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Abstract: The industrial application of magnesium alloys is limited by their low strength and poor plasticity. The addition
of grain refiners to magnesium alloys can improve their microstructure, strength and plasticity, which is one of the most
effective methods for improving their properties. In this paper, a refiner containing GNPs (graphene nanosheets) was
prepared by ball milling and powder metallurgy. Raman spectroscopy was used to preliminarily explore the influence
of different ball milling parameters on the quality of the GNPs, and the relative optimal ball milling parameters were
300 r/min and 2 h, which ensured the high quality of the GNPs after ball milling. The composite powder was cold pressed
and sintered at 400 ‘Cx2 h to obtain a well-formed Al-2.5GNPs refiner containing a GNP phase with a dense structure. The
binding situation of the mixed powder and the refinement and strengthening mechanism of AL,C; and the GNPs in the
AZ31 magnesium alloy were preliminarily analysed using OM, SEM, XRD and TEM characterization methods. By
adding a 1.5 wt. % AIl-2.5GNPs refiner at 720 ‘C, the grain size of the AZ31 magnesium alloy decreases from 228.8 wm to
65.6 wm, the tensile strength increases from 112.6 MPa to 178.2 MPa, and the elongation increases from 8.9% to 16.7%,
increasing by 58.3% and 87.6%, respectively.

Key words: graphene nanosheets; ball milling process; powder metallurgy method; AZ31 magnesium alloy; grain
refinement
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Tab.1 Different ball-milling process parameters

Composition design Ball milling speed Ball milling time/h
/(r-min™)
Al-2.5GNPs 150 0.5
Al-2.5GNPs 150 1.0
Al-2.5GNPs 150 2.0
Al-2.5GNPs 225 0.5
Al-2.5GNPs 225 1.0
Al-2.5GNPs 225 2.0
Al-2.5GNPs 300 0.5
Al-2.5GNPs 300 1.0
Al-2.5GNPs 300 2.0
Al-2.5GNPs 350 0.5
Al-2.5GNPs 350 1.0
Al-2.5GNPs 350 2.0

1.2 AZ31 5 &AL KR

% AZ31 B:E S MM BT .4l Mg(99.7%) | 4li
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B 700 C R K R e i B e T A3 2 RS
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H G UVEURE S (0 HR o0 3BT, 285 b B S Xk —
RAE,
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Tab.2 Nominal chemical composition of the AZ31
magnesium alloy
(mass fraction/%)

Element Al Zn Mn Mg
2.7~3.2 0.8~1.2 0.2~0.4 Bal.

Content
1.3 #HRRMES LN
i Z 6E X ST (A & 5e) % Al-2.5GNPs
LT A AL R S AZ31 BB ST A4y
B, K15 £ S50 . Cu-Ka 6, FH 3 % 4 (°)/min,
AR, 1K 0.04°, FREEA 200~90°, f#
IMM35000 3 & 4 A5 1 53 5 UL 52 75 78 I [ A AZ31
EASWMESHALUF G RR ST, 7 & S
HL 58 SUS000 W £ 35K B i 5 TR 5 M oK i s A2 (]
Y % 5t B T 3£ (EPMA) #1112 5 B3 5% (TEM, FEI Tian
G2) XA ST Ao . B A R
GB-T228-2002 4 J& Ak = i S A i 7 s 1,
Bl 1 i, A Instron HLF 7 REA EHARHLIET TAZ3 1
G & dE eI L, B 2k 2 mm/min, il
FHDXR #0635 A AT 2 61 AU AS [R] s i) % 1o
MR A AR HEA TR E MK, BOB I K % #F 532 nm,
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Fig.1 Dimensions of the tensile specimens
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Fig.2 Raman spectra of the initial GNPs material
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150,225 r/min Z51FF ,GNPs i & BR B s} 8] #4354 Jin
I/l B K, B GNPs SZ 3082 B i K, 78300
350 r/min 25 F T ,GNPs [ & BR B 15 [6] (4 38 - 1,/1,

JeHE K JE N, B GNPs A2 #0072 B Se 18 KR 08/
BRI AL IR A by A A BIF S AN b o R VR
Ko FH B R/NIGE T B T3 4k 25 B ) 1Y fiE
K/INRN I e 7RI A o RS ) 14 32 Bl RSP,
Bl 3 42 LA AR e s AN R Rl LAy s T
g 20K 3 Bz FRAS S I HLBE 2 BRES B[R] 1) 4E
KA Bl b ) 3 B8 0 A ik HL A3 AR SR AT, AR
P BRI S5 AF RSB0 S5 2 Iy, W53 A, R LR R A
B9 IR 2 150 r/min XS W AY 215 75 X i sk s 2
AFET DA AR R 3wy o ok %o R 05 4
/NG 225 r/min X R Y2 G 7 X0 2 SR A o

B 3 A[E Bk EE T 25 B80T GNPs 83 F & ERIEIR A« (a) 150 r/min, 0.5, 1, 2 h; (b) 225 r/min, 0.5, 1, 2 h; (c) 300 r/min, 0.5, 1,
2 h; (d) 350 r/min, 0.5, 1,2 h
Fig.3 Raman spectra and ball milling state of the GNPs produced with different ball milling process parameters: (a) 150 r/min, 0.5, 1,
2 h; (b) 225 r/min, 0.5, 1, 2 h; (¢) 300 r/min, 0.5, 1, 2 h; (d) 350 r/min, 0.5, 1,2 h

