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Abstract
Due to near netshape production, powder metallurgically manufactured (PM) gears have a high potential to increase cost
and resource efficiency. Compared to conventionally machined gears, the advantages of PM gears are the different local
density distribution in the component and the potential integration of secondary design elements. These advantages are
accompanied by the reduction of weight and the possibility of optimizing the NVH-behavior of a gear. PM gears may
be manufactured by both, die pressing and additive manufacturing (AM). The powder bed-based additive manufacturing
processes for metals can be classified into binder-based (e.g. Binder Jetting, BJT) and beam-based thermal processes (e.g.
Laser Powder Bed Fusion, LPBF). Due to the specific process technology, the manufacturing of PM gears by die pressing
is only economical for large batch sizes in series production. For small batches, AM offers an approach to manufacture
gears that meet the requirements in terms of quality, strength, acoustics and economic efficiency of the manufacturing
process.
This report describes the potential of BJT gears made of stainless steel 17-4PH (X5CrN-CuNb16-4) with a relative density
of ρ0,rel� 99% regarding the tooth bending strength. The reliability of the process and thus the tooth bending strength can
be increased further by a specific adjustment of process parameters. Subsequently, the gears are tested with regard to the
tooth bending strength on the pulsator test rig. The results are summarized in a SN-curve.
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Binder Jetting von Verzahnungen
Prozessoptimierung des Binder Jettings von Zahnrädern aus 17-4PH unter Berücksichtigung der Zahnfußtragfähigkeit

Zusammenfassung
Pulvermetallurgisch (PM) hergestellte Zahnräder weisen aufgrund der endkonturnahen Fertigung ein hohes Potenzial zur
Steigerung der Kosten- und Ressourceneffizienz auf. Vorteile pulvermetallurgisch hergestellter (PM) Zahnräder sind die im
Vergleich zur konventionellen subtraktiven Fertigung durch den Sinterprozess einstellbare Bauteildichte und die mögliche
Integration von sekundären Konstruktionselementen. Diese Vorteile induzieren eine Gewichtsreduktion sowie mögliche
Optimierung des „Noise Vibration Harshness“ (NVH) Verhaltens der Zahnräder. Pulvermetallurgische Zahnräder kön-
nen sowohl mittels Matrizenpressen als auch additiver Fertigung (Additive Manufacturing, AM) gefertigt werden. Die
pulverbettbasierten additiven Fertigungsverfahren für Metalle werden in binderbasierte (z. B. Binder Jetting, BJT) und
strahlenbasierte, thermische Verfahren (z. B. Laser Powder Bed Fusion, LPBF) unterteilt. Die Herstellung pulvermetallur-
gischer Zahnräder durch Matrizenpressen ist aufgrund der speziellen Anlagentechnik erst bei großen Losgrößen bzw. in der
Serienfertigung wirtschaftlich. Mit additiven Fertigungsverfahren soll die Fertigung von Zahnrädern in Kleinserie ermög-
licht werden, durch welche die Anforderungen hinsichtlich Wirtschaftlichkeit, Qualität, Festigkeit und Akustik umsetzbar
sind.
In diesem Bericht wird das Potenzial von Binder Jetting Zahnrädern aus demWerkstoff 17-4PH (Edelstahl X5CrNiCuNb16-4)
bei einer relativen Dichte von ρ0,rel�99% hinsichtlich der Zahnfußtragfähigkeit beschrieben. Durch eine gezielte Anpassung
von Prozessparametern beim Binder Jetting wird die Prozessstabilität und damit einhergehend die Zahnfußtragfähigkeit
weiter gesteigert. Sowohl die Zeit- als auch die Dauerfestigkeit der BJT Zahnräder aus dem Werkstoff 17-4PH werden
untersucht und die Ergebnisse in einem Wöhlerdiagramm zusammengefasst.

