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ABSTRACT

In the last 18 months a new Rapid Prototyping process involving direct deposition of metal has
been under development at Cranfield University. The process entails the use of a Gas Metal Arc
fusion welding robot which deposits successive layers of metal in such way that it formsa 3D solid
component. A solid modd is firs drawn usng a CAD system, then data indicating the kind of
layers and dimension isincorporated and the solid isautomatically diced. Thisdicing routine also
generates reports on the welding time and conditions for the production of the component and
automatically generates the robot program. Depending on the complexity of the component the
time from drawing the component to being ready to press the robot start button to make the
component can take lessthan two hours. An example of a component which was generated to test
the system is described herein order to illustrate how the process is operated, the quality of the

component, and the productivity which may be expected.

1. INTRODUCTION

The current process was first described by
Ribero in [1] and therefore only a brief
description of the process will be given here;

To reduce prototyping time, it has often been
dated that there was a need to automate the
production of ‘one off components for
development and evaduation. Cagting, which may
be used for components of this type is an
expensve and time consuming process especidly
if used to make only ONE component. Most of
the rapid prototyping processes evolved in
reponse to this requirement use resin based
meaterids which are not aways suitable for testing
purposes. Metad based prototypes are often
required and additiona processing is necessary to
convert resn based materias to a useful form.

In the process used here the component is formed
by mdting and deposting the metd usng the
GMA welding process. A CAD drawing system
is used to create the initid solid shape and a
welding robot is used © manipulate the welding
torch.

After having drawn the component in a CAD, a
dicdng ‘add-on’ of the CAD program is
implemented to produce the desired layers which
will form the robot program. It is dso necessary
to enter additiond data to indicate the bead

geometry and the material used. Cdibration of the
robot is also necessary to indicate where exactly the
component is going to be built in relaion to the
robot. The welding parameters are automaticaly
generated by the program in order to achieve the
required bead geometry and dsable operating
parameters. These parameters were derived from
welding studies carried out by Norrish [2] and
parametric equations generated by Ogunbiyi and
Norrish [3]. The robot program is automaticaly
generated and can be smulated with the use of a
robot smulation program to check for collisons or
other problems such as access. The robot program
may be modified if necessary then compiled and
downloaded to the robot.

2. COMPONENT SHAPE

The test component described in this
congsted of rectangular pyramid which blendsinto a
cylinder. This shape was generated to prove that a
trangtion from a relatively complex square to round
shape could be achieved. Fgure 1 shows the
origind shaded CAD mode of the component.

Mogt of the shapes known to have been produced
by this technique in the past were only cylindrica

shapes with no complex changes of shape and these
were manualy programmed. In the present case
manua programming would have been complex and



time consuming and the design of the test piece
was specificaly chosen to illudtrate the advantages
of automating the programming task.

Figure 1 - Component shape to be built

3. COMPUTER TASKSDESCRIPTION

To build acomponent severad computationd tasks
have to be performed in a certain order and these
are described below.

3.1 Drawing the component

The firg task is to draw a three dimensona solid
model of the component. In this example
AutoCAD was used because it is one of the
gtandard packages available in the market. The
drawing process used Congructive Solid
Geometry (CSG); a technique that uses logical
indructions  like Union, Subtraction and
Intersection to make up the solid. Two pardléd
squares (one indde the other) were drawn,
extruded and subtracted for the base part. For the
middle area a Smilar technique was used but the
extruded squares were tapered. In the upper area
(cylindricd) two cylinders were drawn and
subtracted. The middle and top area were then
‘union’ited. This drawing task took about 15
minutes to perform. (An expert CAD user would
be expected to complete this Smple task in less
time). The outline dimensons of the solid are
200 mm high and the base is a square of 190 nm
by 190 mm.

3.2 Datalnput tothe Slicing add-on
The next phase of the processis to input the data
for the dicing of the solid.

The location of the work table on which the
component is going to be built is reed from the
robot. The robot is moved to an hdex postion
(centre of the table) and the co-ordinates are read
together with the orientation of the torch. (This task
can take up to five minutes). The bead geometry of
each welding layer (height and width) is aso input to
the dicing routine. The weight of the metal used per
metre is aso input in order to caculate some vaues
such as weight of the full component. After the bead
geometry is input the welding parameters are
automaticaly generated.

