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Fig.1 Powder, printed samples, and scanning strategy. (a)(h) Morphology of Cu-Al-Mn powder; (c) particle size distribution of the

powder ;
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(d) (e) printed samples by SLM; (f) size diagram of tensile samples; (g) scanning strategy diagram (BD: building
direction)
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Fig. 2 U-shaped mould and bending method schematic for measuring one-way shape memory effects. (a) U-shaped mould; (b) bending

method schematic

1602303-3



2505 £ 16 H1/2023 £ 8 H/HEH*¢

n—=(180°—A—C)/(180°—A), (1)
A K IR B ST AR B 5 C O AR R S 1
A

3 SEREIRSIHE

HETAE. B 3ExR, MBI HAE 175~375 W i [
I RE S B B Y AR 94 % DL b, B Ay B
94.44% (175 W) ,98.65% (225 W) .99.69% (275 W) .
99.89% (325 W) .99.66% (375 W) . Fifi 8 ) 2h F 1
KBRS R R BN S ORI R Ol 325 W BE

3 HFEESEMEALR o HL A e R A RS RO R, A il o 7.10 g/em’ Al
XFF SLM Cu-Al-Mn JEARIEAZ A 4ok Ui, 0F 58 99.89% . FF H , B #H WOLT R A FLER W R ~F JE
AL B S50 1, 3015 BB 2 B0% B S B R A 2 BOECH LA T I AR
Tw0t@®@ D U R, sy T () 20617 &L AL
o~ B ‘ - S AN s - .
& .0 .
= T.05f CXRaS S P
2 7.00 | ,‘ri..,"d-“ & g LR
> - .‘ S, . 1 > o
= = ) [ . i
Z 6.95 S \ % i e
8 = - o ‘ ‘ - .
6.90 | ;‘ l ‘."/‘.ixgagul'?.rl:oles \ '°..- '. . [ ¥ \ % ; _‘
6.85 : : . ‘ oy RPN S T irregular holes " * ;
150 200 250 300 350 400 e B L 2s 500" m
Laser power /W .o e — —_—
(@ 275 W (e 8%BW ) . "3BW Y
\ * \
gas holes gas hole;
- ‘ .
500 ym 500 pm \ T 500 pm

3 SLMFE U B 5 0L D30 56 R DL SLM & 1 OM

Fig. 3 Relative density versus laser power for SLM samples and OM

P () B S WO TR A & 5 (D) ~(DSLM £ i i OM

images of SLM samples. (a) Relative density versus laser power;

(b)~(f) OM images of SLM samples

290 D F AR A, B TR B O S ST R R
SERB MAKLEBRILEBEHNERE, AT K
b, 6 Bl A T B TR A 25 B B B L LG R B
AN, AERERE AR MR E, B R T % E &
ZHR RS AR LI, B R EM. A
G S I NI 1 B N N o o N 8 L B e K
25 45 ) AR LA B I Rl L GE Y O 2 A A5 # el
L FL B A B R D I i RORCSE R AS B L T
AR R N ROSE BRI AL, B R B0 B R
o YO Th RSk B 325 WO, BE 0 B 85 Sk
Flig . WA WO R - SR e A
K, A2 00 28 K w7 L ARCFL A RO R 4
Z WU B R AR 2 TR B TR AL, BE Y
WM. E8 — R, AR PR
6T R AR AR R B AR AR K (H R A P R A B
3.2 HARKKEBBTIT AN

e A 4 0 XOZ 1 47 XRD M3, DL B B 306
Ty RN A A A AL B 5 o AR 1A 4 B9 XRD B,
JE45 4 PDF R FEH & ZH T AN DO+ L)

R

FPoy IR FTENZS AR S IR F EZ i pI(18R B[R k)
Koy (2H By [RAR) 20 1% 5 47 BRASHE & b JOF 3 & B X
HIE R ACAZ RN A FE W Mk T, X & T SLM
WM EE S SN (B>t Yy,
565 °C) il o & 4 (c) R BH I #4 #] 185 CH (A, LA
), BEETER T B ICIREERAN R D R A D
[BRRZNS

