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Abstract

Even though journalists write about the 4th industrial revolution, the metal additive manufacturing (AM) machines are still "that awkward machine

in the corner". However, the research community and the European Commission have seen that hybrid solutions are necessary to improve the

competitive factor of additive machines, making them an integrated supplementary part of the production plant, as other manufacturing processes

are today. Hence, a discussion is raised on changing the way additive machines are operated. The paper discusses new planning systems and

support systems for reliable operation of AM processes.
c© 2016 The Authors. Published by Elsevier B.V.
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1. Introduction

The metal additive manufacturing (AM) technology can pro-

duce geometries that is impossible to create using traditional

production technologies[1–3], while at the same time achieving

good material properties with high performance metals [4,5].

However, for massive parts AM is a slow manufacturing pro-

cess that usually have a roughness exceeding a Ra value of

10 μm. The geometrical accuracy is poorer than many tradi-

tional methods, since inherent stress will cause the part to de-

form during production and heat treatment. Therefore, an ad-

ditive manufactured part is often machined, grinded and/or pol-

ished to get the part within its tolerances. Hence, machining

allowance is added to the near net shape additive part. A com-

pany producing additive parts in metal, therefore, needs to have

subtractive production machines for finishing operations. This

is not in line with the common journalistic view of the simple

one-operation AM machine, rather the AM machines are sup-

plementary to the rest of the workshop, as the AM machines are

not the solution to all production needs.

1.1. The supplementary additive process

The idea of hybrid systems are not new, as there are several

hybrid solutions available. Already in late 2011 the company

Matsuura displayed a CNC milling and laser powder bed fusion

hybrid machine. Such a process was also presented in 2014 by

the American machine builder Sodick. These machines deliver

a hybrid manufacturing solution in a single machine unit, where

the perimeter of one to four AM applied layers are milled before

the application of the next layer, producing a smooth part with

high dimensional accuracy. However, this solution still needs

to start with a machined build platform, i.e. platform that pro-

vides the surface upon which the build is started and supported

during the build process. This leads to another machining op-

eration, as the platform has to be removed after the build. The

layerwise milling is an additional operation which furthermore

slows down the AM process sequence, and the restriction to 3-

axis milling limits the possibilities to use the milling operation

in the most efficient way. Chips blended into the powder bulk

and magnetism are other major concerns regarding this process,

as well as the deformation seen from the inherent internal stress

that is added to the component during the build.

Deposition based hybrid manufacturing machines have been

developed for many years [6,7]. In 2013 Hybrid Manufactur-

ing Technologies displayed their AMBITTM deposition head,

which is a deposition head that could be retrofitted into virtu-

ally any CNC machine. Shortly thereafter DMG Mori Seiki

showed a large deposition and milling hybrid machine. This

type of hybrid machines became popular in 2014, when Mazak,

Hurco and Hermle announced their plans for additive-milling

mixed machines [8]. However, all these solutions are based
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Fig. 1. A hybrid produced case study from the EU-project IC2

on the relatively coarse deposition method, often called Laser

Cladding. In these hybrid machines milling and AM can not be

done simultaneously, so there is always one process waiting for

the other. Furthermore, between AM and milling there is also a

cooling phase where the machine is waiting for the component

to cool down. Hence, having separate machines instead of the

2-in-1 solution would be beneficial for the availability of each

process.

Concept Laser, one of the major metal powder bed machine

builders, have presented the idea of a bigger automated hybrid

system. The company plan to release their first factory system

at the end of 2016 [9]. The system will mainly focus on ad-

ditive production with separate powder handling and removal

stations. Furthermore, it will have a post-processing section,

where the parts are machined, heat treated and cut off from its

build plate. The focus is therefore on complete additive builds,

with simplified post-processing steps.

1.2. Cell structures

The focus on automated cell structures are still not much dis-

cussed by the machine builders. However, a different approach

to hybrid manufacturing started in 2009 at the Norwegian Uni-

versity of Science and Technology and SINTEF in Trondheim,

Norway [10]. With this approach a powder bed AM machine

for metallic materials is integrated with a 5-axis milling center

into a hybrid manufacturing cell. Physical integration is done

by a pallet system, while the machines are connected to a lo-

cal network for information exchange, e.g. part position co-

ordinates and part name. The intention of this approach was

to achieve coordinated functionality while the integrity of each

process was maintained to the highest degree possible [11].

This development was a part of the European project FP7

IC2. A case study on an injection molding tool insert revealed

more than 50% decrease in mold cooling time, and much less

wear on the mold. This extreme decrease in wear was seen from

the change of material, better venting and much better cool-

ing. The vents where built additive and the cooling channels

where comprised of many parallel conformal cooling channels,

as seen in Figure 1.

