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Abstract
In order to decrease mass, and thus fulfil the targets for airplane traffic emission reduction, the amount of titanium alloys 
used for structural components is rising. With the conventional milling process, low material utilization and short tool life 
lead to high manufacturing costs. Therefore, a process chain consisting of wire and arc additive manufacturing (WAAM) 
and machining is developed. To realize its full potential, the machining process needs to be adapted to the near-net shaped 
components. A special focus lies on the machining allowance, since it influences both processes and in result the final part 
quality. In this paper a method to model the machining allowance is proposed and verified by analysing the changes from 
waviness to surface roughness occurring during peripheral milling of WAAM parts.
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1 � Motivation

The European Commission’s objective to reduce the amount 
of nitrogen oxides (NOx) and carbon dioxide (CO2 ) per kilo-
meter flown leads to a need to lower the fuel consumption of 
airplanes considerably [1]. Reduced airplane weight helps to 
achieve this goal, which in turn compels the increasing use 
of lightweight titanium alloys such as Ti-6Al-4V [2]. The 
conventional machining for airplane structural components 
made from Ti-6Al-4V is mainly done by milling from slab.

The ratio of the raw materials’ weight to the weight of the 
material used in the aircraft is called the Buy-to-Fly (BTF)-
ratio. For structural components this ratio, depending on the 
part, can approach 37, when a conventional milling process 
is used [3]. Due to the contamination of the chips with cool-
ing lubricants, this leads to a large amount of material waste 
[4] and, since Ti-6Al-4V is a difficult to machine material 
[5], to high manufacturing costs.

In order to reduce the production costs for these parts, 
a process chain, which consists of additive manufactur-
ing and machining, was developed. Since the machine 
tools for conventional machining already are present in 

most manufacturing companies, a sequential setup on 
two machines, one for additive manufacturing and one 
for machining, was preferred over one specialized hybrid 
machine tool. For the additive manufacturing process wire 
and arc additive manufacturing (WAAM) was selected, 
because this process allows the production of structural 
components with large outer dimensions [6].

To ensure that the final part quality is met, the minimum 
amount of material needed to be removed from the near-net 
shaped part has to be determined. Otherwise, not or not-
sufficiently machined surfaces remain on the final part. For 
casting and forging processes in combination with machin-
ing, this additional material, which allows the achievement 
of the desired surface and dimensional accuracy, is defined 
as the machining allowance (MA) [7, 8]. It is chosen accord-
ing to the outer dimensions of the cast or forged part. Factors 
to be considered for the design of cast parts are the shrink-
age of the material, surface impurities, warpage and surface 
variations [7].

Some research has been carried out on the milling of 
additively manufactured parts [9–11], proving the process 
chain’s capability for the manufacture of high quality parts. 
As was experimentally determined by Frank et al. [12], a 
high surface quality could be achieved with a machining 
allowance of 1.25 mm while milling titanium parts manu-
factured by electron beam melting. Li et al. [13] developed 
a regression model for the surface roughness Ra depending 
on the welding and cutting parameters for the fabrication 
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of wire and arc manufactured aluminum parts. The authors 
found the resulting surface roughness to be dependent on the 
spindle speed, the feed rate and the depth of cut.

Several sources state a machining allowance having to 
be added to the workpiece for the machining of additively 
manufactured parts [14–16]. However, the research into the 
sizing of this machining allowance is limited.

A method to determine the machining allowance for parts 
manufactured by electron beam melting was developed by 
Manogharan et al. [10]. The authors analyzed the maximum 
deviation in their setup—the positioning in the machine 
tool—and calculated a machining allowance based on this 
deviation.

For parts manufactured by laser beam melting a method 
to determine the machining allowance was proposed by 
Dietz [17]. As shown by the author, the MA has to be larger 
than the sum of three parameters: the manufacturing inaccu-
racies of the individual manufacturing processes, the amount 
of material having to be removed to achieve the desired sur-
face finish and the positioning error in the machine tool.

