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Fig. 3 Elastocaloric performance of additive manufactured elastocaloric materials with excellent refrigeration capacity. (a)—(b) Laser-

directed energy deposited NiTi alloys exhibit quasi-linear superelasticity with less energy dissipation and a large adiabatic
temperature drop of —7.5 ‘C"™; (¢

; (¢) adiabatic temperature drop of NiMnSn materials under an additional applied magnetic field is

greater than that under a single stress field because the applied magnetic field stabilizes the austenitic phase and reduces the

residual martensite phase after stress unloading””

smaller working driving forces than bulk NiTi alloys of the same size™
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(¢) superelasticity of as-fabricated SLM Ni,, 3 Tiy, alloy; (d) good superelasticity at body temperature (37 °C) obtained after aging

treatment at 350 °C for 1 h
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Fig. 7 Effect of remelting process on the properties of additively manufactured metal functional materials. (a)-(b) Effect of remelting of

SLLM Cu-Al-Ni-Mn alloy interlayers on the microstructure and austenite phase transformation peak temperature”; (¢) principle

of laser in-situ heat treatment in L-DED""; (d) NiTi alloy with in-sizu laser heat treatment behaves larger enthalpy of phase

2R, DT % 80 NET1 4R an 7 () s o 5 A8 A
() 38 2245 F) T 32 A 4 BT RN B B AR N .
F7(d) fis, SR AR B S i & 4 JHoA B R
ASEAE

E 5 T8 W 35 0 S RN (21 B £ i T YA AN e
RERWIE RIS E SR N EZHE I EM
A R BB S A A N TS B T e Sk A A A A
Ak B Ay AT A SO L SRS AL R I T & T
2 AATRERE SE BT IR IC 12 & 4 T AR 7 4R
Bo LA BAC A2 RN iy s Ak . T B RS  ERR S 4
A A A B BLR , T A A R e — 2 2 b sl
XA A LR A AR o R T AR A A B AR g e B R 5 Ak B
i K ¥ O B M AR T2 B 4, T B e — B 0P 5%
WA AR R 2 b 1 R OB 5 R R B, AL
NiTiH NiTiZr 2§ 9 & R ie 2 & &0 % it
AN N AR BEIEICAL A S S AIERE DRI T R T
G RACHL A A B R 5 T AR R O T R AR B
B A A A 5 P 68 104 41 38 AN W TR B, X S PR BB A 4R
Elinvar & 0 | 5 5 38588 3 R0 5 By 45 o 38 41
1 1 AR AE I A B FE O A2 A 4 P I B AR AT Bk — 2

transition”"!

3 RIS & e b i T A
ot 5% ot i
HMAEEMFHETZANIABTHETESSE
FEARICAZ B 4 70 A 42 7 0 A0 350 A A 4 S R s 20
22170 e FE O L B o b DR UE AR 1 B TR RE T
FOREA B 2B BRI PERE . A OGS A
& T ZRUE I ARICIZ & G i, RE AL BRAE AR AN 2 2
BB Y BB Can 1] 8 BT ), ik 4 d5l s £ A 14 7E
SMINER AR T 5y T B A FR N ) A v A )R T S 2
PRI . D T R i MR T s B AR xR i < e
ORI BT RE 1, 38 3 L 1k T 202 JOR skt i B 1 B
AR AR 1) 205

e AE B 9 B 119 O 2 T 4 LR R 5 T AR 32
B, o'V A AR 2 3 1 I 51 K B Rk L 20
AR T8 B O S BORR 22 S BUR A REFE 2 1B 5
FEMRAE o LA BOE N T2 BORE 98 X I B i B R
FE B B MEHEARTF T S8 A AR
FH, AR T RN — 1 EOE S B0
BV, & 9(a) Bk o 2014 4F , Haberland %8 fF 5%
THIARER % E S L-PBF NiTi 5 B E LR, H
Al AR e ) B 519 T EE A A ] B O D AR AT

3.1

1002305-7



£ 51% 5 10 H9/2024 £ 5 B/ E#:

(@)

Keyholing ~'Lack of fusion Balling

P=160 W, V=1.33 m/s

400 um ’
TR K

P=200.W, V=2.08 m/s

400 um
R SIS ST

P=240 W, V=0.08 m/s

- P=200W; V=;0.83_ mis -
vy B b 400 um

1400 piis.
_

8  L-PBF il 4 NiTi4 & 7= A (9 floBe i o () BB RAT 5 (b) BEFL 5 (O RE AR 5 (D ER AL
Fig. 8 Micro-defects formed during the preparation of NiTi alloys by L-PBE". (a) Good formation; (b) keyholing; (c) lack of fusion;
(d) balling

@ 10 > ®)
1 Welding and cutting .-~ ,-* 7" .7

e // ,/ .
o /,Meltlng,

NisogTis02

=507
f_ %

5} e il P .
5 [ =29.-" -~ -~ Alloying,
3102_--__-———f’f \O-7 L7 Cladding
=] .4
N
E 1
E10'}
Z
Transformation hardening
10°- ¥ ; .
1072 107 10° 10! 10?
Normalized Traverse Rate
© i @ 200
250 Balling
& 180 1 Region
200| 74 5
& 2 & 140
5 150 5120
: : G
& / / 2,100
8 100( 775 5
k %/ g0
s e 60 d
50 %/‘) Be e - Lack of Fusion Region
- EZE0 80N bl
0|l Niso Tigg S

0.0 0.5 1.0 1.5 2.0 2.5
Scan speed / (m-s!)