A recent contribution to the development of hybrid manufac-

turing is the MetalFAB1TM , shown by Additive Industries at the

FormNext exhibition in 2015. It is a modular machine that is

supposed to integrate many different process steps, like powder

bed fusion, heat treatment, powder removal, storage and prob-

ably some subtractive modules. These are all connected by a

supervising control system and a linear robotic unit. A pallet

system is used to achieve consistent part positioning in the ma-

chines. This modular system has the potential to be a major

success, if implemented correctly. However, from the informa-

tion available at this time, it seems that the system will focus on

building a part completely in the additive machine, just like the

Concept Laser factory system.

As stated, AM is slow and rough, which is why it is usually

not the preferred method when compared to subtractive pro-

cesses. On the other hand, the unique possibility to produce

geometrical complexity is important for some products. Hence,

there is a need for AM, but there is also a cost-driven need to

reduce the use of AM. This is why hybrid systems has been

developed, integrating very different production machines to-

gether, to improve the speed and performance [12].

2. The hybrid modular manufacturing system

The idea of the hybrid modular system is to link together

several production machines in a workshop, while maintain-

ing the integrity of each individual machine. There has to be

a network-based connection, as the machines need to exchange

information, e.g. part location, deviations, identification and

production files. As a result, a single setup of the crude base

section on a pallet system will reduce the setup time, and the

accuracy of the setup will be reflected by the accuracy of the

pallet system. 3D-scanning or coordinate measuring machines

(CMMs) will inspect the parts between the process steps to

identify problems and to learn about the different failure modes.

Figure 2 displays an example of a communication flow in an au-

tomated system, where part positions, deviations, identification,

machine codes and other relevant information is communicated

through a common system router. Some of the feedback is also

sent to a learning database, which is used for learning the pro-

cess deviations and failure modes.

Fig. 2. The hybrid modular manufacturing system

The hybrid process starts when a CAD-model is loaded into

a hybrid manufacturing toolbox. This toolbox analyzes the ge-

ometry and gives feedback to the engineer on which produc-

tion method that is recommended in different sections of the

part. The feedback could give indications of design modifica-

tions that could make the manufacturing process less resource

demanding. The feedback is based on knowledge of each pro-

duction process and a knowledge database which is developed

over time. The option at this point is to redesign the part, or

to section the part as the toolbox recommends. Each section

is then presented in a CAM-software for each of the process

steps, where the tool paths are programmed. The toolbox then

produces a product data package that will hold the production

files and identification. This package is updated with position-

ing through a 3D-scan, or for more accuracy, a CMM.
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For further automation the hybrid cell could be automated

with robotic manipulators and advanced powder handling sys-

tems. In metal powder bed fusion no automated powder re-

moval exists at the marked at the present time. However, EOS

presented a concept at Euromold 2013 where a clean-up pro-

gram comprising rotation and vibration was suppose to clean

all excess powder.

2.1. Failure modes

It is clearly useful for any AM producer to decrease the

amount of production defects. Production cost and loss of pro-

duction time due to AM build failure hinders the development

of AM as a commonly used manufacturing method. Data col-

lection of build deviations should be a part of the hybrid sys-

tem. Moreover, automatic optimal selection of manufacturing

method would increase the productivity. The implementation

of such a system is therefore important for a wider industrial

usage of metal AM. Simulations on the build process would

help avoid the failure modes that can occur in additive produc-

tion. With mitigation made on results from simulation, a higher

production rate as a result of higher rate of successful builds

would make AM a stronger and more cost effective candidate

as a supplementary production method.

2.1.1. Large factories
In larger factories the hybrid cell could be one of several

ways to make the utilization of the machines higher, as the in-

tegrity of each machine is kept. This means that there is no

waiting time, as there is in the combined machines. Hence, ma-

chines could use extra capacity to manufacture traditional parts

as well. This cell would not have an automated handling sys-

tem, as it would require operators to move inside and around the

machines. Another way to build the cell, would be to connect

it with robots. Robots that would move the pallets between the

machines, making use of an automated powder removal system

and cleaning machines for removal of fluids and attached pow-

der. Such a system would require a part magazine for storage

of parts on pallets awaiting next process, as the speed and time

consumed in the different processes would be different. The

manual work hours in such a system would be minimal and the

throughput would be very high.

2.1.2. Connecting expert factories
Small factories may not have all the machines needed for

high end production. SMEs can utilize other workshops to get

the right processes and machine availability without making the

investment themselves. Using a common pallet system with a

unique coordinate system and identification, together with on-

line part data, companies with different expertise and geograph-

ical location can be involved in the different process steps. As

a result, companies with a limited machine park could coopera-

tively add value to a product through their specialty or machine

access. Small and medium sized enterprises could therefore ex-

pand their marked potential with this cell structure, while still

being able to run their machines without the complete system.

