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Fig. 1 Schematic of two mainstream categories of LAM technologiesm' . (a) LMD; (b) LPBF
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Fig. 4 Pure Ti LPBF-printed in Ar-N, hybrid reactive atmosphere™ . (a) 3D-reconstruction of defects in Ti samples printed by
the same laser parameters but in different shielding atmospheres; (b) 3D-atom probe analysis results of one-dimensional
profiles of N, O, and C and nearest neighbor distribution of N atoms (GB is acronym of grain boundary, and blue

region represents the nearest neighbor analyzed region)
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Fig. 5 Microstructural images of Ti-6 Al-4V LPBF-printed in pure

Ar and in Ar-N, hybrid reactive atmospheres™ . (a) Sample

printed in pure Ar; (b) sample printed in low-N,-containing atmosphere; (c¢) sample printed in medium-N,-containing

atmosphere; (d) sample printed in high-N,-containing atmosphere; (e)—(h) magnifications of graphs Fig. 5(a)—(d)
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Fig. 6 Microstructure and performance of Ti-6Al-4V~+ TiC composite LPBF-printed in Ar-CH, hybrid reactive atmosphere™? .
(a) TEM image and EDS analyzed region; (b)—(f) EDS mapping of C, Ti, Al, and V elements; (g)—(k) high-
resolution TEM images of TiC nano-grains and corresponding FFT patterns; (1) HV hardness of Ti-6 Al-4V and Ti-6 Al-

4V—+TiC composites; (m) room temperature uniaxial compressive curves of three materials
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Fig. 7 316L stainless steel LPBF-printed in Ar-O, and Ar-N, hybrid reactive atmospheres (TS, YS, Elong, and IE are

acronyms of tensile strength, yield strength, elongation at fracture, and Charpy impact energy, respectively)™ .

(a) Mechanical properties of 3161 printed in Ar-O, atmospheres; (b) mechanical properties of 3161 printed in Ar-N,

atmospheres; (c) oxide particles in 3161 printed in an Ar-O, atmosphere; (d) nitride particles in 3161 printed in

Ar-N, atmosphere
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Fig. 8 CoCrFeMnNi high entropy alloy LPBF-printed in pure Ar (N-0) and Ar-50%N, (N-50) hybrid reactive atmospheres™' .
(a) (b) Dislocation cell structure in samples printed in pure Ar and in Ar-50% N, atmospheres; (c¢)—(f) high-resolution
TEM images and schematic of ordered nitrogen complex; (g) room-temperature uniaxial tensile curves of two

types of samples
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Fig. 9 TEM images of AlCu5MnCdVA alloy LPBF-printed in Ar-O, hybrid reactive atmospheres™ . (a)(b) Oxide particles in

samples printed in high- and low-O,-containing atmospheres; (c)(d) magnifications and SAED patterns of oxide nano particles
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Fig. 10 Images of LMD-printed 3161 sample using Ar-air mixture as shielding atmosphere®” . (a) SEM image; (b) TEM image

0 5

with SAED pattern; (c¢) diameter distribution of oxide particles; (d) room-temperature uniaxial tensile curves of four

types of samples
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Fig. 11 Microstructural images of Ti-6Al-4V and TNZT alloys, LMD-printed in various shielding atmospheres™ . (a) Ti-6Al-
4V printed in pure Ar; (b) Ti-6Al-4V printed in pure N, ; (¢) TNZT printed in pure Ar; (d) TNZT printed in pure N, ;

(e) nano-scale precipitates within the sample shown in Fig. 11(d)
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F 1 AREEPSH D LMD SBA Ti-6Al-4V 5 TNZT & 4 095 B 5 52 5 58 55 40 v g 1 a0

Table 1 Comparison of hardness and wear properties of Ti-6Al-4V and TNZT alloys, LMD-printed in different shielding
atmospheres"™"
Alloy Microhardness /HV ~ Wear track depth /mm  Wear track width /um  Wear factor /(mm®+N 'em ')
Ti-6 Al-4 V-Ar 419432 20.3+0.7 715439 (6.4+0.2)X10 "
Ti-6 Al-4 V-N, 1047429 - 330+15 -
TNZT-Ar 288421 3.9£0.4 420420 (5.340.3)X10°
TNZT-N, 518+35 312411 -
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Fig. 12 A compositional-modified 3161, atomized and LPBF-printed in pure N, and standard 3161, LPBF-printed in pure Ar®" .