1 Introduction andmotivation

Due to near netshape production, powder metallurgically
manufactured (PM) gears have a high potential to decrease
costs and increase resource efficiency. Compared to con-
ventionally machined gears, the advantages of powder met-
allurgically manufactured (PM) gears are the different local
density distribution in the component and the potential in-
tegration of secondary design elements. These advantages
are accompanied by the reduction of weight and the possi-
bility of optimizing the NVH-behavior of a gear [24]. Due
to the expected future shift of the automotive industry from
combustion engines to electrified powertrains, the optimiza-
tion of the noise behavior of transmission components is
becoming increasingly important [28]. Powder metallurgi-
cal gears may be manufactured by both, die pressing and
additive manufacturing (AM). The powder bed-based ad-
ditive manufacturing processes for metals can be classified
into binder-based (e.g. Binder Jetting, BJT) and beam-based
thermal processes (e.g. Laser Powder Bed Fusion, LPBF).
Due to the specific process technology, the manufacturing
of PM gears with die pressing is only economical for large
batch sizes in series production. For small batches, additive
manufacturing offers an approach to manufacture gears that
meet the requirements in terms of quality, strength, acous-
tics and economic efficiency of the manufacturing process.

Additively manufactured products contribute to increas-
ing individualization and variety, as undercuts and func-
tional elements can be integrated directly into the compo-
nent. These can only be integrated into the design using

additive manufacturing processes due to the additional de-
grees of freedom. The achievable geometric complexity in
the design offers new possibilities for use and optimization
and requires increasing flexibility in manufacturing [5].

This report describes the potential of BJT gears made of
stainless steel 17-4PH (X5CrN-CuNb16-4) with a relative
density of ρ0,rel� 99% in terms of tooth bending strength.
The reliability of the process and thus the bending strength
of the teeth can be further increased by specific adjustment
of the Binder Jetting process parameters. Both endurance
and fatigue strength of 17-4PH BJT gears are investigated
and the results are summarized in a SN-curve. In addition,
the endurance strength of cold rolled gears made of 17-4PH
(ρ0,rel� 93.98%) is determined in screening tests and evalu-
ated by comparison with load capacity results of densified
gears made of 316L (stainless steel X2CrNiMo17-12-2). In
this case, the development of the process parameter is not
part of this report.

2 Manufacturing of binder jetting gears
considering the tooth bending strength

Binder Jetting (BJT) of gears is a multi-stage additive man-
ufacturing process. The components are produced in two or
more operations [9]. The BJT process produces green com-
pacts of gears which are sintered by secondary heat treat-
ment processes. During the sintering process, the powder
particles form a diffusion bond [3], the porosity decreases
and the component volume shrinks [21]. Both the pow-

K



Forschung im Ingenieurwesen (2023) 87:779–791 781

der mixture and the binder are prepared according to the
defined recipe. Subsequently, the “printing”, the layer-by-
layer generation of the green gear, takes place by applying
the liquid organic binder locally to the powder bed (build-
box) and bonding both the powder particles and the existing
layers together. Since no additional heat is generated during
the production process, it does not have to be dissipated via
specific constructions. After the printing process, the binder
is cured. For this purpose, the entire buildbox is moved into
the curing oven with the printed gears and the unused, re-
cyclable powder. Afterwards the gears are removed from
the powder bed. Afterwards, the binder is removed from
the produced green gears by a thermal treatment. The fol-
lowing sintering and heat treatment process produces the
final strength and densifies the green gears by shrinkage.
After the heat treatment steps, the gear is transformed into
a purely metallic state [2]. The material powder used for
additive manufacturing must have good flowability as well
as a high filling density [3]. To date, commercial systems
mainly process stainless steels (316L, knife steel 420, 17-4
PH) as well as titanium alloys such as Ti6A14V and copper
[2, 4, 12, 15]. In the following, previous investigations on
the Binder Jetting of gears made from stainless steels 316L
and 17-4PH are described.

2.1 Gears made of stainless steel 316L

Initial investigations on the manufacturing of gears using
BJT as well as the analysis of the tooth bending strength
were conducted with the material 316L (stainless steel
X2CrNiMoN17-12-2). This metallic material is certified
and established for the binder jetting process [2]. The gears
were sintered after printing with regard to a relative core
density of ρ0,rel� 92%. In analogy to the process chain of
die pressing in series production, the near surface zone
of the BJT gears is compacted by densification rolling
using the machine PROFIROLL PR 15HP. The material
316L shows ductile properties and therefore can be cold-
formed without problems [26]. After manufacturing, both
the fatigue strength and the endurance strength of the gears
were analyzed. The results were summarized in a SN-
curve. The experimental investigations of the ground gears
were performed on a pulsator test rig. With regard to the
fatigue strength, the endurable double amplitude as well
as the tooth root stress were determined. The mean value
of the endurable double amplitude (NG= 3 � 106 LC) was
2 � FA,mean = 6.26kN, corresponding to an endurable tooth
root stress of σF0= 351.14N/mm2 calculated according to
ISO 6336-3 [17]. This value of the double amplitude cor-
responds to the fatigue strength characteristic value for
a failure probability of Pa= 50%. The intersection of the
endurance and fatigue lines was located at the double
amplitude force of 2 � FA,mean = 6.26kN and the number of