In this paper, a model to determine the machining allow-
ance for a process chain consisting of wire and arc additive 
manufacturing and machining is proposed. In order to vali-
date the model, first, the surfaces characteristics of Ti-6Al-
4V parts fabricated by WAAM were analyzed. Then, the 
WAAM parts were machined with a width of cut calculated 
by the model and the resulting surfaces were evaluated.

2 � Introduction to the process chain

In order to reduce the production costs for Ti-6Al-4V struc-
tural components, a process chain which consists of WAAM 
and milling was developed.

In a first step, during production planning, a work plan 
sequence for the process chain is generated. The near-net 
shaped component to be manufactured by WAAM (the 
WAAM model) is also defined in this process step. This 
model differs from the workpiece model for example by 
the machining allowance and support structures. Next, the 
WAAM model is manufactured and heat treated. The result 
is a near-net shaped component (the WAAM part), which 
varies from the model for example due to heat induced dis-
tortion. Finally, the near-net shaped component is machined 
to final part specifications.

3 � Modelling the minimum machining 
allowance

The main objective, especially for the manufacture of air-
craft components, is to achieve process stability. This can be 
accomplished by ensuring the amount of material removed 

from the near-net shaped component is larger than the inac-
curacies occurring during the process chain.

The imprecisions resulting from the WAAM process can 
be classified as deviations of the WAAM part from the ideal 
WAAM model.

At the same time, the transfer from one machine setup to 
another and the inaccuracies of the machining process also 
need to be compensated by the MA. This follows the logic 
of Dietz [17] who summarized all inaccuracies during the 
process chain and ensured that the machining allowance is 
larger than the sum of these inaccuracies.

In conclusion, the machining allowance MA is modelled 
as

where D1...n denote the deviations from the ideal WAAM 
part and Ei denote the machining errors.

3.1 � Deviations of the WAAM part from the WAAM 
model

Several deviations of the WAAM part from the WAAM 
model can be found. For example, the high temperature 
gradient during the WAAM leads to residual stress which 
results in distortions [18], while the bead deposition and 
torch movement lead to a distinctive surface profile [9, 19].

In general, deviations from the ideal geometry are classi-
fied into the six categories listed in Table 1 [20, 21].

All of these should be taken into consideration for the cal-
culation of the MA, since all might occur within the WAAM 
process [18, 22].

3.2 � Machining errors

The machining errors are divided into two categories: those 
being specific for the process chain and those occurring 
during any milling process. The machine tool positioning 
accuracy for example should be considered for any milling 
process.

Process chain specific errors are for example the error 
due to the digitalization of the additively manufactured part 

(1)MA = max(D1...n) +
∑

Ei,

Table 1   Deviations from the 
ideal geometry

Category Variable

Crystal structure D1

Microstructure D2

Surface roughness D3

Waviness D4

Form deviation D5

Position deviation D6
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for the milling tool path planning and the positioning error 
within the machine tool.

4 � Characterization of WAAM part surfaces

In order to determine the deviations D1...6, it is necessary to 
methodically characterize the surfaces properties of WAAM 
parts and determine which welding parameters have the 
highest influence on the deviations from the ideal part. For 
this purpose, test specimens in the form of walls on a sub-
strate plate were manufactured by WAAM with a variation 
of the factors wire feed rate and wall width. Subsequently, 
their surface properties were analyzed.

4.1 � Method

Twelve test parts were manufactured by WAAM with the 
equipment at the iwb (Institute for Machine Tools and Indus-
trial Management, TU Munich). The WAAM equipment 
consists of a CMT Advanced 4000 R welding torch (Fronius 
International GmbH) mounted on a 6-axis industrial robot 
KR15/2 (Kuka AG). For the welding the CMT mode was 
employed. The welding process was carried out on substrate 
plates of Ti-6Al-4V with a thickness of 6 mm, while using 
a Ti-6Al-4V welding wire with a diameter of 1.2 mm. To 
keep the oxidation to a minimum, the welding took place 
in argon atmosphere. As a result, the oxygen level was kept 
below 400 ppm. At the same time, He 4.6 was used as weld-
ing torch gas to keep the arc stable.