3.3 Slicing routine

When the dicing routine is invoked it garts dicing
the solid object. If the object cannot be diced in one
sep (due to shape condraints) it will be diced in
more than one part. For each pat of the
component, there will be a different robot program
and consequent change of pogstion of the
component if necessary. For the shape shown in
Figure 1 the dicing routine was carried out in one
sep with one only robot program. The dicing
routine applied to the shgpe shown in Fgure 1
resulted in the shape shown in Figure 2.

Figure 2 - Slices Generated for this shape

The blue lines are the automatically generated dices
and these represent the path that the robot has to
follow to build this component. All these lines are
parald to the base because n this case thiswas the
orientation used for the dicing but any orientation
may be used according to the desired shape.

The time taken to generate al these dices was about
3 minutes on a Persond Computer with an Intel
80486 microprocessor, mathematical co-processor
and with 8 Mbytes of RAM. It should be noted that
AutoCAD needs a reatively large amount of free
Hard Disk space for use with swep files.



3.4 Outputs of the Slicing routine

Once, the dices are generated it is possible to
produce some additiona outputs from the dicing
software.

The firgt output is an Individual Report describing
the build up plan for the component. (This report
is used by the welding technician and it includes dll
the welding parameters as well as a table with one
line of ingtructions per layer. Each line containsthe
layer number, the height values for that layer, the
wedding length and the time it will teke to
complete the layer. The welding technician can st
up the welding parameters to those described in
the report before starting welding aso be able to
monitor (during welding) which layer is actudly
being built and how long it will take until the end
of the component.

The second output, is a Globa Report which
describes for each part of the component (a
component can be made in severd parts with
different robot programs) dl the rdevant
parameters. Some of the more important are the
name of that part, the bead dimensions, the torch
orientation used, the number of layers, the weld
length, the weight, time to make and the wire

length necessary for that part.

All these dices can be saved to a different filein a
DXEF file format which can be later on read by a
robot smulation package to check for collisons
and reachability. These lines can aso be used to
program the robot path.

If the user prefers a more smple way to program
the robot, ingead of using a robot smulaion
package he can just use the option given by this
routine to generate automaticaly the robot
program. This robot program is generated in
ARLA Language which is the language of the
ASEA family robots. So far, this routine only
generates ARLA language but other robot
languages could be implemented and that task
doesn't teke very long to execute. The
advantages of using the robot Smulation program
is that dl the checks can be made during the
amulation while if the user prefers to generate
automatically the robot program it takes not more
than afew seconds.

3.5 Robot Program

The robot program generated is a TEXT file and
the robot does not understand TEXT files which
means that that code has to be compiled. The
compiler used was SPORT which is a program
made by a Swedish company that works only
with ASEA robots only. Another dternative was
OLP3 (Off-Line Programming 3.0) from ABB
Robotics. Any of these programs can be used and

they do dmost exactly the same things except
SPORT works in a Windows environment and
OLP3 works under DOS environment.

After having compiled the program the binary file is
downloaded to the robot. This is carried out via a
RS232C szid cable which links the persond
computer and the robot. Once again, either SPORT
or OLP3 can be used for this task.

The time it took to compile the robot program was
about 30 seconds and the time to download it to the
robot was about 1 minute, usng SPORT software.
It isimportant to note that up until now al the tasks
were performed on a computer and did not involve
the use of the robot.

4. SOFTWARE/HARDWARE

The software used was AutoCAD release 12 for
DOS as the CAD system, the Slicing Routine was
created by the author of this paper and the Off-Line
program to compile and download the robot
program was SPORT 1.0.

As far as the hardware is concerned the computer
used was a PC Persond Computer with an Intel
80846 microprocessor with a speed of 66 MHz
clock with 8 Mbytes of Memory RAM. The robot
used was an IRb 2000 from ABB robotics.

