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Fig. 1 Schematic diagram of mesh schemes applied in CFD

mode
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Table 1 Thermal properties of AZ31 magnesium alloy

p/ cyl k/ w

T/K -3 -1 -1 -1 -1

(kgm”) (Jkg ‘K) (Wm -K) (Pa-s)
293 1813 1050 92 4939
373 1821 1130 101 5410
473 1831 1170 105 5946
573 1841 1210 109 6609
673 1851 1260 113 7399
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Fig.4 Locations for hardness tests of FSAM sample
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Fig. 5 Predicted results of temperature distribution(a) and
materials flow field(b)
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Fig. 6 Measured and predicted results of 3 layer-plates: (a) Micro-hardness measurement; (b) Predicted strain rates; (c) Predicted

grain size; (d) Predicted micro-hardness
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Fig. 7 Micro prediction results of 2 layer-plates: (a) Predicted grain size; (b) Predicted micro-hardness

HEER SRR, A KA S e AR L
BE el RO IR, DRI, BEAREEE R, Ak
IR FE i 2 R PRt . R FSAM i F2, BEAR

JEHS 1 mm KB, ARSI R FRDRE
A A AR AL R R A B 8 B (B L
ARG 10 mm).



2020 4= 8 H

1852 o EA 4R AR
15 - - 7
60 mm/min * — Strain rate
g 14} e — Grain size 171
) ® — Hardness
N 13}
@ 170
5 169 o
'_'.‘ 11 e X (e %
‘v SR SOCE _68_g
§ ok N 560000000 é
<
s 9r 167
g
»n 8t 166
65

1200 1400 1600
Rotated speed/(r-min")
B8 SPHINARZR. R SR D AT R AR

Fig. 8 Average strain rates, grain sizes and micro-hardness in

1000

different cases

4 ZEig

1) SEEG WL £ 55 07 B0 25 SR U — 2, B0HIE
T 1% CFD R R AT A | iy SSOREADM A e PR 4 1 A o i 1
Mo BUEBATHR S R, BERR R IR,
BRAFIR T, MOERRBIE RO, NARZIE A,

2) WL THEIE R X3 AZ31 B A SRR R T
& Zener-Hollomon Z: 3 n] LTI 3G 4 [X 458 7545 it it bt
JFe PSS SRR, A X AT R 30 A5 T 45
ARSI S, AR A, DR A R
JST /N T JE B ) s 3864 DX ik 0 ot A st 52 i 1 J Al
—JEHR FSAM BFEE B (E I 45 R B, #6380 1000
r/min. f2iE 60 mm/min T.HF,  Fi 30 A8 R ) E
79.50HV, Ja B UL A E 71.68HV, H T MK
10.91%-.

3) &4 45R3E 60 mm/min, #43E 1000 r/min LA T,
AR B SIS B A5 AL, Bt FSAM $ii b X B4t fn 2
U B ) RO T A Ko % A S AR
MRS RS RRHEME, RRKIREN
10.33%-

4) BESEMARARE H G, BEA IXP 38 ok RT
/N, S 1000 r/min. FEE 60 mm/min T, —F
PR FSAM R AF X 128 dibo b RS I 45 8 11.11
pum, =JEIR FSAM $EHF X 155 doin RO Tl 45 5
8.37 um; AR EEIG I, TN £ R B A X
ST P ARG K

5) PR I > A5 SRR, Bl P Sk T )
Ko BEM XA R RN AR A | bl R SE #1852 020 T 15 K
s, MR R B R R .

(1]

(2]

(3]

(4]

[5]

(6]

(7]

(8]

[9]

[10] SRIVASTAVA M, RATHEE 8,

REFERENCES

CHANG J K, HE ] K, MAO M, ZHOU W X, LEI Q, LI X,
LI D C, CHUA C K, ZHAO X. Advanced material strategies
for next-generation additive manufacturing[J]. Materials,
2018, 11(1): 166—185.

YANG Y, SONG X, LI X J, CHEN Z Y, ZHOU C, ZHOU Q
F, CHEN Y. Recent progress in biomimetic additive
manufacturing technology: from materials to functional
structures[J]. Advanced  Materials, 2018, 30(36):
1706539—-1706573.

QIN L L, CHEN C J, ZHANG M,YAN K, CHENG G P,
JING H M, WANG X N. The microstructure and mechanical
properties of  deposited-IN625 by laser additive
manufacturing[J]. Rapid Prototyping Journal, 2017, 23(6):
1119-1129.

LEARY M, PIOLA R, SHIMETA J,TOPPI S. Additive
manufacture of anti-biofouling inserts for marine
applications[J]. Rapid Prototyping Journal, 2016, 22(2):
416—434.

