spinning

was set at 200 r/min, and the feed rate of the rollers
along AD was 75 mm/min.

Relative grain size

Pass 0

+5.011e-01
+4.300e-01
+3.709¢-01
+2.932¢-01
+2.173e-01
+1.014¢-01
+2.355¢-02

Pass 1

+4.711e-01
+3.920e-01
+3.409¢-01
+2.832¢-01
+2.069¢-01
+1.114¢-01
+3.841¢-02

Pass 2

-4.181e-01

(g) +3.834¢-01
+3.287¢-01
+2.801e-01
+2.215¢-01
+1.777¢-01

Pass 3
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4.1.2 ISV distribution of hot spinning

Figure 10 shows the simulated ISV distribution
of the relative GS and the DRX fraction after
different passes of hot spinning. At the beginning
of spinning (Pass 0), the rollers were embedded
in the workpiece, and the deformation was mainly
concentrated in the contact area between the rollers
and the workpiece. From Figs. 10(a, b), the grains
in the contact area were partially refined due to the
DRX process, while the DRX did not occur in the
un-deformed area. As shown in Figs. 10(c, d), when
the first pass of spinning was completed, the GS of
the outer layer material was about 46% that of the
initial grain, and the DRX fraction was as high as

DRX fraction

+8.362¢-02
+1.067¢-02

+8.927e-01

+9.152¢-02
+1.743e-02

+9.207e-01

+9.481e-01

Fig. 10 Simulated distributions of relative GS (a, c, e, g) and DRX fraction (b, d, f, h) during hot spinning
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89%. However, the DRX fraction of the inner layer
was at a lower degree of DRX due to the smaller
amount of plastic deformation. As shown in
Figs. 10(e, f), after two passes of spinning, the
grains were further refined, but at a reduced rate
due to the constant heating of the spray gun, while
the DRX fraction was nearly stabilized. When the
third pass of spinning was completed, the GS
distribution on the outer surface of the tube was
uniform, and the maximum DRX fraction reached
94%, indicating that the DRX process was nearly
complete.

4.2 Microstructure characteristics during hot

spinning

Figure 11 shows the microstructure of the
ZK61 alloy after different hot spinning passes.
From Figs. 11(a,b), the coarse grains in the
extruded tube were greatly refined with some
aggregate colonies of fine grains after 1 pass of
spinning. With increasing the hot spinning passes,
as shown in Figs. 11(c—g), the aggregate colonies
of fine grains gradually combined and formed
strip-like structures. After 6 passes of spinning,
the microstructure was composed of stripe-like
ultrafine grains aggregation and equiaxed DRXed
grains, which was consistent with the report of XIA
et al [29].

To validate the reliability of the ISV model in
predicting the GS during the hot spinning process,

Fig. 11 Microstructures of ZK61 alloy after different hot spinning passes: (a) Original microstructure (reduction 0%);

(b) 1 pass (reduction 25%); (c) 2 passes (reduction 37%); (d) 3 passes (reduction 51%); (e) 4 passes (reduction 67%);
() 5 passes (reduction 75%); (g) 6 passes (reduction 86%); (h) GS validation result

the simulated distribution of GS using the ISV
model and the experimental results are presented in
Fig. 11(h). The experimental GS was calculated by
Nano Measurer software, and the simulated results
were calculated by Abaqus software. As shown
in Fig. 11(h), the GS was rapidly refined from
32.4 to 15.1 um after 1 pass of spinning and then
gradually refined as the spinning pass increased.
The comparison between the simulated and
experimental results indicated the reliability of the
ISV model in predicting the GS evolution during
the hot spinning process.