0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

Scan speed / (m's™!)

K9 BOGH M S IRICIZ A 40 T 2S5k () BOe i T 92 2ol T R R T2 2800 280K 38K, B 28 47 Ab B TR
J o (b)~(d) EagerTsai 5 8 S0 BB 4k 4345 (b) AR i BB 5 ek 43 35 11 1 4 1) 2 B0 B NiTi A 4 5 NITIHI A 42

(c)~(d) Niso.sT%.zéé i NismTi29.7Hf20é~é 6] ﬁj@ﬂ;

Ak 0 A ] ] v 45 T e 3R e R A i TV, 5037 0 pm

[101]

Fig. 9 Process parameters optimization of laser additive manufactured SMAs. (a) Laser processing diagram""", with solid lines
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Fig. 11  In-situ synchrotron XRD was used to characterize the
stress-induced martensitic phase transformation of NiT1
SMASs"". (a) Changes in XRD diffraction patterns

during stress loading—unloading; (b) volume fraction of

the primary phases in the alloy changes with the

evolution of stress
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Table 1  In-situ synchrotron XRD characterization platforms for L-PBF process

Location Light source

Beamline X-ray energy

United States Advanced Photon Source (APS)

Deutsches Elektronen-Synchrotron (DESY)

Germany PETRA 11T

United States  Stanford Synchrotron Radiation Lightsource (SSRL.)

Europe

Switzerland Swiss Light Source (SLS)

European Synchrotron Radiation Facility (ESRF)

Beamline 32-1D-B/1-1D-E 24 keV**1/61.3 ke V"

48] [55,108]
P07 beamline 79 ke V™, 98.02 ke V!,

103.43 ke V™
Beamline 10-2 20 ke V!
Beamline ID-31 68.4 keVH"

MicroXAS/ MS beamline 9.3 keV"”, 12 keV'"", 17.2 ke V"""

R =488 1 L-PBF i 72 I {7 XRD &
fE-&5 . EPR L —A4 N L-PBF & £ F & i J5 47 X
SR A S 7E 3£ B APS By 32-1D-B £e o b 523, tn
E 12(a) irs 1% & 01 LR k47 X5 48 i 45 Al
S, L-PBFREEHABFHESE HRIKRS
FOE R G A . H25 % TR 06 A S5 i E al—
AALAEA BHRI B . BOGR XA N A TS %,

FE TR R . X 52 SRl it — /4 Kapton B 1A
P75 3 i 5 — A Kapton 67 1B JF B %558 (%
5 o T DAL A G LA B L 7 T R o o A
XS 1 2 5 VR A R K IR 2R 8 o T B A )
B B 8 A o ) 9 5 B SRR R AR 4, 52 =
W . BB R 1.0 mm, #5528 6.0 mm,
T A B 2 ) 5 T P AR O R L WOE R
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Fig. 12 In-situ synchrotron XRD characterization platforms for L-PBF process. (a) Schematic of the in-sizu high-speed X-ray imaging

and diffraction characterization platform at the 32-ID-B beamline of the APS; (b) schematic of in-situ XRD characterization
platform for SSRL 10-2 beamline; (c¢) schematic of in-situ XRD characterization platform for DESY PETRA 111 P07 beamline;
(d) schematic of in-sizu XRD characterization platform for ESRF ID-31 beamline; (e)—~(g) in-sizu XRD characterization platforms
for SLLS MicroXAS and MS beamlines, where (e) is the in-sizu L-PBF device mounted at MicroXAS beamline, (f) is the in-

situ L-PBF device mounted at MS beamline, and (g) is schematic of the in-situ L-PBF device and diffraction geometry
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Table 2 In-situ synchrotron XRD characterization platforms for L-DED process

Location Light source Beamline X-ray energy
Germany DESY PETRA III P07-EH3 beamline 97.6 keV"
United . . . . Joint Engineering, Environmental, and 1]
Kingdom Diamond Light Source (DL5) Processing (JEEP) beamline 70 keV
PP 3 Tt ‘oo :
China Beijing Synchrotron Radiation 3W1 beamline High-energy white/

Facility (BSRF)

monochromatic light "'

5 [E DESY f) PO7-EH3 £k v | /) L-DED %% & i
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Fig. 13 Schematics or pictures of in-sizu synchrotron XRD characterization platforms for L-DED process. (a)—(c) Schematics of in-situ
XRD characterization platform for DESY PETRA III P07 beamline: (a) in-situ 1.-DED device picture; (b) picture of the
processing head and a build sample; (c) sketch of in-situ L.-DED. (d)-(e) Schematics of in-situ XRD characterization platform for
DLS JEEP beamline: (d) schematic of in-situ XRD of the L-DED process; (e) blown powder additive manufacturing process
replicator designed to reproduce the operation of a commercial L-DED system. (f)—(g) schematics of in-situ XRD
characterization platform for BSRF 3W 1 beamline: (f) schematic of in-situ XRD of the L-DED process; (g) picture of the 1.-