O T A A AR 4 A 4 RN A T B EA I
BRm ., FEF, A EOCYI R 175 W K#] 325 W,
XRD 3 rfy | X 7 04 A7 59 06 56 B 34 m, & 4 b iy
EEMN, SRR P LR R Y RO T R
325 W A K #| 375 W i, & &y v & &, 5%
A PR R 3R & . H AT R R B R R A Jr L R
B2 EEA PR AR SCH B R IRTE 40° LT Ry
it [ 4n(111) .(019) .(108) . (1010) . (020) % ## 4%
FA AT G 0 T AR X B3 5 8Ok ROR B IRIR I A )7 1k
FEPE o BEMOL IR H K, XRD K% 1 40°~50° 2 1] iy
I R AE AT 5 06 & A T SE AR IE R . R 4(a) ]
C1TL) s (019) v (111) 0 8 45 M 37 5 0 1) 548 3 Bt
BHWOCTI RN KM R, GEMAFBEERS.

1602303-4



£ 50% £ 16 H1/2023 £ 8 A /HEHN¢

A AL — B i R R R A A 32 2l PO T
RRGE 1) MW, A5 S A S e A b b
2) AR Zh 2 B, RN B AT AR . o ait
Ui, A4 AL B o RE R A O T E T A R AL R
AR (12, DO, B B, A Fr ), 10 Bl 2 ) g 8
THFACH A AT BEE BOE R 175 W
WEORF) 325 W, ik B TR R P ROPE B 0L &
EMAFARRER S XRE Y, BERE IS, S
& Y AL R AR (N 2 f s ), T Min 19 47 R

B K F ALRY, 1 BLAT# A )P b e 75 %,
B e AL T 2 X6 7 46 3% A8 B e MR F L s Al
LETEMNEKSSRAFHBRERE B R
325 W A K 2| 375 Wi B& ik . F 141 4(b) AT DL & 88 - Fili
HWOETI R 175 W HE K 2 325 W, 4T B0 & K AE 19
(122) 717 5 0 1) A M 7% 04 ff1 B 32 M 35 K o Min Ji 7 4
XF T Cu it 2k Ui 2 42 T /N Bl E O D 23K, Mn
JE - 114 [T 3 T G R, A B8N | AT I 0 1) A R
HAmE .

@

(b)

©

Intensity

A4
Do
a3
=

Intensity
@
3
(@2}
é
Intensity

175 W a A A A 175 W s
. 1
| | 1 ! leges 1 1 L Ll 1 1 1 1 1 1 1
20 30 40 50 60 70 8 90 58 59 60 61 62 20 30 40 50 60 70 80 90
20/(°) 20 /(°) 20 /(°)

K4 XRD &3 (a) B AR K SLM i 19 2 3 XRD &3 5 (b) J& 3 X 0K P 5 () SLM A (9 5 3 XRD 813 (185 °C)
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Power / Atomic fraction /%
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Fig. 6 DSC curves and relationship between phase-transition temperature and laser power. (a) DSC curves of SLM samples;

(b) relationship between A_, A;, M,, M, and laser power
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Fig.7 Martensite morphology of SLM samples. (a)(b) P=175 W; (c)(d) P=275 W; (e)(f) P=375 W
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Fig.8 TEM images of SLM sample (P=325 W). (a)(b)(e) Bright field images of martensite; (c) high-resolution image corresponding to

Fig. 8(b); (d) selected area electron diffraction image corresponding to Fig. 8(b)
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Abstract