Figure 12 presents the GOS distributions after
1 pass and 6 passes of hot spinning. The GOS value
lower than 2 (in blue) was considered to be DRXed
grains. From Fig. 12(a), the DRX fraction could
reach 87.3% after 1 pass of spinning. With the
strain accumulation during hot spinning, the DRX
fraction gradually increased. After 6 passes of
spinning, the DRX fraction was 95.3%, indicating
that the DRX process was nearly complete.
Compared with hot PSC, the DRX fractions of hot
spinning were much higher owing to the larger
plastic deformation of the material at the same
thickness reduction during the spinning process.
Under the driving force of the rollers, the outer
surface material of the ZK61 tube continuously
took part in plastic deformation under the compression
of the surrounding material and the rollers, resulting in
anearly complete DRX process during hot spinning.

— Experimental
+ Simulated

0 20 40 60 80
Total reduction/%
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DRX fraction: 95.3%

Fig. 12 GOS distributions of ZK61 alloy after different passes of spinning: (a) 1; (b) 2; (c) 3; (d) 4; (e) 5; (f) 6

Figure 13  depicts the simulated and
experimental DRX fractions under different
total thickness reductions of spinning. The DRX
fractions were all at a high level during the hot
spinning process. Moreover, the simulated values
based on the ISV model matched well with the
experimental values with little deviation, indicating
that the ISV model was reliable in predicting the
DRX process during hot spinning.

In the process of hot spinning, the grains
rotated due to the activation of slip systems, and the
basal texture was susceptible to forming. Figure 14
shows the texture evolution during hot spinning.
The as-extruded ZK61 alloys presented a fiber
(0002) texture where the c-axes of the grains were
perpendicular to AD and were randomly distributed
in RD (Fig. 14(a)). After 1 pass of spinning, the
(0002) basal still presented a fiber state, but the
c-axes of the grains were slightly deflected in AD
with an angle of ~10° (Fig. 14(b)). Moreover, the
maximum intensity increased from 5.81 to 10.24.
With the spinning pass increased, the (0002) fiber
texture was replaced by plane texture with the
maximum intensity increasing to 15.44 (Fig. 14(c)).
After 6 passes of spinning, the basal texture
became more concentrated and the
maximum intensity increased to 19.72, indicating
that the spinning process greatly modified the grain
orientation and most of the grains shared the same
orientation (Fig. 14(d)). Compared with the (0002)
texture, there was no significant change in the

texture
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Fig. 13 Experimental and simulated DRX fraction during

hot spinning

(1120) and (1010) textures except for a certain
angular deflection, and (1120) and (1010)
textures were randomly distributed along AD.

Figure 15 shows the forces during the
spinning process. Spinning workpieces within the
forming area were subjected to different stresses in
three main directions: the compressive stress in the
radial direction (FRr), the shear stress in the axial
direction (Fa) and the circumferential stress in the
tangential direction (F7). The tilt of the grains was
related to the combined force of Fr and Fa that
caused the shear deformation in the AD. As
reported, the shear strain could promote the rotation
of the grains to form a tilted texture component in
Mg alloy [30,31]. After spinning, the grains
exhibited the preferred orientation and their
schematic diagram is shown in Fig. 15.
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Fig. 14 Texture evolution during hot spinning:
(a) Extruded texture; (b) After 1 pass; (c) After 3 passes;
(d) After 6 passes
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Fig. 15 Diagram of forces and grain orientation of ZK61
tube during spinning

4.3 Formation mechanism of ultrafine grains

Figure 16 shows the SEM images of the
spun ZK61 alloy. In addition to a large number of
equiaxed DRXed grains, some of the deformed
grains were replaced by ultrafine grain aggregation.
Figure 16(b) presents the magnified microstructure
of the grain aggregation and the aggregate colonies
consisting of ultrafine grains with a dn of 0.5 um
which were generated by the uneven plastic
deformation during hot spinning.