load cycles of N= 1,940,000. Both within the test points
of a gear and within the BJT batch, there was hardly any
variation in the results and load cycles achieved. The re-
producibility of the results verifies the suitability of BJT in
gear production for the first time [20]. A pressed and sin-
tered gear made of the material Fe+ 0.85% Mo+ 0.25% C
was tested as a reference on the pulsator test rig. The mean
value of the endurable double amplitude (NG= 3 � 106 LC)
was 2 � FA,mean = 8kN [20]. Comparable studies regarding
the tooth bending strength of Binder Jetting gears should
be conducted with a certified metallic material, which has
significantly higher strength values and therefore implies
a higher tooth bending strength.

2.2 Gears made of stainless steel 17-4PH

The material 17-4PH (stainless steel X5CrNiCuNb16-4)
has a significantly higher mechanical strength compared
to 316L and thus implies an increase in the tooth bending
strength of the manufactured gears [1, 6, 8]. Compared to
the BJT gear production from the material 316L, a new
design of the BJT process parameters is essential due to
different material characteristics. The impact of different
process variations along the process chain of BJT gears
made of the material 17-4PH was investigated [19]. Dur-
ing the printing process of the green gear, the powder and
binder application have been identified as the main influ-
encing factors on the final print result. The most relevant
variables for powder application are the layer thickness Ds

as well as the application direction and speed vp as a func-
tion of the processed material powder [19]. When applying
powder in two directions, a larger amount is introduced
into the powder bed at a constant layer thickness Ds and
thus the density of the green gear increases. A higher green
density implies a lower shrinkage during sintering. This re-
sults in a reduction of the induced stresses and a decrease
in crack formation [19]. Subsequently, support structures
for gear manufacturing by means of BJT were discussed,
which are particularly relevant for the subsequent post-treat-
ment processes curing and sintering to minimize the risk of
fracturing. Structural support structures correspond to small
components that are additionally produced with the gear in
a printing process. While curing, the stresses are induced by
the static and dynamic interactions of the powder. The pro-
cess stability of debinding and sintering was significantly
increased by the use of a mesh disk between the gear and
the ceramic sintering base [19]. Effects of the sintering fur-
nace on the printing result, especially if a retort furnace
is used, also have to be considered. The identified process
parameters are summarized in Fig. 1.

When powder was applied in two directions (outward
and backward path above the buildbox) at a constant pow-
der application speed vp= 50mm/s, the amount of applied
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Fig. 1 Initial process parameters for the production of BJT gears from 17-4PH

binder (Dark-Level) was reduced. In addition to the opti-
mizations in powder application, the part quality can be fur-
ther increased by adjusting the control variables for binder
application. Basically, the binder is applied to the BJT sys-
tem DM P2500 via two cartridges. The amount of binder
applied can be adjusted by varying the number of nozzles
(number of pixels) of the respective cartridge. The green
gear geometry is described in the layer by pixels. Thus,
pixels can be eliminated from the binder application based
on defined patterns, similar to that of a chessboard. At least
50% of all pixels (Dark 0) of a component geometry must
be printed. Dark Level 1 corresponds to 55.56% of the max-
imum amount of binder that can be applied, Dark Level 3
to 66.67% and Dark Level 8 to the maximum amount of
binder (100%). During curing, the buildbox with the printed
gears and the unused, recyclable powder is heated from
ambient temperature to the curing temperature TC= 200°C
over a defined period of time tR (ramp time) immediately
after printing. Afterwards the gears remain in the oven at
the temperature TC for a calculated holding time tH. The
process times in the oven can be calculated by the amount
of binder used during printing and the number of layers.
Thus, the times are varying for each print. When simulta-
neously printing four gears made of material 17-4PH, the
ramp time is approximately tR= 10h and the holding time
at TC is approximately tH= 8h. Debinding was realized in
a muffle furnace and sintering in a retort furnace. The rela-
tive density of the gears made of the material 17-4PH after
sintering was ρ0.rel� 97.4% [19].