DEAN D, MOTT E, LUO X Y, BUSSO M, WANG M O,
VORWALD C, SIBLANI A, FISHER J P. Multiple initiators
and dyes for continuous Digital Light Processing (cDLP)
additive manufacture of resorbable bone tissue engineering
scaffolds[J]. Virtual and Physical Prototyping, 2014, 9(1):
3-9.

PALANIVEL S, NELATURU P, GLASS B, MISHRA R S.
Friction stir additive manufacturing for high structural
performance through microstructural control in an Mg based
WEA43 alloy[J]. Materials & Design, 2015, 65: 934—952.
SHARMA A, BANDARI V, ITO K,KOHAMA K, RAMIJI M,
SAI B V H. A new process for design and manufacture of
tailor-made functionally graded composites through friction
stir additive manufacturing[J]. Journal of Manufacturing
Processes, 2017, 26: 122—130.

PALANIVEL S, SIDHAR H, MISHRA R S. Friction stir
additive structural
performance[J]. JOM, 2015, 67(3): 616—621.

EArEl. G SRR HE T2 D] ME:
g B KA, 2015: 1-72.

WANG Xin-kai. Process study on aluminum alloy by friction

manufacturing:  Route to  high

stir additive manufacturing[D]. Nanchang: Nanchang
Hangkong University, 2015: 1-72.

MAHESHWARI S,



2530 B 8 W

Pk, . BEPREENEM AL R0 ]S BRERETRI

1853

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

SIDDIQUEE A N, KUNDRA T K. A review on recent
progress in solid state friction based metal additive
manufacturing: friction stir additive techniques[J]. Critical
Reviews in Solid State and Material Sciences, 2019, 44(5):
345-377.

MAO Y Q, KE L M, HUANG C P, LIU F C, LIU Q.
Formation characteristic, microstructure, and mechanical
performances of aluminum-based components by friction stir
additive manufacturing[J]. The International Journal of
Advanced Manufacturing Technology, 2016, 83(9):
1637-1647.

DILIP J J S, RAFI H K, RAM G D J. A new additive
manufacturing process based on friction deposition[J].
Transactions of the Indian Institute of Metals, 2011, 64(1/2):
27-30.

YU H Z, JONES M E, BRADY G W, GRIFFITHS R J,
GARCIA D, RAUCH H A, COX C D,HARDWICK N.
Non-beam-based metal additive manufacturing enabled by
additive friction stir deposition[J]. Scripta Materialia, 2018,
153: 122-130.

LI D, YANG X, CUI L. Fatigue property of stationary
shoulder friction stir welded additive and non-additive T
joints[J]. Science and Technology of Welding and Joining,
2015, 20(8): 650—654.

PAN F, XU A, DENG D, YE J H, JIANG X Q, TANG A T,
RAN Y. Effects of friction stir welding on microstructure and
mechanical properties of magnesium alloy Mg-5A1-3Sn[J].
Materials & design, 2016, 110(15): 266—274.

LIU F C, MA Z Y. Influence of tool dimension and welding
parameters on microstructure and mechanical properties of
6061-T651 alloy[J].
Metallurgical and Materials Transactions A, 2008, 39(10):
2378-2388.

ROBSON J D, CAMPBELL L. Model for grain evolution

friction-stir-welded aluminum

during friction stir welding of aluminum alloys[J]. Science
and Technology of Welding and Joining, 2010, 15(2):
171-176.

DARRAS B M. A model to predict the resulting grain size of
friction-stir-processed AZ31 magnesium alloy[J]. Journal of
Materials 2012, 21(7):

1243—1248.
NASER A, DARRAS B. Micro-hardness prediction of

Engineering and Performance,

friction stir processed magnesium alloy via response surface
methodology[J]. Multidiscipline Modeling in Materials and
Structures, 2017, 13(3): 377-390.

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

ZHANG Z, LIU Y L, CHEN J T. Effect of shoulder size on
the temperature rise and the material deformation in friction
stir  welding[J]. of Advanced
Manufacturing Technology, 2009, 45(9/10): 889—895.

SONG G, BOWLES A L, STIOHN D H. Corrosion

International  Journal

resistance of aged die cast magnesium alloy AZ91D[J].
Materials Science and Engineering A, 2004, 366(1): 74—86.
PADMANABAN G, BALASUBRAMANIAN V.
Optimization of pulsed current gas tungsten arc welding
process parameters to attain maximum tensile strength in
AZ31B magnesium alloy[J]. Transactions of Nonferrous
Metals Society of China, 2011, 21(3): 467—476.
ZENG X, WANG Y, DING W, LUO A A, SACHDEV A K.
Effect of strontium on the microstructure, mechanical
properties, and fracture behavior of AZ31 magnesium
alloy[J]. Metallurgical and Materials Transactions A, 2006,
37(4): 1333—1341.
TR, R, THERAA M) e R
HARAL, 1997: 12-32.
HUANG
fluid dynamics[M].

