
� ��



� ��

Your article is protected by copyright and

all rights are held exclusively by Springer-

Verlag Berlin Heidelberg. This e-offprint is

for personal use only and shall not be self-

archived in electronic repositories. If you wish

to self-archive your article, please use the

accepted manuscript version for posting on

your own website. You may further deposit

the accepted manuscript version in any

repository, provided it is only made publicly

available 12 months after official publication

or later and provided acknowledgement is

given to the original source of publication

and a link is inserted to the published article

on Springer's website. The link must be

accompanied by the following text: "The final

publication is available at link.springer.com”.



Femtosecond laser additive manufacturing of iron and tungsten
parts

Bai Nie � Lihmei Yang � Huan Huang �

Shuang Bai � Peng Wan � Jian Liu

Received: 22 December 2014 / Accepted: 19 February 2015
� Springer-Verlag Berlin Heidelberg 2015

Abstract For the first time, femtosecond laser additive
manufacturing is demonstrated. Pure iron and tungsten
powders, having very different melting temperature and
mechanical properties, are used for the demonstration.
Parts with various shapes, such as ring and cube, are fab-
ricated. Micro-hardness and ultimate tensile strength are
investigated for the fabricated samples. The results are also
compared to the similar parts made by a continuous-wave
laser. It is found that fs laser additive manufacturing can
obtain better mechanical properties and fabricate materials
that are not possible before.

1 Introduction

Additive manufacturing (AM), especially laser-aided AM,
has attracted lots of attentions in the past two decades [1,
2]. Laser AM of metal parts is among the most intensively
studied in recent years [3, 4]. Currently, high-power con-
tinuous-wave (CW) lasers are widely used, along with
some long pulsed lasers (nanosecond to millisecond pulse
duration) [4, 5]. Though many breakthroughs have been
achieved, there are still many challenges to overcome, such
as lack of accuracy due to the large heat-affected zone, and
limited type of materials [6]. In particular, for high tem-
perature ([3000 �CÞ material with large thermal conduc-
tivity ([100 W(mK)�1Þ, like tungsten [7] and some
ceramics [8], extremely high power will be needed to
achieve full melting of the samples. This is not practical.

Ultrafast lasers are attracting more attentions and have
many significant applications in various fields, such as
material processing [9], spectroscopy [10], and biomedical
imaging [11]. The extreme short pulse duration and ex-
ceptional high peak power make it unique compared to
other laser sources. Advantages like high resolution and
accuracy, less heat-affected zone [9], and extremely high-
temperature generation ([7000 �CÞ [12, 13], provide fs
lasers unique opportunity to play an unprecedented role in
additive manufacture. Recently, we reported, for the first
time, fs fiber laser is used to melt materials with extremely
high melting temperature [14]. In that study, single layer of
powders was used to demonstrate the feasibility of full
melting of high-temperature materials like tungsten
(melting temperature 3422 �CÞ, rhenium ð3182 �CÞ and
some ultrahigh-temperature ceramics ([3000 �CÞ. That
demonstration showed a great promise of adopting fs fiber
lasers in AM.

In this work, we extended our research to multi-layer
melting or shaped parts. Various shaped parts (rings and
cubes) were fabricated by fs fiber lasers, for the first time.
Iron and tungsten powders were used for the tests. Me-
chanical properties and micro-structure of the fabricated
parts were investigated in details. Similar parts made by
CW laser were also analyzed for comparison.

2 Experimental setup

In our experiments, two types of lasers—femtosecond and
CW—were used. They are 1-MHz repetition rate fs Yb
fiber laser (Uranus-mJ, PolarOnyx laser, Inc., California),
80-MHz repetition rate fs Yb fiber laser (Uranus, Po-
larOnyx laser, Inc., California), and continuous-wave Yb
fiber laser. All of the lasers have a central wavelength of
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