This would strengthen the SMEs’ competitiveness and main-

tain a high utilization of machines in the companies that join

the common hybrid solution.

2.2. The pallet system

A pallet system consists of chucks or pallet holders that

clamps the pallets into a specific orientation with high accuracy.

The clamping must be strong to enable vibration-free machin-

ing and fixed positioning during the process. The pallet system

is the holder of an identity in form of a bar code, QR code or

similar. This identification is used to send and receive the cor-

rect data from the database, through the translating communi-

cator. The communicator is needed to interpret the information

received from the different systems. The pallets should be re-

sistant to high temperatures as they may need to go through the

post heat treatment together with the parts.

The focus on larger connected factories is a recent develop-

ment from the machine builders. There is often an option to

install pallet systems in new machines, which is a key enabling

technology for a hybrid cell structure. However, these pallet

systems does not come with any software or further implemen-

tation toward hybrid manufacturing. There might be a good

reason for that, as the pallet systems delivered today does not

cope well with powder. The self-locking ball lock mechanisms

will get stuck under the influence of powder. Furthermore, such

systems are quite difficult and time consuming to clean, which

shows that they are in fact far from suitable for powder addi-

tive manufacturing. Therefore, more technically suiting pallet

systems should be developed.

2.3. Simulation and analysis of the AM processes

The analysis of the physical process when metal powder is

transformed into a solid part is a complicated task. However,

it is not impossible, and many researchers are working on ac-

curate AM simulations, as for example Hodge et al.[13] and

Kamath[14]. The status of this development is in many ways

similar to the development of simulation tools for injection

molding processes. 20 years ago injection molding did not have

any simulation software, so a working production was heavily

reliant on experienced engineers. These engineers had insight

into failure modes and how to fix them, but without any good

simulation tool the molds often needed to go through several

iterations before it was working fine. Today the use of injec-

tion molding simulation tools are standard procedure during a

design phase, just as simulations of AM builds will be standard

solution to avoid failure modes in the future.

Figure 3 shows an etched material test of hybrid manufac-

tured maraging steel, with the microstructure clearly visible.

The part is laying on its side, so the layers where added from

the left to the right. In this microstructure, downwards pene-

trating melt pools are clearly visible. The penetration of the

melt pool is between three and four layers, depending on ge-

ometry. This means that most of the melted metal will actually

be melted up to four times. The difficulties with large com-

plex multi-physics simulations of the additive processes are the

large number of parameters that affect the build quality. This

complexity leads to high computational costs [15]. With a high

number of variables, both testing and analysis of the process

parameters require large amounts of experiments. Computa-

tional costs have a tendency to decline with time as CPU cal-

culation power rise, however, with more advanced simulations

so will the amount of calculations. Yadroitsev[16] estimated

that the number of parameters that affect the build process was
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at least 130 for the SLM powder bed process. Hence, verifica-

tion work becomes expensive and time consuming, as testing

relays on many additive manufactured parts. The simulation

model will be AM technology dependent, where deep under-

standing of powder melting is needed. Furthermore, to ensure

that the simulation model corresponds to the real world expe-

rience, a database of builds with related build errors is needed.

This database serves as a governing guide to how real life builds

and the simulation corresponds, where simulations are analyzed

and compared to the result to ensure confident results. The fail-

ure modes for AM are many, and some can be simulated while

others must be solved through better control of the machines.

The AM build process will in the near future still be dependent

on craftsmanship of the machine users and engineers, but soft-

ware will give better results as simulation accuracy improves

along with better processes and process understanding.

Fig. 3. A hybrid part, where the base material is to the left and the additive

section is to the right. The material is Marlok-C1650

3. Learning

The decision of when to use which manufacturing method

relays on production engineers which need to have knowledge

of each available machine. However, AM is new to many engi-

neers and it is therefore difficult to understand the process char-

acteristic. The decision to use AM as manufacturing method on

a chosen part needs to come from experience and deep process

understanding. Furthermore, there can be many equally opti-

mal routes to produce a part, which would make it difficult for a

software or an algorithm to give a specific solution. Since AM

suffers from many failure modes, rough finish and coarse toler-

ances, an analysis is needed to reduce cost and uncertainty in

the final result.