—=—150 r/min

——225r/min

——300 r/min

——350 r/min

0.0 0.5 1.0 1.5 2.0
Ball milling time/h

& 4 1A B A GNPs TS 7] e 0T BRE i A2 1y/1 Bl R
JES ERF 1] #4424
Fig.4 The variation in I/l with milling time during ball milling
of GNPs in mixed powders at different speeds
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Tab.3 Process parameters for the preparation of the
Al-2.5GNPs master alloy

Ball milling ~ Ball milling  Sintering Sintering
Sample . . . .
time/h speed/(r-min”)  time/h  temperature/C
No.1 2 300 2 850
No.2 2 300 2 400

ANTF] TSRO T4 0 20 A0 0 RE b 1 28 0
eI R K XRD fit it ik an il 6a s . 1RGSR
PEATER I 5 O RE S 2 Bt kb B8 | PRARAL ) be 4
B BUMAUR R AP B AE RS 850 CA4F T
) 0 A 70 7 2 T 2 SO L3R T8 A 0 0 TR 1)

X LG 6a ) XRD AT 49 B3 T 76 R 45 i
J£ A 400 CHE Al B35 GNPs A BE &4 B, 401k
FILF AL FiL GNPs PiAH, A 76 B3 & 3 ALC, it
LA T U P14 D T R R BRI 8 4 e Y BR A
Al 5 GNPs [ i R BE#EAT . TERESS IR 850 C
I, Be st B AL R GNPs [z ) 7843, 4 Ak 7] H 49
& ALFALC, PR AH . w1250, 3 5 be 45 TR nT
IR HE Al 5 GNPs 19 S0 5 W8 75 T IX Bl A 5 7 4

5 ANAR T S R JEOREFTER BB TR A J5 M K 1 SEM JE S . (a) AL #5;(b) GNPs #3 K ; (c~) BREE J5 1R A Fy K & EDS 7T % 4310
Fig.5 SEM images of the raw powders and ball milled mixed powders. (a) Al powders; (b) GNPs powders; (c~f) mixed powders and
clemental distribution
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Kl 6 Al-2.5GNPs 404655 2 W IE 4 XRD & SEM 437 : (a) XRD A7 5 [l 1% B AN [F] e 45 i B2 T (19 2 B 355 (b~d) (a)h 7 B X 3 Avr
i) SEM K& Jx EDS T3 43 1
Fig.6 Macromorphology, XRD and SEM analysis of the Al-2.5GNPs refiner: (a) XRD patterns and macromorphology at different
sintering temperatures; (b~d) SEM image of the Al-2.5GNPs refiner at a sintering temperature of 400 “C in the square region of (a) and
the EDS elemental distribution

B, W E 6b s A H SEM flt W41 21, I 45 4 &
6¢ Al d i) EDS figiik 5 #7 ,400 C Bif 20 21 P 3 35 A5 B
5B 1) GNPs 1 58 X 55, GNPs 7548 JE Ak 34 57 43 453, 43
BT
2.4 AI-25GNPs (JR45BE 400 °C) AHLFIxF AZ31
S$ESALANTME
K 7a Al b 43 B85 AZ31 B4 4 AZ31-

2.5GNPs B &M R B A1 21, B 7a b A
WIUNESIEZS D AT ) R NP T B U ) i Tl £
B-MgAly, HHEY IR AT — o 519 B 5 350 a-Mg
B R R R, 2 1.5% 09 AL-2.5GNPs 40467 n
A% AZ31 541, 5481 o-Mg 1 B-Mg,Al, H11)
RSFARFF 40N,

A A R 5T AR R X AZ31 BE A Ay An Ak HL

7 ¥4 AZ31 BABEJE R EDS 437« (a) A VR IR 41405 (b) VR A 1.5%A1-2.5GNPs 4il L 5 4141 ;(c) (a)h A £ EDS

b

Fig.7 Morphology and EDS analysis of the as-cast AZ31 sample: (a) microstructure without added refiner; (b) microstructure with
1.5 wt. % Al-2.5GNPs added to the refiner; (c) EDS analysis of point A in (a)
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2.5GNPs 41715 AZ31 A4 IR 1 -1 A8 i £ il
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Fig.8 XRD EPMA and TEM analyses of the ZA31 magnesium alloy with 3 wt. % Al-2.5GNPs refiner: (a) XRD patterns; (b~f) EPMA
microstructure and EDS elemental distribution; (g) TEM image and the corresponding SAED image; (h) HRTEM image of the GNPs
interface, with lattice stripe measurement data obtained using digital micrograph software shown in the inset
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Fig.9 Microstructure and grain distribution of solid solution AZ31 magnesium alloy before and after adding the Al-2.5GNPs refiner:
(a) without the refiner; (b) with the 1.5 wt. % Al-2.5GNPs refiner
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Fig.10 Stress-strain curves and tensile performance data of the
as-cast AZ31 magnesium alloy and the alloy with the addition of
1.5 wt. % Al-2.5GNPs refiner
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