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Abstract

Additive manufacturing (AM) refers to a series of techniques in which parts are created by successive
deposition of layers. Among the different technologies, Wire Arc Additive Manufacturing (WAAM) em-
ploys a welding system in combination with a motion mechanism to deposit layers of molten metal. This
technology possesses high deposition rates and an unconstrained build envelope, limited only by the
reach of the motion mechanism making it suitable for fabricating large-scale parts. The use of this tech-
nique to manufacture technologically interesting materials as Invar 36, a low thermal expansion alloy,
could lead to reduced material waste and components with a geometrical complexity only attainable
via AM. The high heat input associated with WAAM has been proven to induce columnar grain growth
causing anisotropic behavior in the materials, and in the case of Invar 36, it also promotes cracking. In
this work, the addition of nucleating agents, known as inoculation, has been implemented during the
deposition process to induce grain refinement and mitigate the aforementioned effects. TiC and NbC
were selected as possible inoculants based on the results from the implementation of the edge-to-edge
matching model as selection criterion. The inoculants, in the form of powders, were mixed with an or-
ganic carrier to create suspensions at 50 wt.% and 75 wt.% which then were applied as a coating to
each layer during the deposition process. Invar 36 cuboidal specimens with dimensions of 15x15x120
mm were fabricated using GTAW-based WAAM with a heat input of 550 J mm2. Microstructural char-
acterization showed that specimens with added inoculants achieved significant grain size reduction,
reduced crack formation, and an increase in hardness. Defect-free depositions were attained in the
specimens with inoculant-loaded suspensions at 75 wt.%.
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1
Introduction

Additive manufacturing (AM) refers to a series of techniques in which parts are manufactured by
successive deposition of layers [1]. In comparison with traditional manufacturing, AM allows for less
material waste, high design flexibility, and easy customization and tailorability of components [2]. With
nowadays technologies, it is possible to employ AM to produce components out of polymers, ceramics,
metals, and composites. However, AM is a relatively new concept and there are still numerous limita-
tions. The exact limitations and their severity, depend on the technology and material being used. The
most common limitations encountered can be summarized in limited dimensional accuracy, surface
roughness, build speed, and build envelope [2, 3].

Among the technologies, Wire Arc Additive Manufacturing (WAAM) is a relatively economical tech-
nique that combines a welding system and a motion mechanism to deposit successive layers of weld
beads [4]. The high heat input associated with the welding processes allows high depositions rates dur-
ing the WAAM deposition process (5-30 g min�1), and the build envelope is only limited by the reach of
the motion mechanism [4, 5]. These characteristics make WAAM specially suitable for manufacturing
large-scale parts and confer the technique a particular technological interest.

However, as with any manufacturing process, WAAM has its own drawbacks and limitations. Based
on welding technologies, WAAM presents various major defects found in welding processes. The high
amount of energy introduced during the deposition of each layer causes thermal gradients that may
result in warping of the manufactured component [6, 7]. Inherent miss-alignment of the layers limits the
dimensional accuracy and the surface roughness of the as-deposited part, requiring additional finishing
steps. The layer-by-layer nature of the process also creates a direction of preferential heat extraction
promoting columnar grain growth, typically aligned with the building direction. Such grain morphology
tends to cause anisotropic mechanical behavior in materials and facilitates the formation of cracks
during the solidification process [5, 8]. Different grain refinement strategies have been employed to
mitigate the formation of such morphology and the detrimental effects on the materials [8ï11]. However,

1
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the implementation and efficacy of these techniques are dependent on the process-material pair.

Low thermal expansion alloys, characterized for having low coefficients of thermal expansion, com-
prehend a group of technologically interesting materials for AM. These alloys are typically employed
in high-precision applications where dimensional stability is critical for the correct functioning of the
components fabricated [12, 13]. Achieving defect-free depositions, while maintaining the low thermal
expansion properties, and a desired mechanical behavior, could lead to the fabrication of components
with high geometrical complexity, that could not be obtained by traditional manufacturing methods,
while reducing material waste and processing-related costs.

Previous studies on low thermal expansion alloys include a feasibility study and processing parameter
optimization for gas tungsten arc welding (GTAW) based WAAM for the deposition of Invar 36 [14ï
16]. Even with optimized parameters, the formation of typical columnar grain morphology and crack
formation during solidification could not be mitigated [17]. This works aims to study the effects of
inoculation as a grain refinement strategy on the microstructure, during the deposition of Invar 36 using
GTAW-based WAAM.

This thesis is comprised of five chapters distributed as follows: Chapter 1 contains a brief introduction
indicating the motivation and the general aim of this work. Chapter 2 comprehends a detailed literature
review; topics addressed include the basic principles of AM, a detailed description of WAAM processes
and their variants, an introduction to Invar alloys and Invar 36, and inoculation as the proposed grain
refinement strategy. Conclusions and objectives derived from the literature review are also included
in this chapter. Chapter 3 provides a description of the methodology employed for the selection of
inoculants and for the fabrication of Invar 36 specimens, and their posterior characterization. The
results and the discussion regarding the effects of the addition of inoculants on the microstructure are
presented in chapter 4. Finally, conclusions drawn from this work and future recommendations are
presented in chapter 5.
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d(1/ r )
[uvw ] = d0

[uvw ]/ r ����������
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�&�U�\�V�W�D�O �V�W�U�X�F��
�W�X�U�H

�X�� �Y�� �Z �,�Q�W�H�U�D�W�R�P�L�F �V�S�D�F�L�Q�J �F�R��
�H�I�I�L�F�L�H�Q�W ��1/ r ��

�,�Q�W�H�U�D�W�R�P�L�F �V�S�D�F�L�Q�J ��d(1/ r )
[uvw ])

�)�&�& �7�Z�R �R�G�G�� �R�Q�H
�H�Y�H�Q

������ (u2 + v2 + w2)(1/2) a/2

�$�O�O �R�G�G �� (u2 + v2 + w2)(1/2) a
�7�Z�R �H�Y�H�Q �R�Q�H
�R�G�G

�� (u2 + v2 + w2)(1/2) a

�%�&�& �$�O�O �R�G�G ������ (u2 + v2 + w2)(1/2) a/2
�0�L�[�H�G �� (u2 + v2 + w2)(1/2) a

�+�&�3 �X � ���H �� �� ������ [(u2 + v2 � uv)a2 + w2c2](1/2) /6
�Y � �� �I �� ��
�Z � ���J �� ��
�X � ���H �� �� ������ [(u2 + v2 � uv)a2 + w2c2](1/2) /6
�Y � �� �I �� ��
�Z � ���J �� ��
�7�K�H �R�W�K�H�U�V�� [(u2 + v2 � uv)a2 + w2c2](1/2)
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� direction =
d(uvw )matrix � d(uvw ) inoculant

d(uvw )matrix
����������

� plane =
d(hkl )matrix � d(hkl ) inoculant

d(hkl )matrix
����������
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�&�X�E�L�F dhkl = a
(h2 + k 2 + l 2 ) (1/2)

�+�H�[�D�J�R�Q�D�O dhkl = ar
4
3 (h2 + k 2 + hk )+ a2

c2 l 2
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