3.0.1. Choosing the correct manufacturing method
Additive manufacturing can in some design cases be the only

manufacturing option, for example on components with the use

of internal geometry like conformal cooling channels or lattice

structures. To understand when and in which sections AM is

beneficial, one needs to understand the technology limitations

and strengths. By calculating the time and cost of each op-

tion, a list of possible solutions can be presented. Today’s CAM

software for subtractive methods have the possibility to analyze

certain processes. AM can be integrated and be analyzed in

the same way. Commercial products like "NX CAM Hybrid

Additive Manufacturing" from SIEMENS can simulate the use

of both additive and subtractive technologies in one software

tool. Typical variables like size, batch size, geometry, mate-

rial etc. are parameters the software use to simulate and create

the tool paths of hybrid machines based on milling and deposi-

tion. Consequently, the part can be divided into sections by a

post processor that knows the available methods, and the most

efficient production sequence can be found. For finer surface

roughness tolerances, machining might be required. A soft-

ware could through design rules and learning make this anal-

ysis more efficient and thereby support both the designer and

manufacturer in the choice of manufacturing process sequence.

It can also give input to needed design changes to allow for a

more efficient production.

3.0.2. Learning AM failure modes
Even with the newest machines on the marked, there is no

feedback when it comes to geometrical errors and build failures

in the additive machines. Hence, the operators need to become

skilled in the art of building parts correctly. This skill develops

through making many mistakes. Such mistakes costs a lot of

money and delay production. Even the most skilled operators

often do mistakes, and this is why quality control feedback is

an important next step.

3D-scanning and/or coordinate measuring machine will be

applied to compare the stock with the CAD model between

each process step, assuring that there is a reason to continue

production. Geometries with a larger risk of failure should be

pointed out by the pre-process analysis to allocate which sur-

faces to measure. Furthermore, the in-process software is used

to make a comparative analysis between the part and the data

model where build and distortion errors can be identified and

used to decide on mitigating action. The analysis data is then

fed back to a knowledge database to improve the pre-process

software. By creating such a feedback the simulation software

can learn the actual machine limitations, obtaining experience

that leads to additive build with few build errors.

3.1. Process planning software

It is quite clear that designers and engineers will not be

happy with a software that changes the design for easier man-

ufacturing. Hence, the software of the hybrid modular cell

should not override the designs, but rather give feedback on pro-

duction difficulties or suggestions of better production friendly

designs. The feedback should be based on the analysis dis-

cuss in Chapter 2.3. Newman et al.[17] discuss a framework

for process planning in a hybrid cell. This is a framework

aimed at reusing and remanufacturing existing parts for rein-

carnation into new parts, by selecting manufacturing processes

from four factors; process capabilities, process planning knowl-

edge, geometry constraints and manufacturing knowledge. This

framework might be simple, but it touches upon a subject where

there is not much written material. However, many CAD/CAM-

software companies are clearly working on such solutions. The

ones seen on the marked now are all related to deposition and

milling, as 2-in-1 machines are available. Ponche et al.[18]

proposed a highly relevant ’design for additive manufacturing’

concept based on a ’design for manufacturing’ approach. This

concept take into account both the physical phenomenons hap-
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pening in the machine and studies based on geometrical anal-

ysis of the built parts. Here knowledge feedback is developed

into three boxes; design rules, manufacturing sequence opti-

mization and process development. A subtractive extension of

such an approach would fit to the hybrid modular production

cell.

3.2. Machine communication protocols

An obstacle for the hybrid modular cell is the software on

existing powder bed machines, which are typically not open to

any communication with the machine shop. As a result, without

the producers involvement, it is not easy to make the hybrid cell

structure discussed in this paper. However, since the machine

controls are based on ordinary Windows operated computers, it

is possible to gain back-door access for controlling some of the

software, despite the fact that this solution is not as robust and

smooth as the connection with a standard machining center. For

further implementation in machine shops, this is a critical and

relatively easy next development.

4. Conclusion

To industrialize the AM technology further, one needs to re-

alize that the method is just as complementary as any other pro-

duction method. The advantages of AM should therefore be

applied in the part-sections where it is advantageous, and not

where other production methods can perform better. By con-

necting the metal additive manufacturing machines to the rest of

the machining shop a great potential for cost reduction is seen.

Mostly this is because the AM-time spent on complex parts are

severely reduced, as documented in the EU project IC2. Setting

up the parts more times than normal is time consuming, but by

using a pallet system, the time spent will be minimal. However,

there need to be more investigation into pallet systems that can

handle metal powder, as available ball lock systems will stick

under influence of powder.

Another stopper to the hybrid modular cell is the lack of net-

work communication protocols open for the user. And, without

any good way to communicate with the AM machines, this sys-

tem is difficult to implement. On the other hand, traditional

machining centers will usually allow external communication

and control.
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