Figure 17 shows the TEM images of the spun
ZK61 alloy after hot spinning. During the spinning

Fig. 16 SEM images of spun ZK61 alloy: (a) In low
magnification; (b) In high magnification

process, the outer surface material was subjected to
plastic deformation by the action of the spinning
pressure, which was manifested on a microscopic
scale by proliferation, movement and entanglement
of dislocations, as shown in Fig. 17(a). As a result,
the dislocation wall was formed, which refined
the original grains into a cellular shape. To reduce
the stored energy, dislocations were entangled in
each other to form dislocation interfaces by
climbing. However, the dislocation climbing was
hindered at the grain boundaries, which restricted
the dislocation movement to nearby grains.
The dislocation interfaces were divided into
geometrically necessary boundaries (GNDs) and
incidental dislocation boundaries (IDBs). The
GNDs were relatively straight and had some
macroscopic orientation. With the increase of the
spinning passes, thin lamellar boundaries that
were parallel to the AD could be observed in the
microstructure, as can be seen in Fig. 11. The
fragmentation of the coarse grains into ultrafine
subgrains was necessary for the coordination of
deformation and the boundaries of the subgrains
were GNDs (Fig. 17(d)). The IDBs were mainly the
walls of the dislocation cells, which were caused by
the interaction of dislocations during the hot
spinning.
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Fig. 17 TEM images of spun alloy (a—d) and formation schematic diagram of ultrafine grains (e)

From Fig. 17(b), the dislocation density within
the dislocation cells was low, indicating that the
formation of cellar structures was the result of the
low energy dislocations. Moreover, the dislocations
were randomly distributed in the cell wall and the
slips within the cell were similar for all dislocated
cellular structures, so the orientation differences
between cellular structures were small. As the strain
accumulated, the dislocation density in the cell wall
increased to such an extent that the dislocation slips
of each cell within the coarse grains were no longer
the same and they became new cells. Therefore, the
cell wall changed from IDBs to GNBs, which
greatly refined the coarse grains.

Figure 17(e) shows the formation diagram of
the ultrafine grains within the coarse deformed
grains. At the beginning of spinning, the differences

in the activation of deformation slips in various
regions of the grain led to grain fragmentation. The
fragmentation of the regions was separated by
dislocation walls. As the hot spinning proceeded,
the dislocation density inside the dislocation wall
increased further and dislocation cells were formed.
The cellar structure continued to proliferate, and the
cell walls transformed into grain boundaries as the
spinning passes increased. Finally, the coarse grains
were replaced by ultrafine grains.
4.4 Mechanical properties and strengthening
mechanisms

Figure 18(a) shows the mechanical property of
the extruded and spun ZK61 tube tested along
the AD with a strain rate of 1.0x107%s™! at room
temperature. The extruded ZK61 tube exhibited
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excellent strength with the yield stress and the
ultimate strength of 226 and 303 MPa, respectively,
and the elongation was 12.7%. After hot spinning,
the yield stress increased to 243 MPa and the
ultimate strength was improved to 334 MPa.
Moreover, the elongation increased significantly up
to 21.1%. Figure 18(b) exhibits the strain-hardening
behavior of the ZK61 alloy. The hardening curves
before and after hot spinning showed a similar
feature. The strain hardening rate of the spun alloy
was higher than that of the extruded alloy, and the
decrease in the hardening rate after yielding was
mainly attributed to slip-dominated softening [32].
WANG and CHOO [33] reported that the
improvement in yield strength and plasticity was
attributed to grain refinement according to the
Hall-Petch relationship. After spinning, the GS
reduction reached 71% and grain refinement could
promote plastic deformation by coordinating more
grains to participate in deformation. Moreover, the
length of the dislocation slip was shortened and the
dislocation pile-up at the grain boundary was
released owing to grain refinement.

It was accepted that the modification of texture
was important to the mechanical properties of Mg
alloys. In this study, the texture of the spun ZK61
alloy with a strong preferential orientation was
another important factor in strengthening the spun
alloy. The improvement in yield strength could be
achieved in Mg alloys with a strong basal texture by
affecting the critical resolved shear stress (CRSS)
ratios among slips and twinning. In the study of
LOU et al [34], the textural hardening in yield
strength was 10—45 MPa. Compared with the
extruded ZK61 alloy, the random distribution of
grain orientation in RD was greatly eliminated.