The use of this particular Hardware/Software is not
mandatory. Any suitable Persond Computer could
be used. A possible limitation is the Slicing program
which was developed to work with AutoCAD, but
this could be trandated to any other language and
CAD sygem. The robot used is not a limitation. In
fact this robot was not even fitted with the normd
welding robot options. Any other robot could be
used if the robot program was generated in the
desired language.

5. TRIAL DESCRIPTION

A sketch showing the dimensons of the test
component is shown in Figure 3. In this trid, dl the
vaues arein mm unless otherise stated.

After the welding parameters chosen, the layer
geometry was 1.4 mm height and 6.5 mm width. As
aresult 144 layers were deposited, 29 for the base
(the square section) and 115 for the rest.
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Figure 3 - Side and top view of the shape with

dimendonsin millimetres

The base plate used to deposit the layers was
made of danless sed and its weght was

7.960 Kg.

Table 1 shows the estimated vaues, the actud
vaues and the difference between them for weld

length, wire length, weight and time.

Estimated| Actual | Error| Dimen.
wedd 80.889 | 80.889 metres
wire | 1060.00 |{Unknown metres
weght 6.984 7.020 10.036 Kg
time 2:44:10 | 2:44:27 |00:17 hms

Table 1 - Comparison of estimated/real values

Notes:

The wire length used could be measured
using a wire feed speed sensor but this was

not fitted in the trid.

The weight was 7.020 Kg (assuming a Wire

feed speed of 7.1 metres per minute)

The find component (induding the base)

weight was 14.980 Kg.

The time to build was 17 seconds more than
the expected probably because the speed of
the robot is not absolutely accurate and in
dmost 3 hours an eror of 17 seconds is
reasonable.

Asfar asthe robot program is concerned the TEXT
file was about 105 Kbytes and the compiled verson
was aound about 34 Kbytes. Taking into
congderation that the robot memory can handle
programs up to 64 Kbytes, 34 Kbytesis about half
the memory. The reason for thisis that severa small
arcs and lines are produced for a better qudity.

The time it took to compile this program was about
6 seconds using a PC 80486 66 MHz. The time to
download to the robot was around about 1 minute
using a 80386 PC at a 16 MHz clock rate. It is
important to note that the serid link influences the
speed with which the programme is downloaded.

It is interesting to note the extra growth of 4 mm in
the first 10 layers. This can be explained by the
temperature of the base plate (cold) before starting
welding compared to the temperature after a few
layers. Therefore the first few layers are higher and
thinner which creates an extra height. Another
important aspect is that in the corners, the
component grows a a greater rate in thisarea. This
can be explained by the short stop that the robot
makes when travelling from one point to another.
This stop is very short but can be noticed with this
geometry.

The welding conditions were very dable and this is
the most important aspect in the build up of any
component with this process. The process was aso
virtualy spatter free which implies a better surface
finish.

6. COMPONENT DIMENSIONS
ASSESSEMENT

The component was examined to check the quality
of the finad product and deviation from the planned
shape. A did gauge was used to messure the
dimensions of the find component as described in
Figure4.

The following tables show the measured values from
the component at different locations.

Measured | Planned | Deviation
F82 | 1875 188.0 -05
F24 | 188.0 188.0 0.0
F46 | 187.2 188.0 -0.8
F68 | 187.6 188.0 -04
Table 2 - Outsde dimension on Bottom
Measured | Planned | Deviation
| Gl 8.2 8.0 0.2




G2 8.2 8.0 0.2
G3 8.0 8.0 0.0
4 8.0 8.0 0.0
Gb 8.2 8.0 0.2
G5 8.2 8.0 0.2
G/ 8.3 8.0 0.3
G3 7.9 8.0 -0.1

Table 3 - Thickness on Top (cylinder)

Measured | Planned | Deviation
E15 | 1247 127.0 -2.3
E26 |124.8 127.0 2.2
E37 | 1252 127.0 -1.8
E48 | 1256 127.0 -1.4

