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纳米TiC改性对选区激光熔化铜成形的影响
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摘要 为减少选区激光熔化铜成形过程中铜粉对激光的反射,提高激光吸收率和成形件致密度,通过机械球磨使

用具有高激光吸收率的纳米TiC对粒径为15~53
 

μm的铜粉进行改性。结果表明:改性后的铜粉对激光的吸收率

由22%提高到53.7%;在激光功率为340
 

W、扫描速度为500
 

mm/s条件下成形的试样,其致密度由改性前的

90.7%提高到99.8%。采用纳米TiC对铜粉进行改性,实现了铜粉对激光吸收率的大幅度提升和小功率激光扫描

条件下选区激光熔化高致密铜的成形。
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  选区激光熔化是一种根据零件三维数字模型的

离散数据,用聚焦激光束逐点选择性熔化金属粉末,
逐层凝固堆积制造零件的一种近净成形增材制造方

法[1]。这一方法能方便地实现复杂零件的高精度成

形,为航天发动机燃烧室的结构设计及优化提供了

一种新途径[2]。
铜的导热性能优良,是制造航天发动机燃烧室

冷却壁等的理想材料[3]。然而,铜对激光的吸收率

低,块体铜表面对选区激光熔化常用的1064
 

nm激

光的吸收率低于10%,球形铜粉末对1064
 

nm激光

的吸收率受粉末粒径的影响,一般在45%以下。这

导致在选区激光熔化过程中铜粉难以完全熔化,从

而出现未熔、孔洞、裂纹等缺陷,难以获得高致密度

的成形件[4-7]。Ikeshoji等[8]使用大功率1064
 

nm
激光器在激光功率为800

 

W、扫描速率为300
 

mm/s
的条件下获得了致密度为96.6%的纯铜试样,但铜

对激光的高反射使成形过程中的激光器极易损

坏[9]。如何提高铜对激光能量的吸收,实现高致密

度成形件的制备,是目前选区激光熔化铜3D打印

的热点与难点[7,10]。最近,本课题组通过采用微量

纳米TiC对铜粉进行改性来提高铜粉对激光的吸

收率,在较低激光功率下获得了致密度为99.8%的

试样,为解决这一问题提供了新的途径。
图1是直径为15~53

 

μm球形铜粉的形貌和

图1 15~53
 

μm球形铜粉的形貌和粒径分布。(a)形貌;(b)粒径分布

Fig 
 

1 Morphology
 

and
 

particle
 

size
 

distribution
 

of
 

15-53
 

μm
 

spherical
 

copper
 

powder 
 

 a 
 

Morphology 
 

 b 
 

size
 

distribution
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粒径分布。图2是纳米TiC的形貌,图3是用质量

分数为0.2%的纳米TiC在300
 

r/min转速下机械

球磨5
 

min改性后的铜粉形貌和铜粉的EDS面扫

描结果。由图3可见,经过机械球磨后,TiC在铜粉

表面分布均匀,铜粉形貌和颗粒分布没有改变。

图2 纳米TiC的形貌

Fig 
 

2 Morphology
 

of
 

nano-TiC
 

particle

图3 改性铜粉的形貌和EDS面扫描结果。
(a)形貌;(b)

 

EDS面扫描结果

Fig 
 

3 Morphology
 

and
 

EDS
 

result
 

of
 

nano-TiC
 

modified
 

copper
 

powder 
 

 a 
 

Morphology 
 

 b 
 

EDS
 

result

图4是使用岛津 UV-3600
 

plus紫外分光光度

计测得的纳米TiC、未改性铜粉和纳米TiC改性铜

粉对不同波长光源的反射率。由图4可见,未改性

铜粉对1064
 

nm激光的反射率为78.0%,改性铜粉

对1064
 

nm激光的反射率下降为46.3%。考虑到

金属对激光的透射率为0,根据反射率可以计算出

铜粉对1064
 

nm 激光的吸收率。结果表明,纳米

TiC改性铜粉对1064
 

nm激光的吸收率由未改性铜

粉的22%提高到53.7%。

图4 纳米TiC、未改性铜粉和纳米TiC改性铜粉的反射率

Fig 
 

4 Reflectivity
 

of
 

nano-TiC 
 

copper
 

powder
 

and
 

nano-
TiC

 

modified
 

copper
 

powder

图5是使用EOS
 

M290选区激光熔化设备,在
激光波长为1064

 

nm、扫描功率为340
 

W、扫描速率

为500
 

mm/s、扫描间距为0.10
 

mm、铺粉厚度为

30
 

μm的条件下,制备的未改性纯铜试样和纳米

TiC改性铜试样在腐蚀前的金相照片。由图5可

见,经过纳米TiC改性后,在相同的激光扫描工艺

条件下,试样的致密度明显提升,孔隙缺陷大大减

少。根据阿基米德方法计算试样的致密度,计算结

果表 明,采 用 改 性 铜 粉 制 备 的 试 样 的 致 密 度 为

99.8%,远高于未改性铜粉制备试样的相对致密度

(90.7%)。

图5 未改性铜粉与纳米TiC改性铜粉成形试样在腐蚀

前的形貌。(a)
 