DED device
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Fig. 14 In-situ XRD studies on phase transition dynamics during

time — ||
High speed XRD

additive manufacturing process. (a)—(c) Characterization
of phase transition dynamics of commercial additively
manufactured 17-4 stainless steel (C_17-4) during
laser melting™: (a) schematic illustration of /n-situ laser-
melting XRD experiment; (b) room temperature XRD
pattern of as-solidified C_17-4 after laser melting;
(¢) XRD intensity map (XRD peak intensity evolution
as a function of time) during laser melting of C_17-4
from 0 s to 20 s. (d) In-situ XRD characterization on
martensitic hot working tool steel during different
modes of laser melting process™”: the left image shows
XRD intensity map of solidification in thin plate melting
mode (frame rate: 250 Hz) and the right image shows
XRD intensity map of solidification in flat plate melting
mode (frame rate: 20000 Hz)
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Fig. 15 Texture evolution with repeated laser passes over the seventh layer within a sample manufactured with a laser power of 55 W™
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Fig. 16 Time series of the representative Laue diffraction patterns during laser remelting processes''”. (a)-(e) Laue diffraction images

collected at 0, 225, 250 , 350, and 1000 ms; (f) Local enlarged drawings of the diffraction spots of V(ETT) and y(ET 1) lattice

planes at 0 and 1000 ms; (g)—(h) variation diagrams of y(113) crystal plane with time in the y direction (g) and 26 direction (h).

The laser was switched on at 150 ms and off at 250 ms
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Abstract

Significance

Laser additive manufacturing is a technology that utilizes a laser beam to melt and mold powders layer by layer based

on a 3D model. It has made outstanding progress in the molding of metallic structural materials such as large and complex structural

1002305-20
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parts in the aerospace industry. Laser additive manufacturing has also achieved remarkable progress in the fabrication of metallic
functional materials. Shape memory alloys are a type of metallic functional materials that exhibit shape memory, superelasticity, and
elastocaloric effects. Through design and optimization of the process strategy, shape memory alloys with excellent functional
properties and complex shapes could be fabricated by laser additive manufacturing. Laser additive manufacturing offers an effective
method to research metallic functional materials with outstanding performance that can meet the application requirements.

Progress In this paper, we systematically summarize the research on laser additive manufacturing of metallic functional materials
and their characterization by #n-sizu synchrotron radiation. We further introduce the research progress on laser additive manufacturing
of high-performance shape memory alloys as well as the latest progress of metal L-PBF and L-DED technologies for synchrotron
radiation-based in-situ X-ray diffraction (XRD) research. In the first part of this paper, the dominant types of laser additive
manufacturing and their basic principles are introduced. On this basis, the relationship between the functional properties of shape
memory alloys and the parameters of the process strategy is revealed. This relationship offers a guideline for how to fabricate a shape
memory alloy with targeted properties. In the next part, the research progress on high-density shape memory alloys fabricated through
laser additive manufacturing is introduced. The guidance of results predicted by computer is convenient for selecting the combinations
of parameters that could be used to fabricate shape memory alloys with high density. The final part presents the research progress on
synchrotron radiation-based in-sizu X-ray characterization in the laser additive manufacturing process. This part introduces the
characterization platform and typical applications of in-sizu XRD in the laser additive manufacturing process of metallic materials. We
describe some scenarios involving the phase transition dynamics measurement and in-siu characterization methods of single crystals in

additive manufacturing. We also present the future development trends.

Conclusions and Prospects The molten pool in L-PBF and L-DED metal additive manufacturing processes has the
characteristics of non-equilibrium and rapid solidification, and the microstructure of metallic functional materials can be controlled by
adjusting the parameters of these processes. The additive manufacturing process may produce micro-defects such as keyholes and lack
of melting, and it also tends to form columnar crystals with a certain orientation. Based on the Eager-Tsai model, a fabrication-quality
distribution map can be predicted, with the parameters as the coordinates. On this basis, the process strategy can be adjusted to obtain
a columnar crystal alloy with high orientation and high quality, and the mechanical properties can be further optimized. Synchrotron
radiation-based in-sizu XRD can effectively characterize the phase transition dynamics, texture evolution, and grain size changes in the
additive manufacturing process, which provides insights into the control of the process parameters in additive manufacturing of
metallic functional materials. The application of synchrotron radiation-based in-sitzu XRD can provide a key reference for additive
manufacturing in terms of improving the functional characteristics and optimizing the component quality. By delving deeper into the
microscopic evolution of the additive manufacturing process, researchers can better understand the properties of metallic materials, so
that they can precisely manipulate the process parameters to achieve precise controlling of metal functional materials.

Key words laser additive manufacturing; metallic functional materials; shape memory alloys; synchrotron radiation; in-situ X-ray

diffraction
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