Table4 - Ingde dimenson on Top

Measured | Planned | Deviation
D15 | 1415 143.0 -15
D26 |141.0 143.0 -2.0
D37 | 1412 143.0 -1.8
D48 | 141.2 143.0 -1.8

Table5 - Outsde dimension on Top

Measured | Planned | Deviation
Al |972 97.0 0.2
AA2| 477 476 0.1
A3 |982 97.0 12
AA4| 483 476 0.7
A5 |982 97.0 12
AAG | 483 476 0.6
A7 |96.6 97.0 -04
AA8|47.2 476 -04

Table 6 - Height of the cylinder

Measured | Planned | Deviation
ABC1 197.2 200.0 -2.8
ABC2 |196.1 200.0 -39
ABC3 | 1994 200.0 -0.6
ABC4 |197.7 200.0 -2.3
ABC5 |196.1 200.0 -39
ABC6 |1955 200.0 -45
ABC7 |1955 200.0 -45
ABC8 |1955 200.0 -45

Table 7 - Totd Height of the component

In each table, the first column shows the actud
vaues measured from the component, the second
column shows the expected vaue and the third
column shows the difference between them or in
other wordsthe error.
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Figure 4 - Component nomenclature

Table 2 shows the dimengons of the length of the
bottom of the component. The error is once again
very smal and therefore acceptable. In this case the
error is aways negative because the measurements
were taken from the base of the component and the
fira few layers were higher and thinner then the
expected because the base plate was cold. The
thinner layers account for the negetive error.

Table 3 shows the thickness of the component. This
was not measured over the complete component
because of the difficulty in reaching the middle and
bottom areas. But by the values taken from the top
area it can be seen that the thickness is very
congant. The maximum error is 0.3 millimetres and
in mogt cases the thickness is larger than that
expected which assures aminimum limit.

Table 4 and Table 5 show the interna and externd
diameter of the cylinder in the top (circular) area
These vaues are lower than the expected giving an
error of about 2 mm on average. This devidtion is
formed over the complete circumference which
means that the component is acceptably concentric.




The error indicates the shrinkage of the cylinder in
this region.

Table 6 shows the height of the cylinder measured
from the top. Once again, the vadues ae
acceptable having a maximum error of 1.2 mm.

Thelargest errors occur in the middle of the edges
of the square. The error originated at the corners
are smdler. Probably because the layer catch up
in the corners.

In Table 7 the height of the whole component is
andysed. In the totd height of the component,
there is a 4.5 mm loss. This may have occurred
because of incorrect welding parameters or errors
in bead geometry estimation. With refinement of
welding parameters this could amogt certainly be
corrected.

In average the errors shown here are very smdl
which makes the process very acceptable in terms
of accuracy and the repeatability of the
dimensions would be expected to be excellent.

7. CONCLUSIONS

The dimensiond accuracy achieved depends very
much on the shape of the component. The more
complex it becomes the more difficult it is to
eslimate.

Bead geometry estimation is obvioudy extremely
important. If the geometry is not edimated
accuratdly it can influence the overal component
shape. In this practicd trid, the height of the
component was mogst serioudy affected. The
stand off, contact tip to workpiece separation,
was not congtant. It needed some adjustment
during the building process. This affects the
process deposition rate. The tapered shape of the
component was one of the reasons for the stand
off variation. If atapered section isto be built, the
distance between two layers is il the same but
the red distanceisalittle increased because of the
angle, this effect could be corrected by ontline
torch height adaptive control.

The top cylinder is aout 0.2 mm out of
concentricity which is very accepteble for a
component with thissze.

Usudly, a welding system tends to loose qudity
after a certain time, which means that the process
should be stopped from time to time. This would
dso alow the welder to change the contact tip
which tends to wear out and change the average
wiretip position.

The main advantages of the dicing program used
was that the dices were automaticaly created, the
ARLA robot program was generated completely
automatically and it was not essentid to use a

robot smulation package to test it, dthough
dmulation can be used to save on linetime.
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Figure 5 - Picture of the Component produced using this
process
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