未改性铜粉成形试样;(b)
 

纳米TiC
  改性铜粉成形试样

Fig 
 

5 Morphologies
 

of
 

formed
 

samples
 

with
 

copper
 

powder
 

and
 

nano-TiC
 

modified
 

copper
 

powder
 

before
 

corrosion 
 

 a 
 

Formed
 

sample
 

with
 

copper 
 

 b 
 

formed
 

sample
 

with
 

nano-TiC
 

   modified
 

copper

采用 HBE-3000A型电子布氏硬度计(硬质合

金球压头的直径为2.5
 

mm)测试试样的硬度,结果

表明,在加载载荷为612.9
 

N、保压时间为30
 

s的条

件下,改性铜粉成形试样的硬度达到了87.7
 

HB,远
高于未改性铜粉成形试样的硬度(64.5

 

HB)。
纳米TiC改性对激光吸收率和成形试样致密

度、硬度的影响如图6所示。
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图6 纳米TiC改性对激光吸收率以及成形试样

致密度、硬度的影响

Fig 
 

6Effect
 

of
 

nano-TiC
 

modification
 

on
 

laser
 

absorptivity
 

of
 

copper
 

powder 
 

density
 

and
 

    hardness
 

of
 

selective
 

laser
 

melted
 

sample

由图6可知,本文方法大幅提高了铜对激光的

吸收率,实现了低激光功率下选区激光熔化高致密

度铜试样的成形。改性铜粉制备的试样的致密度可

达99.8%,是目前文献报道的1064
 

nm低功率激光

选区熔化成形的最高水平。
使用耐驰LFA457激光热导仪对 TiC改性前

后试样的导热性能进行了初步研究,结果表明,改性

前试样的热导率为120.8
 

W/(m·K),改性后试样

的热导率为189.2
 

W/(m·K)。使用霍尔效应测

试仪对TiC改性前后试样的导电率进行了初步研

究,结果表明,改性前试样的导电率为29.1%IACS,
改性后试样的导电率为42.1%

 

IACS。这说明致密

度是影响成形试样的导电性能和导热性能的主要

因素。
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Abstract

Objective With
 

its
 

excellent
 

thermal
 

conductivity 
 

copper
 

is
 

an
 

ideal
 

material
 

for
 

the
 

critical
 

complex
 

cooling
 

parts
 

in
 

the
 

combustion
 

chambers
 

of
 

aerospace
 

engines 
 

Increasingly 
 

complex
 

copper
 

parts
 

are
 

being
 

fabricated
 

by
 

selective
 

laser
 

melting 
 

an
 

additive
 

manufacturing
 

method
 

that
 

forms
 

complex
 

3D
 

parts
 

and
 

structures 
 

However 
 

bulk
 

copper
 

surfaces
 

and
 

spherical
 

copper
 

particles
 

absorb
 

less
 

than
 

10%
 

and
 

45%
 

of
 

1064
 

nm
 

laser
 

energy 
 

respectively 
 

Melting
 

the
 

copper
 

powder
 

completely
 

and
 

fabricating
 

sound
 

copper
 

parts
 

without
 

defects
 

such
 

as
 

unmelted
 

particles
 

and
 

holes
 

are
 

difficult
 

tasks 
 

Recently 
 

we
 

improved
 

the
 

laser
 

absorptivity
 

of
 

copper
 

powder
 

by
 

nano-TiC
 

modification 
 

and
 

fabricated
 

a
 

sample
 

with
 

a
 

density
 

of
 

99 8%
 

under
 

a
 

1064
 

nm
 

laser
 

 340
 

W 
 

500
 

mm s  
 

Our
 

modification
 

technique
 

provides
 

a
 

novel
 

solution
 

to
 

the
 

above
 

problem 

Methods The
 

reflectivities
 

of
 

nano-TiC 
 

unmodified
 

pure
 

copper
 

powder 
 

and
 

copper
 

powder
 

modified
 

with
 

0 2%
 mass

 