=

(a) Room temperature uniaxial tensile curves; (b) current/potential curves tested in the 0.5 mol/L H,SO, solution
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Fig. 13 Ti powder modified in pure N, reactive atmosphere™®” "

. (a) Schematic of heat treatment modification; (b) effects of

powder modification; (c¢) room temperature uniaxial tensile properties of LPBF-printed samples using various N,-

modified Ti feedstock powders
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Fig. 14 Influence of ball milling in Ar-air hybrid reactive atmosphere on the feedstock Ti powder and the corresponding bulk
[23]

samples

. (a) Unmodified HDH Ti powder with no oxidized nanocrystalline shell and modified ball milling Ti powder

with oxidized nanocrystalline shell; (b) microstructural comparison between LPBF-printed samples using two types of

feedstock Ti powders
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S ZBOR R I 22 B

Z—, Wk 2 i, BRiiE AR AN LAM A A
() 42 Ja ) P2 A B Bl | 100 9 | AR SO R IR S R R R

N = 7] JRVE AN g S
UM T R RO s RPN S S OLRCK 5 )
S I R4 R IOUE 20 2 A5 O RO, T B AT U A S A M
S=ALG N . N N .,
il 2 5Ty A B BCR 3R TR TR AR AR ) 2
AR I I AROAUTE 4 JE A RO 38 B4 i 3 PERESEF . U LAAE TiVBK G & 5 B IRIK RN
PR BUS 21, B LAM 238 R & TR &8 R 1% BR 1 43 AR o
2 WEHERFS O ) i ST 4 A AR A et R
Table 2 Representative metallic materials fabricated using reactive atmospheric LAM and their variations in properties
YS before YS after TS before TS after Oth
Material Atmosphere Method modification / modification / modification / modification / i etr Ref.
MPa MPa MPa MPa ehiec
i . Significantly
3161 Ar-air A“?O;/f’gem 500 600 700 650 enhanced  [34]
- ductility
Feedstock 778 1079 Enhanced
itriding + (as-printed) (as-printed) ductility and
Modified 3161 N, " . 440 458 573 786 ‘ [64]
atmospheric ; . corrosion
(solution (solution .
LPBF resistance
annealed) annealed)
rite:il:;o%; Enhanced
SV30 N, oS ﬁihc - - - - fatigue [65]
‘ I P%F strength
TNZT, N Atmospheric B B B _ Enhatlced [56]
Ti-6Al4V o LMD wear 7
resistance
] . Slightly
Ti Ar-N, Aml“;jB";e“C 533 797 714 1014 enhanced  [28]
B ductility
. Strength
Ti Ar-N, i?ﬁ‘j:frfk 337-350 600—1148 394-398 622-1217 highly- [68]
g adjustable
Ti Ar-air Feedstock 520 785 670 1057 Enhanced 704
oxidizing ductility
! . Slightly
Ti-6 A4V Ar-N, A“?‘;g;em 1122 1336 1242 1418 deceased  [30]
’ ductility
. ) Significantly
. L~ Atmospheric 1090 1120-1230 1700 1850-2180 .
M ArCH, LPBF (compression) (compression) (compression) (compression) enhanced [32]
hardness
Notable
Ti-6 A4V Ar-air Feedstock - 9001180 - 940-1300 strength- 17 1
oxidizing ductility
trade-off
AISITOM N Atmospheric 341 (normal) 346 (normal) 445 (normal) 459 (normal) Sl}ilghtlyd [33]
Hove o LPBF 323 (remelt) 324 (remelt) 489 (remelt) 500 (remel) — Sponce
ductility
~ = 3 Atmospheric - Deceased -
AlCu5MnCdVA Ar-0, LPEF 156 159 317 286 ductility [50]
. . 3 Atmospheric . Enhanced
CoCrFeMnNi Ar-N, LPBF 565 650 634 690 ductility [31]
Feedstock
FeCoNiCr N, nitriding + 520 650 600 853 Enhanced g 0q
atmospheric ductility
LPBF
250 (150 C Significantly
Cu Air 1;253?;&2{ - - - ngﬂziézocod)ac enhanced laser [72]
oxidized) absorptivity
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Fig. 15 Influence of dissolved oxygen on the deformation behaviors of pure Ti and TiZrH{Nb high entropy alloy (OOC is

acronym of ordered oxygen complex) 5% .