In Fig. 1 the path of the welding torch is illustrated. As 
depicted, the welding was carried out in a zigzag pattern. 
The wavelength of the torch �T was set to 4 mm, the offset 
between layers o 

T
 to 3 mm.

Six combinations of wire feed (X1) and wall width (X2) 
were manufactured twice in a full-factorial design, visible 
in Table 2. The feed rate of the welding torch was 1.2 m/
min. The test parts have a length of 80 mm with ten layers 
each. Consequently, the test part heights varied due to the 
variation in wire feed rate.

After manufacture, the surfaces in Y-Z-direction of the 
test parts were captured on both sides using a 3D optical pro-
filer VR-3100 (Keyence Corporation). The deviations D3-5 
were then determined using the VR Analyzer VR-H2AD 
application (Keyence Corporation). The position deviation 
D6 was not assessed, since the test parts had no fixed posi-
tion. Due to the torch movement, a waviness in Y-direction 
correlating to the wavelength �T and in Z-direction correlat-
ing to the offset between the layers o 

T
 was expected. There-

fore, the filters were set to: �S= 50 µm, �C = 0.25 mm and 
�F= 8 mm [23]. For the �S-filter this is the smallest possible 
value, due to the limited measurement accuracy. At the same 
time, the maximum height of the surface Sz of the primary 
surface was measured without applying any filters [24].

4.2 � Results

4.2.1 � Influence of the wire feed rate

The influence of the wire feed rate and the wall width on the 
surface was examined by analyzing the maximum height 
of the surface Sz. For this purpose, the two parts per com-
bination were each measured on both sides. Then, these 
measured Sz-values of each side and designation were aver-
aged. The average is denoted as Sz . The results are shown 
in Table 3. The standard deviation σ  was calculated as well 
from the four values obtained for each combination.

Next, an analysis of variance (ANOVA) was carried 
out (Table 3). Sum Sq. denotes the sum of squares, df the 
degrees of freedom, Mean Sq. the mean squares and F the 
calculated value for the F-test. The F-value for X1 is much 
higher than the F-value for X2. Accordingly, the wire feed 
rate X1 has a significantly higher influence on the maximum 
height of the surface Sz than the wall width X2.

welding torch movement

offset 

X

Y
Z

Fig. 1   The welding torch movement path

Table 2   Factors and combinations in the full factorial design for the 
manufacture of WAAM test parts

Combination Wire feed rate X1 Wall width X2

in m/min in mm

A 4 12
B 5 12
C 6 12
D 4 14
E 5 14
F 6 14
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At the same time, on test parts manufactured with a lower 
wire feed rate a higher amount of spatter could be detected, 
see Fig. 2.

4.2.2 � Characterization of the surface roughness deviation 
D3 and the waviness deviation D4

For the deviations D3 and D4, corresponding to the surface 
roughness and the waviness respectively, the maximum pro-
file heights Rz and Wz were measured according to DIN EN 
ISO 4287 [25]. The maximum profile height was chosen, 
because for the minimum machining allowance the maxi-
mum deviations need to be determined.

In Fig. 3 the method to characterize the surfaces is shown. 
In Y-direction a total of eleven profiles with a distance of 40 
px was measured, whereas in Z-direction 21 profiles with a 
distance of 80 px were measured.

The resulting waviness profile W for one measurement of 
a part, both in Z- and Y-direction, with the factor combina-
tion F is displayed in Fig. 4. Both sides of each part were 

measured. In the figure they are shown as the +X-side and 
the -X-side.

In comparison to the waviness Wz, the results show a 
low arithmetical mean roughness Ra, which ranges between 
0.001 mm and 0.013 mm for all parts. The maximum height 
Rz was not determined due to the measurement inaccuracy 
of the optical profiler. This roughness is attributed to the 
cooling of the melt, but since it is significantly smaller than 
the waviness, it is not significant for the calculation of the 
machining allowance.