Objective Ni-Ti shape memory alloys exhibit excellent superelasticity, shape memory properties, and biocompatibility; however,
their poor processing performance, high reaction chemical activity of titanium, and high cost seriously limit their applications. It is
necessary to develop low-cost shape memory alloys with sound shape memory effects to replace Ni-Ti for industrial applications. Cu-
based shape memory alloys have high strength, high conductivity, excellent superelasticity, shape memory effect, a wide range of
phase-transition temperatures (—180-400 °C), and low production cost (about 1/10 of Ni-Ti). Although its shape memory effect and
stability are lower than those of Ni-Ti, it has apparent advantages under certain conditions (such as hot water temperature control
valves, water heaters, decorations, and toys) where the requirements for its shape memory performance and stability are not too
harsh. Cu-Al-Ni and Cu-Zn-Al have strong industrial applications due to their low price; however, their poor thermal stability, high-
order degree of the parent phase, and high elastic anisotropy in polycrystalline alloys lead to brittleness during deformation. In recent
years, Cu-Al-Mn shape-memory alloys (SMA) have attracted considerable attention because of their low price, shape-memory effect,
and excellent mechanical properties. An alloy prepared by selective laser melting (SLM) has the characteristics of a fast cooling rate,
small grain size, and no component segregation. It has natural advantages in the preparation of complex-shaped parts and has brought
unlimited prospects for the preparation and application of Cu-Al-Mn alloys. However, shape memory alloys prepared by SLM still
have problems, such as unstable mechanical properties and degradation of functional properties.

Methods Pre-alloyed powders with high sphericity, fluidity, and uniformity prepared by vacuum atomization were used as raw
materials in this study. Cu-Al-Mn alloy samples with different laser powers were formed on a stainless-steel substrate without
preheating. The microstructure and martensite type of the alloy were determined by optical microscopy (OM), scanning electron
microscopy (SEM), and transmission electron microscopy (TEM). X-ray diffraction (XRD) and differential scanning calorimetry
(DSC) determined the alloy’s phase composition and transformation behavior. The functional properties of the alloys were determined
using bending and tensile loading recovery experiments. The microhardness and mechanical properties were measured at room
temperature. The local deformation behavior during the tensile process at room temperature was analyzed using a full-field strain
analysis. The changes in density, phase composition, phase-transition temperature, mechanical properties, and functional properties

caused by changes in laser power were studied.

Results and Discussions The alloy mainly comprises 18R martensite and vy, phase at room temperature ( Figs. 4 and 8 ). With
the increase of laser power, the molten pool temperature of the alloy increases, the cooling rate decreases, and the solidification path
in the alloy changes, which corresponds to the rise in the y, phase in the alloy (Fig. 4). However, the precipitation of y, phase and the
volatilization of Al (Table 2) inhibit its precipitation; therefore, the y, phase decreases when the laser power increases from 325 to
375 W. All the alloy samples exhibit the phase-transformation behavior of P (austenite parent phase) <> M (martensite phase) during
the heating/cooling process. With the increase in laser power, the intensity of the endothermic/exothermic peak of the DSC curve
first increased and then decreased. The number of martensites involved in the phase transformation increased and then decreased (Fig.
6). The sample with 325 W exhibited the best one-way shape memory effect. The shape memory recovery rate exceeded 95% (Fig.
12). The increase of y, phase and the solid solution of Mn make the microhardness of the alloy increase when the laser power increases
from 175 W to 325 W (Fig. 9). The sample with a laser power of 175 W had a stress platform for stress-induced martensite
reorientation almost parallel to the abscissa. With an increase in the laser power, the work-hardening rate increased. The yield
strength of the sample decreased and then increased (Fig. 10). This was accompanied by a change in the deformation behavior from
uneven to uniform (Fig. 11), corresponding to the residual strain of the former with an increase in pre-deformation, its growth rate

gradually slowed. In contrast, the residual stress of the latter was nearly linear with the pre-deformation (Fig. 13).

Conclusions The results show that the change in type and number of martensite is the main reason for the change in phase
transformation behavior and properties of the alloy. With the increase of laser power from 175 W to 325 W, the order degree of the
alloy increases, the volatilization of Al element increases, the content of y| and hardness increases, the intensity of DSC exothermic/
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endothermic peak increases, the one-way shape memory effect improves, the slope of the stress-induced martensite reorientation
platform of the tensile curve at room temperature increases, and the deformation mode of uneven local deformation expansion of
175 W changes to uniform deformation of 375 W. A Cu-Al-Mn alloy with nearly full density (99.89% ), nearly 100% one-way shape
memory effect and ~780 MPa tensile strength was prepared. By adjusting the forming parameters, a feasible method can be provided
to control the phase-transition temperature and mechanical properties of Cu-Al-Mn shape memory alloy.

Key words laser technique; selective laser melting; Cu-Al-Mn shape memory alloy; microstructure; mechanical properties
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