Despite the process modifications explained previously,
some of the gears cracked depending on their position in
the furnace after sintering (cf. Fig. 1, bottom right). Thus
only a screening could be conducted to investigate the tooth
bending strength. In addition, an uneven grinding allowance
respectively undersize on the flanks was detected. The mean
value of the endurable double amplitude (NG= 3 � 106 LC)
of the BJT gears was 2 � FA,mean = 10.60kN, corresponding to
an endurable tooth root stress of σF0= 688.26N/mm2. The
comparison with load capacity results of densified gears
made of 316L (stainless steel X2CrNiMo17-12-2) showed
an increase of almost 95% [20].

3 Objective and approach

The additive manufacturing process of Binder Jetting is
intended to enable the production of individualized gears
in small batch sizes, through which all requirements with
regard to quality, strength, acoustics and cost-effective-
ness can be implemented. The objective of this report is
to optimize the process for gear manufacturing using 17-
4PH (stainless steel, X5CrNiCuNb16-4), see Fig. 2. The
evaluation is based on the one hand on the process-reli-
able reproducibility of the gears and on the other hand
on the resulting tooth bending strength. Proceeding from
the knowledge already developed for gear production
from the material 17-4PH at a relative component density
ρ0,rel� 97.4%—production and use of support structures,
knowledge of the main factors influencing the final print
result, as well as initial process parameters along the pro-
cess chain—the reliability of the process and thus the tooth
bending strength is increased through a specific adjustment
of the process parameters. Both the endurance strength and
the fatigue strength of the BJT gears made of material 17-
4PH are analyzed and the results are summarized in a SN-
curve, see Fig. 2.

Due to already established results on the tooth bending
strength of cold rolled gears made of the material 316L
[20], gears are manufactured of 17-4PH with an allowance
for densification (ρ0,rel� 93.98%) for screening tests. The
densification of the surface zone by the rolling results in
a graduation of the density from the surface to the core.
Subsequently, the gears are examined in screening tests with
regard to the tooth bending strength on the pulsator test
rig. Thus, in this report describes the influences of relevant
process parameters on the component properties and the
tooth bending strength of the gears.

4 Gear manufacturing with optimized
process parameters

Based on the process parameters developed in Chap. 2, fur-
ther modifications to the process were necessary for a reli-
able and reproducible production of BJT gears made of 17-
4PH. Modifications were made regarding the powder appli-
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Fig. 2 Objective and Approach

Po
si

tio
n

Po
w

de
r M

ag
az

in
e 

an
d 

Ap
pl

ic
at

orn oi ti soP Pr
in

t H
ea

d 49.8 %

50.7 %

51.8 %

51.6 %

51.7 % 51.4 % 51.1 % 50.8 %

51.1 % 50.9 % 50.5 % 49.9 %

50.8 % 50.3 % 50.2 % 49.8 %

52.4 % 52.1 % 51.8 % 51.4 %

Decrease of Green Part Density in the Main Build Area in the Buildbox

Test cuboid
10 x 10 x 7 mm

1

2

Build Area Gears

ρrel,m = 51.0 %

vp = 50 mm/s

vd = 200 mm/s

1 2
3 4

Fig. 3 Relative Green Density in the Buildbox

cation, the component scaling and thus the curing process
as well as the debinding and sintering process. Before test-
ing, the gear quality and the surface roughness of the BJT
gears were measured.

Powder application The previous occurrence of crack for-
mations at some gears could result from variations in the
relative green densities depending on the positioning in the
powder bed. Generally, a cube (measuring 10× 10× 7mm)
was produced in each of the four corners of the build box
for the previous print jobs. As the volume of the cubes
and the density of the material 17-4PH were known, the
relative green density could be calculated. The relative
green density of the previously manufactured gears var-