On test parts with minimal or without spatter the wavi-
ness profile is distinctive and correlates to the welding torch 
path.

The waviness does not exceed 0.4 mm in Y-direction and 
the wavelength correlates to the wavelength �T of the torch 
movement. In Z-direction the waviness also does not exceed 
0.4 mm and corresponds to two times the torch offset o 

T
 , 

though the correlation is not as pronounced as in Y-direc-
tion. A probable reason for the correlation to twice the offset 
is the deposition of the layers from both directions (Fig. 1).

Table 3   The maximum height of the surface of the WAAM parts and ANOVA

Combination Sz
σ

in mm in mm

A 1.92 0.18
B 1.47 0.09
C 1.13 0.16
D 1.64 0.02
E 1.55 0.12
F 1.41 0.13

ANOVA Sum Sq. df Mean Sq. F

X1 0.259 2 0.130 3.14
X2 0.001 1 0.001 0.02
Error 0.083 2 0.041
Total 0.343

(a)

(b)

5 mm

+5.0 mm

-5.0 mm

0.0 mm

5 mm

Fig. 2   The captured surfaces of test parts : (a) combination F (spatter 
free), (b) combination A (with spatter)

X

Y
Z

measured surface profiles

Fig. 3   The surface profile measuring method
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The same overall dependency between torch movement 
and surface profile was found for all test parts. However, 
with increased spatter the correlation is not as prominent.

In Fig. 5 the mean maximum waviness Wz is shown. It 
is defined as the arithmetic mean of the maximum profile 
height Wz between the two sides of each test part. Each fac-
tor combination was manufactured twice, denoted as No. 1 
and No. 2.

In general the waviness in Z-direction is higher than 
in Y-direction. Furthermore, the waviness decreases with 
increased wire feed rate. However, no trend could be 
detected due to the different wall widths. This is supported 

by the beforehand performed ANOVA (compare to Table 3), 
showing the dominant influence of the wire feed rate com-
pared to the wall width.

4.2.3 � Evaluation of the form deviation D5

According to DIN 4760 [20], deviations of form are those 
being observed on the whole surface of a geometric element 
or part. Generally, these include for example straightness, 
flatness and roundness [26]. The measurement of these vari-
ables is difficult due to the distinctive surface profile, shown 
in Fig.4.

Instead, two predominantly observable form deviations 
were found: spatter and distortion.

For the manufacture of WAAM parts a process parameter 
combination should be found resulting in zero spatter. Oth-
erwise, if complex parts are manufactured, already solidified 
spatter might be remelted. This could result in microstruc-
tural changes. Therefore, spatter is not further discussed in 
this paper.

Distortion, on the other hand, is a form deviation that 
needs to be studied. The distorted part, which is manufac-
tured during the WAAM process, has to exceed the dimen-
sions of the part to be manufactured. Only then, all surfaces 
can be machined.

In order to measure the distortion of the substrate plate, 
the following method was developed (Fig. 6). A straight line 
is constructed between the points where the substrate plate 
and the welded material are connected at the outer corners 
of the part (P1 and P2). The distortion ds is then measured as 
the distance to a parallel line drawn through the lowest point 
on the substrate plate (P3).

When measuring the part from both sides (-X- and 
+X-direction), the measurements are expected to deviate 
only slightly. Unfortunately, this deviation in measurements 
between the both sides of one part was found to be up to 22 
% of the measured value for the distortion ds. Therefore, the 
influence of the process parameters on the distortion could 
not be determined. However, with the parameters in use, the 
distortion did not exceed 1.00 mm. It is, therefore, smaller 
than the maximum surface and profile height (Sz, Wz) of 
the test parts.