(a) Compression curves of Ti single crystals with various O mass fraction

and corresponding TEM images before and after compressing; (b) TEM image demonstrating dislocation pinning effect
of OOCs in TiZrHINb sample; (c¢) schematic of effects of OOCs on dislocation behavior in TiZrH{Nb sample
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(a) NbC precipitation particles in maraging steel;

(b) (¢) oxidized film of Cu powder after reactive atmospheric modification and oxides within film; (d) effect of N

content on grain sizes of three LPBF-printed Ti samples
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Abstract

Significance Laser additive manufacturing (LAM) technology is not only a representative technology of intelligent
manufacturing but also the most popular technology used for the additive processing of metallic materials at the moment.
The metal products fabricated using LAM have many advantages, including high geometric freedom, good dimensional
accuracy, and excellent performance and quality. They have been widely used in the aerospace, biomedical, and defense
industries. Because LAM processing includes a high-temperature laser-heating process, the processing area is often
shielded with inert atmospheres to avoid the air contamination of the metallic materials. Recently, LAM technologies
utilizing reactive atmospheres, such as N,, Ar-O,, Ar-N,, and Ar-CH,, have rapidly emerged with remarkable
achievements in improving the mechanical properties of various metals. It solves a long-lasting problem: the difficulty of
modifying the properties of internal materials through atmospheric modification, which might be considered a historic
breakthrough. Simultaneously, a new technological path has emerged: modifying feedstock materials before LAM
processing utilizing active atmospheres. This study covers recent local and international research advances in the
technology of reactive atmospheric LAM, which is a promising developing technology. The achievements are the result of
two major technical directions: reactive atmospheric protected LAM processing and reactive atmospheric modified LAM
feedstock materials. This review is concluded by analyzing the impacts of this new technology on representative metals
such as steel, titanium alloy, aluminum alloy, and high-entropy alloy. In addition, it analyzes and compares material
advancements in terms of mechanical properties, microstructural changes, and forming quality, as well as underlying
mechanisms. At the same time, this paper discusses the current challenges and opportunities of the reactive atmospheric
LAM technology.

Progress In Section 2, this review critically examines the literature involving LAM processing shielded via reactive
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atmospheres. Figs. 2—11 summarizes and illustrates the effects of reactive shielding gases. Powder-bed-based LAM has
received the most research interest due to its success in processing atmospheric-reinforced Ti, Ti alloys, and high-entropy
alloys. The abundant and stable gas supply in the sealed processing chamber has been identified as a key advantage for
achieving successful and homogeneous metal-gas in-situ reactions. The homogeneous distribution of solute atoms as well
as compound precipitates can significantly improve the strength of metals and even boost. A number of attempts at direct-
deposition LAM using reactive shielding atmospheres have also been made. However, the results are generally inferior to
those achieved via powder-bed-based LAM, owing to insufficient gas-metal reactions during direct-deposition LAM
processing. Section 3 introduces feedstock material modification using reactive atmospheres. This atmospheric feedstock
modification technology can exert a significant influence before LAM processing, such as drastically increasing N
concentration in austenitic stainless steels and improving Cu’s laser absorptivity via surface nitridation/oxidation of
feedstock powders (Figs. 12 and 13). The method is particularly applicable to less-reactive metals and can avoid the
unfavorable disturbance caused by metal-gas in-situ reactions during LAM processing. Finally, Table 2 summarizes
representative achievements of reactive atmospheric LAM fabricated metals. Section 4 delves deeply into and elucidates
the mechanisms of atmospheric modification, such as solute element diffusion, compound precipitate formation, influence
on solid-state phase transformations, and strengthening mechanisms.

Conclusions and Prospects Recently, the application of reactive atmospheres in the LAM of metallic materials has
emerged and developed rapidly. This technology has shown great potential in modifying the properties of metals during the
fabrication of products. N, O, C, and other alloying elements from atmospheres have been successfully added to a variety
of metals, including Ti alloys, steels, Al alloys, and high-entropy alloys. Remarkable strengthening (up to 40 %—100%
increment) has been achieved in Ti, Ti alloys, and austenitic stainless steels. Furthermore, the effects of reactive
atmospheres may be accurately regulated by altering the contents of the atmosphere as well as laser parameters. This
review has also proposed several prospects for further clarifying the mechanisms of atmospheric alteration and extending
the applications of this technology. It is possible to learn more about the mechanisms at the subnano/atomic scale using
in-situ microscopy and X-ray diffraction analysis. Additionally, the reactive atmospheric LAM has the ability to fabricate
gradient materials by adjusting atmosphere or laser during processing. As a result, materials with different properties can
be deposited at designated positions.

Key words laser technique; high-performance metals; additive manufacturing; 3D printing; reactive atmosphere;
shielding gas
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