(a)

Extruded
Spun
Extruded Spun
100 | Yield stress (226+3) MPa (243+4) MPa
( Ultimate stress  (303+1) MPa (334+3) MPa
50 — Elongation (12.7£1)% (21.1£0.8)%
0 4 8§ 12 16 20 24
Strain/%

Fig. 18 Mechanical property of ZK61 tube: (a) Room temperature

(b) Strain hardening curves

(do/de)/MPa
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Noteworthy, the tilt of the basal texture was related
to the opening of the slip systems.

Figure 19 shows the grain orientation
distribution of extruded and spun ZK61 alloy using
crystal direction maps. The activation of different
deformation mechanisms was dependent on the
CRSS and Schmid factors. In Refs. [35,36], the
main deformation mechanisms within the grains
were tension twinning (6=0°-23°, @ is the angle
between the tension direction and c-axis), basal slip
(6=23°-77°) and prismatic slip (=77°-90°) when
the CRSS ratio among basal slip, tension twinning
and prismatic slip was 1:1:2 at room temperature.
It was indicated that the activation fractions
of different deformation mechanisms could be
calculated based on the relationship between grain
orientation and tension direction. The tension
directions of the extruded and spun alloys were ED
and AD (ED//AD). From Fig. 19(a), in the extruded
fiber texture, the main deformation mechanism was
prismatic slip (62.3%, in red) and basal slip was the
second (37.3%, in green). Although the CRSS of
prismatic slip was higher than that of basal slip, the
Schmid factor of prismatic slip was much higher in
the fiber texture, resulting in a higher activation
fraction of prismatic slip. Since the c-axes of the
grains were perpendicular to the tension direction,
the tension twinning (in blue) was hard to activate
when stretching along the ED. After spinning
(Fig. 19(b)), the grain orientation slightly tilted to
AD with an angle of 10°, which further restricted
the activation of the basal slip. The fractions of
basal slip declined to 29.4% and that of the
prismatic slip increased to 69.8%. The texture
alteration from extruded fiber texture to spun
tilted plane texture further suppressed the basal slip.

10000
(b)
8000
Extruded

6000 | Spun

4000

2000

0 25 50 75 100 125 150
(0—0,,)/MPa

stress—strain curve before and after hot spinning;
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Total fraction

Min Max Extruded Spun
0° 23° 0.4% 0.8%
23° 77° 37.3% 29.4%
77° 90° 62.3% 69.8%

Fig. 19 Orientation distribution of ZK61 alloy after extrusion (a) and spinning (b) using crystal direction maps

Noted that the tension twinning was still hard to
activate. Since the CRSS of prismatic slip was
nearly twice as much as that of basal slip and
tension twinning at room temperature, the
activation of more prismatic slips needed higher
external stress to coordinate plastic deformation,
resulting in a higher stress. This was the reason why
the texture modification of the spun ZK61 alloy
exhibited higher yield stress.

5 Conclusions

(1) The unified ISV model was established
including microstructural state variables during hot
PSC. And the validation results showed that the ISV
model could well predict the flow stress and the
microstructure evolution.

(2) The ISV model was used in the hot
spinning of ZK61 alloy via the FE software Abaqus
and its subroutine Vumat. The simulated GS
distribution and DRX fraction matched well with
the experimental results under different hot
spinning passes.

(3) After six passes of hot spinning, a tube
with 1.4mm in thickness was successfully
fabricated. The yield strength improved from 226 to
243 MPa and the ultimate tensile strength increased
from 303 to 334 MPa. Moreover, the fracture
elongation significantly increased from 12.7% to

21.1%.

(4) The extruded (0002) fiber texture was
replaced by (0002) plane texture after spinning
which was slightly deflected in AD with an angle
of ~10°. Moreover, the texture maximum intensity
increased to 19.72.

(5) The formation of the ultrafine grains was
attributed to the proliferation, movement and
entanglement of dislocations during hot spinning.
As the spinning proceeded, the dislocation density
inside the dislocation wall increased and dislocation
cells were formed, which further transformed into
ultrafine grains.
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