SU  Ming-de, Su-yi.  Fundamentals of

computational Beijing: Tsinghua
University Press, 1997: 12-32.

MEE, BubesR, BRIRE, E8F, J W, Rk hk
15 M. bR RS R, 2005: 96-114.

LIN Jian-zhong, RUAN Xiao-dong, CHEN Bang-guo,
WANG Jian-ping, ZHOU Jie, REN An-lu. Fluid
dynamics[M]. Beijing: Tsinghua University Press, 2005:
96-114.

EAE, B H, BALE, B AZ31 BRaeTitiEs:
AR FE R B R B E L] A (&R AR,
2010, 20(5): 923-929.

GUAN Ren-guo, ZHAO Zhan-yong, CHEN Li-qing, WANG
Fu-xing. Numerical simulation of continuous rheo-extrusion
process of AZ31 alloy[J]. The Chinese Journal of Nonferrous
Metals, 2010, 20(5): 923-929.

77 o O AZ31 BEE SRR RS
FEINT]. RFSR, 2007, 21(5): 365-367.

FANG Jing, JIANG Bin. Simulation on the temperature field
during heating process of AZ31 ingots[J]. Material Review,
2007, 21(5): 365-367.

MR, TRk 6061-T6 A& St bk B R IR E 7 I B0
TEARTSRISHGE W 3 1 [0]. MRS SHR, 2017, 36(1):
119-126.

XIAO Yi-hua, ZHANG Hao-feng. Numerical model and

influence analysis of parameters for temperature field in



1854 hEA O RYR 2020 4 8
friction stir welding of 6061-T6 aluminum alloy[J]. [31] ARORA A, ZHANG Z, DE A, DEBROY T. Strains and
Mechanical Science and Technology for Aerospace strain rates during friction stir welding[J]. Scripta Materialia,
Engineering, 2017, 36(1): 119—126. 2009, 61(9): 863—866.

[29] CHANG C I, LEE C J, HUANG J C. Relationship between [32] SERAJZADEH S, TAHERI A K. An investigation on the
grain size and Zener-Holloman parameter during friction stir effect of carbon and silicon on flow behavior of steel[J].
processing in AZ31 Mg alloys[J]. Scripta Materialia, 2004, Materials & Design, 2002, 23(3): 271-276.

51(6): 509-514. [33] FURUKAWA M, IWAHASHI Y, HORITA Z, NEMOTO M,

[30] ESSADIQI E, LIU W J, KAO V, YUE S, VERMA R. TSENEV N K, VALIEV R Z, LANGDON T. Structural
Recrystallization in AZ31 magnesium alloy during hot evolution and the Hall-Petch relationship in an Al-Mg-Li-Zr
deformation[J]. Materials Science Forum, 2005, 475/479: alloy with ultra-fine grain size[J]. Acta Materialia, 1997,
559-562. 45(11): 4751-4757.

Simulation of friction stir additive process and
its micro-properties prediction

LI Ru-qi, WU Qi, LONG Lian-chun

(Faculty of Materials and Manufacturing, Beijing University of Technology, Beijing 100124, China)

Abstract: The friction stir additive manufacturing (FSAM) is a new solid-state manufacture technology. The re-stirring
process is a remarkable feature of FSAM. Under the action of severe deformation and thermal coupling, the grains of
base metal were crushed and refined layer by layer to form a new recrystallized structure, and finally an additive forming
component was formed. AZ31 magnesium alloy sheet for FSAM process was taken as the research object. Firstly,
computational fluid dynamics model of FSAM was established. The influence of rotation speed on material rheology,
temperature field and strain rate was studied, and compared with the experimental results. Secondly, the Zener-Hollomon
parameters of the hot deformation process of the magnesium alloy material in the additive zone were calculated. Then,
the Z parameters and the recrystallized grain size of in additive zone were correlated by empirical formula method.
Finally, combined with the micro-hardness test results at 1000 r/min, a fast prediction algorithm for the recrystallized
microstructure of the FSAM was proposed. The results indicate that, with the increase of layers, the average grain size
and the average hardness in the additive zone decrease. With the increase of the rotation speed, the strain rate and
recrystallized grain size of the material in the additive zone gradually increase, but the micro-hardness shows a downward
trend.
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