fraction 
 

nano-TiC
 

were
 

measured
 

under
 

lasers
 

of
 

different
 

wavelengths 
 

Measurements
 

were
 

performed
 

in
 

a
 

UV-3600
 

plus
 

ultraviolet
 

spectrophotometer 
 

The
 

morphologies
 

of
 

the
 

powders
 

and
 

nano-TiC
 

particles
 

were
 

observed
 

by
 

scanning
 

electron
 

microscopy
 

with
 

energy-dispersive
 

X-ray
 

spectroscopy 
 

The
 

unmodified
 

and
 

modified
 

copper
 

powders
 

were
 

subjected
 

to
 

selective
 

laser
 

melting
 

in
 

a
 

metal
 

3D
 

printer
 

 EOS
 

M290 
 

operated
 

with
 

a
 

400
 

W
 

and
 

1064
 

nm
 

laser
 

under
 

the
 

same
 

scanning
 

conditions
 

 340
 

W 
 

500
 

mm s  
 

The
 

relative
 

densities
 

of
 

the
 

samples
 

were
 

determined
 

by
 

the
 

Archimedes
 

method 
 

Their
 

morphologies
 

and
 

hardness
 

values
 

were
 

analyzed
 

by
 

a
 

Nikon
 

optical
 

microscope
 

and
 

a
 

Brinell
 

hardness
 

tester 
 

respectively 
 

The
 

thermal
 

and
 

electrical
 

conductivities
 

of
 

the
 

samples
 

were
 

measured
 

by
 

a
 

laser
 

thermal
 

conductivity
 

meter
 

and
 

a
 

Hall
 

effect
 

tester 
 

respectively 

Results
 

and
 

Discussions The
 

observation
 

and
 

analyses
 

confirmed
 

that 
 

a 
 

modifying
 

the
 

copper
 

powder
 

with
 

0 2%
 

nano-TiC
 

significantly
 

reduced
 

the
 

reflectivity
 

of
 

copper
 

to
 

1064
 

nm
 

laser 
 

and
 

consequently
 

increased
 

the
 

laser
 

absorptivity
 

from
 

22%
 

to
 

53 7%
 

 Fig 
 

4  
 

b 
 

the
 

sample
 

modified
 

with
 

the
 

powder
 

had
 

a
 

much
 

higher
 

relative
 

density
 

 99 8% 
 

and
 

significantly
 

fewer
 

defects
 

than
 

the
 

sample
 

fabricated
 

from
 

unmodified
 

pure
 

copper
 

powder
 

under
 

the
 

same
 

conditions
 

 340
 

W 
 

500
 

mm s 
 

 Fig 
 

5  
 

c 
 

modification
 

with
 

nano-TiC
 

improved
 

the
 

Brinell
 

hardness
 

of
 

the
 

samples
 

from
 

64 5
 

to
 

87 7
 

HB
 

 Fig 
 

6  
 

d 
 

the
 

modification
 

improved
 

the
 

thermal
 

and
 

electrical
 

conductivities
 

of
 

the
 

samples
 

from
 

120 8
 

W  m􀅰K 
 

and
 

29 1%
 

IACS 
 

respectively 
 

to
 

189 2
 

W  m􀅰K 
 

and
 

42 1%
 

IACS 
 

respectively 
 

The
 

improved
 

relative
 

density
 

fundamentally
 

improved
 

the
 

performance
 

of
 

the
 

samples 

Conclusions The
 

proposed
 

modification
 

increased
 

the
 

relative
 

density
 

of
 

copper
 

powder
 

from
 

90 7%
 

to
 

99 8%
 

and
 

improved
 

its
 

laser
 

absorptivity
 

from
 

22%
 

to
 

53 7%
 

under
 

a
 

1064
 

nm
 

laser
 

 340
 

W 
 

500
 

mm s  
 

The
 

high
 

relative
 

density
 

correspondingly
 

improved
 

the
 

Brinell
 

hardness 
 

thermal
 

conductivity 
 

and
 

electrical
 

conductivity
 

of
 

the
 

modified
 

sample 
 

Modification
 

by
 

nano-TiC
 

is
 

a
 

novel
 

and
 

effective
 

technique
 

for
 

increasing
 

the
 

laser
 

absorptivity
 

of
 

copper
 

and
 

fabricating
 

high-density
 

copper
 

parts
 

by
 

selective
 

laser
 

melting
 

under
 

low-power
 

laser
 

scanning 

Key
 

words laser
 

technique 
 

selective
 

laser
 

melting 
 

modification
 

by
 

nano-Tic 
 

copper 
 

absorptivity 
 

relative
 

density
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