ied in a range of �ρrel = 2.2% based on the four cubes.
In addition, only low values of the relative green density
were obtained in the lower limit of the desired range of
ρrel = 50–60%. For the analysis of the relative green den-
sity distribution over the entire powder bed and thus in
the printing area of the gears, 16 further test cubes, dis-
tributed in the buildbox, were manufactured subsequently,
cf. Fig. 3. Printing was done with the process parameters
deduced in Chap. 2: powder application in two directions
of motion, 56.26% of all pixels were wetted with binder
(Dark Level 1), layer thickness of Ds= 42µm, powder ap-
plication speed vp= 50mm/s and binder application speed
of vd= 200mm/s. The average value of the relative green
density of the cubes was ρrel,min= 49.8% and the maximum
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density was ρrel,max = 52.4%. The decrease of the green den-
sity in the powder bed from the print head side to the
powder magazine side was notable. The decrease was ap-
proximately �ρrel = 1%. In addition to powder application
in two directions of motion, the reduction of the powder
application speed vp is another possibility to increase and
stabilise the green density. A higher green density implies
a lower shrinkage during sintering. This results in a re-
duction of the induced stresses and a decrease in crack
formation. The application speed was therefore reduced to
vp= 40mm/s while the layer thickness Ds was kept con-
stant. Hence, a larger quantity of powder is inserted into the
powder bed, the green density increases further. However,
the productivity decreases. After reducing the application
speed vp, an average green density of ρrel,m= 53.4% was re-
liably achieved during the process. The determined average
density of green gears was assumed to be sufficient for the
following prints. It could be kept constant in the range of
�ρrel = 1.7% over all gear prints conducted.

Scaling of the gear and thermal processes After sintering
the gears, the geometric analysis revealed a partial undersize
on the flanks and thus an insufficient grinding allowance.
Therefore, the scaling factors of the printed gear were in-
creased in X-, Y- and Z-direction (�= 3.43%) to prevent
sintering shrinkage, see Fig. 4.

The adjustment of the scaling factors leads to an increas-
ing amount of binder during printing and thus an extension
of the curing process. When simultaneously printing four
gears made of material 17-4PH, the increased amount of
binder resulted in a ramp time of approximately tR= 11h
30min. The holding time at TC kept constant at tH= 8h.
Based on the previous experience of debinding in a muffle
furnace and sintering in a retort furnace, the gears were de-
binded and sintered at identical process conditions in a con-
tinuous furnace using a protective gas atmosphere (hydro-
gen H2). After sintering, no visible damage or cracks at the
gears was detected. 16 gears has been printed. All of them
had sufficient oversize and a relative density of ρrel = 99%.
The resulting relative density was higher than the relative

Adapted Scaling FactorsInitial Scaling Factors

Undersize

Critical
Area

Target After Hard FinishingAfter Sintering

Δ
=

+ 
3.

43
%

Fig. 4 Tooth Space before and after adjusting the scaling factors

density of the variant tested in the screening trials [19].
Thus, the type of sintering furnace has a significant influ-
ence on the final component quality. The previously de-
veloped mesh disc was used as a support structure during
sintering.

Hard machining The BJT gears were profile ground using
a KAPP KX 500 FLEX gear grinding machine. Due to the
partially high allowance in the area of the tooth root and
tooth tip, cf. Fig. 4, the final geometry was produced in
two roughing and one finishing cut to avoid grinding burn.
The gear quality was measured on a KLINGELNBERG P65
gear measuring machine. The measurement was conducted
on all gears in order to achieve the best possible statisti-
cal validation of the evaluation. In addition to the profile
and helix deviation, the single and accumulated pitch er-
rors fp as well as the radial runout error FR were measured.
All measured values of the BJT gears averaged minimum
within IT5 according to DIN EN ISO 1328 [7].

The surface roughness of the respective tooth profiles of
the BJT gears was measured after grinding using the tactile
roughness measuring device HOMMEL ETAMIC NANOSCAN

855. The evaluation of the roughness values and measure-
ment reports was performed in accordance with DIN EN
ISO 21920-3 in the direction of the profile [10]. In total,
six roughness measurements were performed for each gear.
Of four teeth evenly distributed over the circumference,
a roughness measurement was taken on both the right and
the left flank of the respective tooth. The mean value of
all Rz measurements (maximum height of the roughness
profile) after hard finishing was Rz= 2.3µm, the arithmetic
average roughness value Ra= 0.3µm. The roughness of the
ground tooth roots of all the gears examined was within
this range as well.
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5 Validation of the binder jetting process
chain regarding the tooth bending
strength

The following chapter describes the results of the tooth
bending strength tests of the additively manufactured BJT
gears (ρ0,rel� 99%). The results are summarized in a SN-
curve. Furthermore, in analogy to the results already ob-
tained on the tooth bending strength of cold rolled gears
made of 316L [20], gears were manufactured from 17 4PH
with an allowance for cold rolling (relative core density
ρ0,rel� 93.98%). The gears were classified in the state of the
art by comparison with cold rolled gears made of 316L.

