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a b s t r a c t

With the increasing use of laser sintering for the production of end-use parts, there is
considerable interest in developing new and improved polymer materials for this tech-
nique. Due to the complexity of the process, however, materials are subject to very specific
requirements in order to be easy processable. To gain a better understanding of these
material requirements, this study investigates the currently most widely used material
family: polyamides. Four commercial polyamide sintering grades, including two
polyamide-12 grades, one polyamide-11 and one polyamide-6 grade, are characterized,
using a new screening approach that encompasses all material properties essential for laser
sintering. These include powder characteristics, melt flow, and solidification behavior of
the polymer. The study reveals several particular characteristics of polyamides that explain
the current popularity of this material family for laser sintering, and may be used as a
guideline for finding new materials for the process.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Laser sintering is a form of Additive Manufacturing in which parts are built layer-by-layer by selectively fusing powdered
material [1,2]. Upon deposition, a powder layer is preheated, which is then followed by the fusion of selected regions that are
heated by a laser. Subsequently, another layer of powder is spread, and the procedure is repeated until the entire part or set
of parts is fabricated. The additive nature of this process enables increased part complexity, low volume production and even
completely customized products [3].

In contrast to other Additive Manufacturing technologies, laser sintering allows the processing of almost any material
that consolidates upon heating, including polymers, metals and even ceramics [4,5]. Additionally, parts produced by laser
sintering can reach material properties that are close to those obtained by other manufacturing processes, such as injection
molding [6,7]. In practice, however, this is not currently the case, as many materials show limited processability or result in
inferior parts. The focus of this study will therefore be on the processability of polymer materials in laser sintering, with
emphasis on the polyamide family.
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2. Polymers and laser sintering

2.1. Laser sintering of polyamide

As polyamides are currently the most widely used polymers for laser sintering, most of the published work has focused on
these materials, including mainly polyamide-12 (PA12) in pure or reinforced form [7–18], but also polyamide-11 (PA11)
[7,19–22] and polyamide-6 (PA6) [23,24]. Work on other polymers is limited, but mainly considers polystyrene [25–27],
polycarbonate [28–30] and various polyaryletherketones [8,31,32].

In general, polyamides are a family of polymers in which repeating units are linked by amide groups. Characteristic for
polyamide formation, is the condensation reaction of an amine and an acid [33]:

where R and R0 are alkyl group chains. The polycondensation of polyamides is an equilibrium reaction and unless chain sta-
bilizers are added, chains remain reactive and new equilibria can be formed, depending on environmental conditions such as
temperature and humidity [33,34]. Especially in the molten state these reactions readily occur, but also in the solid state
reactions are possible [35].

During laser sintering, the polyamide material is kept at elevated temperatures for long times, under a dry nitrogen purge.
Therefore, the molecular weight increases through postcondensation reactions, and this has important consequences for
both processing and recycling of the material. Many authors investigate these changes in molecular weight of sinter poly-
amides using either the melt flow rate (MFR) [36–43], solution viscosity [37], melt rheology [37,41,44], or gel permeation
chromatography (GPC) [39,44].

2.2. Material requirements for laser sintering

There are several factors that may prevent successful processing of a polymer in laser sintering [7,45–47]. This section
gives an overview of these factors and ways to evaluate them through experimental techniques.

2.2.1. Powder properties
The first step in a laser sintering cycle is the deposition of a powder layer on the build area. These layers typically have a

thickness of 100–150 lm, which limits the maximum applicable particle size. Moreover, the powder should have good
flowability in order to allow consistent deposition of thin, homogeneous layers of powder, with high packing density
[7,45]. In principle, good powder flow is attained when interparticle adhesion and friction are low. Therefore, smooth par-
ticles with high sphericity are preferable for laser sintering, while flow enhancing additives such as silicas are often added to
further enhance powder flow [7,8,18].

Several methods exist to measure powder flow [48,49], and several have been used to investigate flowability of sinter
powders [50–52]. However, parameters obtained for powder flow are highly dependent on the measurement method. This
means that there is not always a direct link between the measured parameters and the actual flowability in the sintering
process. Recently, however, a new powder flow-measuring device was introduced by our group that uses a deposition tech-
nique similar to the one used in laser sintering machines [53].

2.2.2. Melting and coalescence
Next to the deposition of powder layers, proper fusion of powder particles is crucial in order to obtain dense parts [5,6]. As

no mechanical pressure is applied during laser sintering this fusion is often restricted, and full density is difficult to attain.
The viscous sintering of polymer powders can be described by several models. Frenkel [54] proposed the following model:

x2

R
¼ 2C

3g0
t ð1Þ

where x and R are respectively necking and particle radius, C and g0 surface tension and zero-shear viscosity of the polymer
melt and t the sintering time. The model is however only valid for the initial stages of sintering of two adjacent, perfectly
spherical particles. Nevertheless, also extended sintering models [55,56] show that the main parameters involved are the
surface tension and the zero-shear viscosity of the polymer melt, with high surface tension and low viscosity resulting in
high coalescence rates.

The surface tension of polymer melts is hard to determine, especially for polyamides [57,58]. Moreover, in comparison to
the zero-shear viscosity, the surface tension is only a weak function of temperature and polymer type [59,60] and therefore
less conclusive for judging material sinterability. Consequently, the main parameter of interest is the zero-shear viscosity.
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