5 15 25 35 45 55 65

m
m
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W

profile length in Y-direction in mm 

0 10 20

ni
W

m
m

profile length in Z-direction in mm 

Side -XSide +X

0.4

0

-0.4

0.4

0

-0.4

Fig. 4   The waviness profile W in Z- and Y-direction for a WAAM 
part with the factor designation F (No. 2)
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Fig. 5   The mean maximum waviness of the WAAM test parts

Distortion 

P1 P2

P3

Fig. 6   A method to measure the distortion of the substrate plate
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4.3 � Conclusion

The values for the waviness deviation D4 exceed both the 
values for surface roughness deviation D3 and form devia-
tion D5. Following Eq. 1 for the modelling of the machin-
ing allowance, the minimum machining allowance should 
therefore be set to the value of D4, if machining errors are 
not considered.

With process parameters leading to spatter free deposi-
tion, the surface profile is distinctive and it is expected to be 
possible to predict the waviness and surface roughness based 
on the welding torch tool path.

5 � Validation of the proposed model

The proposed model for the machining allowance (Eq. 1) 
was partially validated by peripheral milling of the test parts.

5.1 � Method

According to Sect. 2, the largest deviation from the ideal 
part, which is the waviness deviation D4, should be used as 
the minimum machining allowance.

The waviness can be measured either with a profile-based 
method according to [25] or an area-based method [24]. As 
for the WAAM parts, not all test parts were spatter free. This 
leads to large inaccuracies while measuring with the profile-
based method. The effect can be observed in Fig. 5 were the 
standard deviation of parts with a large amount of spatter 
(combination A and D) is high compared to those with a low 
amount of spatter (combination C and F). In comparison, 
the standard deviation of the Sz-values is lower, see Table 3. 
So, instead of using the maximum profile height value Wz 
to determine the MA, the averaged maximum height of the 
surface Sz was used. By removing an amount of material 
similar in depth to Sz , supposedly, a non-wavy, defect free 
surface can be achieved.

To verify this assumption, each wall was divided into 
six areas of cut. The maximum width of cut for each wall 
was set to 125 % the Sz-value of its designation. The mini-
mum width of cut was set to 0 % of the Sz-value, in order to 
remove spatter from the surface. The remaining four areas 
were milled with 25, 50, 75 and 100 % of the Sz-value. The 
peripheral milling was carried out on a G352T 5-axis univer-
sal machining center (GROB Werke GmbH & Co. KG) with 
the settings shown in Table 4. For the tool path planning 
scans of the parts were used as a reference.

After the milling process, the surface properties of the 
test parts were once again measured on the 3D optical pro-
filer VR-3100 (Keyence Corporation).

5.2 � Results and discussion

5.2.1 � Defects

First, the milled surfaces were inspected for surface defects. 
Noticeably, all surfaces milled with a width of cut smaller 
than the maximum height of the surface Sz have surface 
defects. This was predicted by the model for the machining 
allowance (Eq. 1).

In Table 5 it is shown whether surface defects were found 
on the surfaces milled with 100 % and 125 % of Sz as width 
of cut.

Nine out of twelve surfaces at 100 % Sz as width of cut 
display surface defects. Of the surfaces milled at 125 % Sz 
only one presents a surface defect.

5.2.2 � Waviness and surface roughness

The surface properties of each surface with different widths 
of cut were measured individually, as shown in Fig. 7.

According to DIN EN ISO 4288 [23], measurements 
should be taken in the direction where the highest values 

Table 4   Settings for the peripheral milling of the test parts

Tool: garant master Titan (Hoffmann group)

Diameter 16 mm
Corner radius 4 mm
No. of teeth 4
Max. length of cut 32 mm
Parameter:
Feed rate per tooth 0.065 mm/tooth
Cutting velocity 60 m/min
Cooling lubricant Yes
Axial depth of cut Varies due to the 

varying heights of 
the parts

Radial depth of cut Maximum: 0.25 mm

Table 5   Surface defects on surfaces milled with 100 % and 125 % Sz 
as total width of cut (y: a surface defect was detected, n: no surface 
defect was detected

Combination No. 1 No. 2

100 |125 % Sz 100 |125 % Sz

A n |n y |n
B y |n y |n
C n |n y |y
D y |n y |n
E y |n n |n
F y |n y |n
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for the surface roughness and waviness are to be expected. 
For a peripherally milled surface this corresponds to the feed 
direction. Therefore, the measurements were only taken in 
Y-direction and the waviness Wz was measured with the 
same filters applied as beforehand. A total of eleven profiles 
was measured for each surface with a distance of 40 px from 
each other.

