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Limit of accuracy in laser fabrication with metal powder
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Abstract The research presented in this paper focuses on
the laser-powder interaction. Through the experiment with
metal powder in micrometers, we found that, in an
invariable laser power density, the thickness of the final
fabricated thin wall was similar to the geometrical
dimension of the powder line, but could be much greater
than the laser focus spot, even greater than two orders of
magnitude. Furthermore, this paper showed that, the un-
melted and semi-fused particles were concentrated. Thus,
in this paper, combining the optical scattering theory with
capillarity and infiltration theory pointed out the induce-
ment effect of laser and the self-melting of powder. Based
on the experimental phenomena and theory, we get our
own ideas on the laser micro-fabrication.

Keywords laser-powder interaction, metal powder, scat-
tering, capillary tube forces

1 Introduction

Rapid prototyping (RP) technology, also called layered
manufacturing (LM) or solid freeform fabrication (SFF),
produces physical objects additively layer-by-layer
directly from computer-aided design (CAD) data. The
first applications of SFF were in rapid prototyping, and a
number of commercially successful proto-typing processes
have been developed from SFF research (e.g., fused
deposition modeling [1,2], selective laser sintering [3–7]
and 3D printing [8]). Significant progress has also been
made in applying SFF concepts to the automated
manufacture of functional components or features of
components out of metals. Many approaches involve the
fabrication of a semi-porous part via SFF, followed by
postprocessing such as infiltration by a low-melt alloy
[7,9–13] or hot isostatic pressing [3,5]. Some of the most
promising processes considered to date involve the direct
fusion of metal powder by a moving laser (e.g., selective

laser melting [14–18], laser-engineered net shaping (lens)
[19,20] and direct metal deposition [21–25]).

2 Experiment and experimental
phenomena

Using SFF processes for direct micro-manufacturing of
metal parts, the machining accuracy is a fundamental
question [4,6,16–18,20]. In order to find out the limit of
accuracy, an experiment is accomplished by melting metal
powder with the laser: melted a powder line by focused
laser directly, a thin wall will be produced finally.
In fact, experimenting on the 2–3 μm iron powder with

the 0.532 μm laser is to produce the thin wall under an
argon atmosphere. For supplying laser power density of
about 4.76�104W/cm2, the focusing diameter is about
50 μm, which was measured by a Beamcode SYS [26].
This intensity is a threshold value for melting. The line
width of the accumulation joined by powder granules is
about 130 μm. The laser scan speed is set up to 4 mm/s.
With this method, we gained a thin wall of 127 μm in 3

levels (as shown in Fig. 1). The average height of every
level is about 0.3 mm. The cross section of the iron thin
wall under an electronic microscope is shown in Fig. 1.
The fracture analysis diagram is shown in Fig. 1(b); the left
sections of both Figs. 1(a) and 1(b) are the tops of the thin
wall, and the right sections of both are the bottoms.
It is interesting that a former experiment was done

separately with a focus spot of 25 μm and 5.4 μm instead of
50 μm, and all of the other process parameters, including
the laser power density 4.76�104W/cm2, line width of the
powder accumulation 130 μm, scan speed 4 mm/s and
layer thickness 0.3 mm, were kept unchanged, and the
same final results of 127 μm were obtained.
Through 25 experimental times above in this way, we

get that, in every process, 4.76�104W/cm2 is the minimum
value for melting powder. However, the laser energy is
different. That is to say that using different energy, the
same parts come. Here, the power density of 4.76�104W/
cm2 plays a fusee role in the process.
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Observing the cross section of the iron wall through the
electron microscope (as shown in Fig. 1), we find that there
are some granules of which the size is similar to the
original powder granules in the central section of the wall,
and both sides along these granules are comparatively
compact (as shown in Fig. 2).

3 Scattering of laser and self-melting of
powder

As we all know, powder has relatively large specific
surface area and surface energy and lacks the surface
electron coordinate. Thus, compared to the macroscopic
material of the same substance, it puts up a feature of low
thermal conductivity. In the experiment, the photo of the
still powder granules goes as Fig. 3 (but factually, the
intervals in the granules are much greater). When the
thermal conduction is omitted, the dimension of the final
production does not relate to the focus spot but to the line
width of the powder. The exact reason is that before the
fusion of the powder, the laser scatters due to the granules’
random arrangement. In the experiment, when the laser
irradiates on the powder, its scattering is eligible for the
Mie theory [27–33]. The dimension of the powder granule
is similar to the laser wavelength.
Based on the Mie theory, when a parallel light with an

intensity of I0 irradiates on isotropic spherical granules, the

scattered light intensity at x distance from the diffuser will
be

I ¼ l2

8π2
$
i1 þ i2
x2

I0, (1)

where l is the wavelength of the incident light; i1 is the
light intensity that the vibration is vertical to the plane of
the incident light and the scattered light; i2 is the light
intensity that the vibration is parallel to the plane of the
incident light and the scattered light.
What we should point out is that, according to the

experimental results, the laser scattering is not in
isotropism [33,34], but shows a strong forward tendency
(as shown in Fig. 4).

When the powder is being partly melted, the laser
seldom scatters in the powder, and the non-melted granules
remain in the original state shown in Fig. 3. So the granules
of the microcosmic irregular array form up to millions of
capillary holes and tubes, which generate capillarity to the
liquid metal [7,9,35–38].
The formula of the infiltrating power goes as

Δp ¼ Δp1 þ Δp2 þ Δp3, (2)

where Δp1 is the capillary force; Δp2 is the liquid phase

Fig. 1 Cross section of iron thin wall under an electronic
microscope. (a) Macroscopic organization of iron wall cross
section; (b) fracture analysis diagram

Fig. 2 Diagrammatic sketch of iron wall

Fig. 3 Photo of iron powder under a scanning electronic
microscope

Fig. 4 Diagrammatic sketch of laser transmitting in powder (1.
laser action area directly brings on powder to melt; 2. un-melted
granules)
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pressure; Δp3 is the external pressure, such as the impact of
the laser.
We believe that there is a “self-melting effect” of

powder. As shown in Fig. 4, the area 1 is the laser action
area that directly brings on powder to melt. In Fig. 5, this
area is the first melting part under the laser action, and the
arrow shows the expanding direction of the molt pool. It
can be seen that owing to the laser scattering, the directly
affected powder area enlarged (compared with the laser
beam spot), so that the first melting area is no longer
restricted to the beam spot scope. Then the infiltration
caused by the capillary tube forces the heated liquid metal
to flow sidewards and downwards. Meanwhile, those
granules can also shift to the center, so there come the
phenomena of the unevenly distributed material in the
center and both sides, and the un-melted and semi-fused
granules in area 1 of Fig. 4. It also determines the
dimension of the final fabrication (thickness of the wall).

In fact, the process occurred in the experiment is much
more complicated. The interactions, which can play a great
role to the final fabrication, existed not only between solid
and liquid, but also gas. If the laser power density is high
enough, some metal granules will be gasified, and the
protecting gas will also have great affection to the final
result. With the action of capillarity, these two parts of gas
together with the melted powder and un-melted powder
form a three-phase restrained flow system.

4 Results and future work

On balance, for this direct fusion of metal powder by a
moving laser, the limit of accuracy is about 127 μm.
Restrained by the accuracy of the current technology, the
machining products would only reach the expected goal
with some postprocessing. To overcome this limit, the
focus of the powder machining in the future should be how
to obtain thinner powder line, or even to arrange the
granules in a string, and this technique could factually
complete the direct laser machining. Therefore, it requires
further research on this aspect.
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