In Fig. 8 the resulting surface characteristics after periph-
eral milling are displayed. For a width of cut of 0–75 % of 
the Sz -value the maximum surface roughness Rz and max-
imum waviness Wz were evaluated as before. For a total 
width of cut of 100 % and 125 % Sz the surface roughness 

was within the range of the measurement accuracy. There-
fore, the maximum primary height Pz was measured. No 
filters (Sect. 4.1) were applied. Though the variation in the 
resulting surface waviness Wz is large, a trend of decreas-
ing waviness with increasing width of cut can be observed.

Usually with milling a surface roughness Ra of 0.8–6.3 
µm can be achieved [27]. For a total width of cut of 125 % 
of the Sz -value the maximum primary height Pz is within 
this range. Therefore, Ra is expected also to be within the 
necessary range.

5.3 � Conclusion

By removing an amount of material corresponding to the 
measured surface characteristics of the near-net shaped 
WAAM component, final part quality for the surface rough-
ness can be achieved, as shown in Fig. 8.

This result is independent of the welding parameters and 
the surface roughness of the near-net shaped WAAM part. 
Conclusively, the model for the calculation of the machining 
allowance (Eq. 1) is applicable. However, based on these 
results, removing 100 % of the maximum height of the sur-
face is not enough to achieve final part quality. To ensure 
process stability, 125 % should be removed. As these experi-
ments represent only a small range of welding parameters, 
further research should be carried out.

Validating Eq. 1 is the first step into fully automating the 
process chain consisting of WAAM and milling. In order 
to save the time of lengthy milling tests on every new part 
that is to be produced, the necessary machining allowance 
needs to be known before the WAAM process. If that MA 
can be calculated based on the machining setup and the sur-
face characteristics, then the manufacture of only one test 
part, to measure the surface characteristics, is necessary. 
This possiblity was shown by partially validating Eq. 1. One 
step further, if a model can be found to predict the surface 
characteristics based on the welding torch movement no 
such test part is necessary and first time right, as well as full 
automation, could be achieved. That such a model could be 
found was shown in Sect. 4, where it was demonstrated, that 
the surface characteristics correlate to the wavelength of the 
torch movement.

6 � Summary and outlook

In this study the surface characteristics of wire and arc man-
ufactured parts were analyzed. At first, the surface waviness 
was found to correlate to the welding torch movement. Then, 
a model was proposed to calculate the necessary machining 
allowance for post-machining of WAAM parts, based on 

measured surface profiles

X

Y
Z

Fig. 7   The width of cut wc and the measured surface profiles for the 
peripheral milling of the WAAM parts

0% 25% 50% 75% 100% 125%

W
z

/P
z

m
m

ni

total width of cut in % of S

1.2

0.8

0.4

0.0

Fig. 8   The measured maximum waviness (0–75 % of Sz ) and primary 
height (100, 125 % of Sz) after peripheral milling. One sample per 
width of cut was taken on each milled WAAM test part
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measuring the deviations of the actual WAAM component 
from an ideal one.

Finally, the model was partially validated by peripheral 
milling of WAAM parts. Removing 125 % of the maximum 
height of the surface was shown to result in a high surface 
quality. As a next step, the deviations in microstructure and 
position should be analyzed, and more studies should be car-
ried out on the form, the waviness and the surface roughness. 
This should be combined with a prediction of the WAAM 
part based on the welding torch tool path. As a result, the 
necessary percentage of material removal becomes known 
and first time right quality is achievable. Finally, the method 
needs to be validated on an industrial level and its applicabil-
ity in an industrial setting tested.
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