5.1 Experimental design and description

Gear-critical load types are stresses on the tooth flank due
to rolling and bending fatigue in the tooth root [13, 23, 27].
The experimental investigations of the ground gears with
regard to the tooth bending strength were performed on
a pulsator test rig. The pulsator is an analogy test rig which
approximates a part of the stress curve occurring in tooth
meshing with an alternative concept of load application,
see Fig. 5. According to the definition of the ISO 6336-3
standard, the tensile and compressive stresses σZ and σD
resulting from the mechanical load reach the maximum at
the tooth root in the area of the 30° tangent [17].

The main advantage of the pulsator test compared to the
running test is the possibility of multiple use of a gear.
In addition, no counter gear is required. The number of
possible test points depends on the contact line to be ex-
amined and the number of teeth z2 of the gear. The BJT
gear contains four test points. The gear is clamped over sev-
eral teeth between two plane-parallel pulsator clamps—four

Analogy Test – Tooth RootRunning Test

Gear Data

Number of Teeth z2 = 20
Module mn,2 = 3.175     mm    
Tooth Tip-Ø da,2 = 71.698   mm
Tooth Root-Ø df,2 = 56.093   mm

Pressure Angle αn,2 = 20 
Helix Angle β = 0 
Profile Mod. Fact. x2 = 0.205
Tooth Width b2 = 18  mm
zclamped = 4

Electromagnetic
Resonance Pulsator
RUMUL Testronic 150

© AHMAD / WZL

Reduced Number of Test Specimens

Reduction of Test Duration

Good Transferability

Fig. 5 Analogy test for determining the tooth toot load capacity

teeth are clamped at the BJT gear. The tooth normal force
from the running test is applied to the gear. One clamp per-
forms an oscillating movement and, in this way, introduces
a sine-shaped force curve into the tooth. The other station-
ary clamp absorbs the applied force. The force applied is
monitored and controlled by using a load cell.

5.2 Investigation of the tooth bending strength

In order to describe the component characteristics, 10 tests
were performed in the endurance strength load range us-
ing the stair-step method [29] on two load levels. Another
14 tests were conducted at the transition to the fatigue
strength load range using the stair step method [11]. The
stair step method was evaluated according to HÜCK [16].
The load step of the endurance limit of the BJT gears is
shown in Fig. 6.

The fictitious point formed the 15th test point. The load
step increase per double amplitude was �2 � FA= 1kN. The
ratio of a load step to the standard deviation was approxi-
mated according to HÜCK [16]. The limiting number of os-
cillations for the tooth bending strength is set to NG= 3 � 106

load cycles (LC) according to ISO 6336 part 3 [17]. Ter-
mination criteria during the pulsator test are reaching the
limit number of load cycles and tooth root fracture [22].
According to the HÜCK staircase method, the following
test depends on the previous test result. In the case of
a tooth root fracture before reaching the limit number of
load cycles NG, the load or the stress is reduced by one
step (�2 � FA= 1kN). Otherwise, in the case of a run-out,
the load or the stress is increased by one step [11]. The
Y-axis (Fig. 6) shows on the one hand the force 2 � FA of
the double amplitude, which indicates the stress range, and
on the other hand the tooth root stress σF0 calculated accord-
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Fig. 6 Endurance Limit for BJT gears made of 17-4PH (ρrel = 99.0%) according to HÜCK [16]

Fig. 7 Fatigue Strength of the BJT gears (17-4PH, ρrel = 99.0%) according to the Horizon Method

ing to ISO 6336 part 3 [17]. The tooth root stress describes
the local load in the tooth root. The test frequency of the
pulsator test rig was fP1= 143Hz and thus below the crit-
ical test frequency of fcrit= 200Hz, below which no influ-
ences of the test frequency on the results are to be expected
[18]. The mean value of the endurable double amplitude
(NG= 3 � 106 LC) was 2 � FA,mean = 12.07kN, corresponding to
an endurable tooth root stress of σF0= 708.96N/mm2. The
mean value of the double amplitude corresponds to the en-
durance strength characteristic value for a failure probabil-
ity of Pa= 50%. The standard deviation was s= 2%.

To determine the fatigue strength (NG< 3 � 106 LC), a de-
fined number of tests were performed according to the hori-

zon method at two different load levels [25]. The difference
between the two load levels should be as large as possible
in order to be able to make the best possible estimation of
the fatigue strength line with regard to its slope and po-
sition. The minimum number of tests should be five [29].
Five test runs were performed at both tested load levels of
2 � FA,1 = 18kN as well as 2 � FA,2 = 15kN, see Fig. 7.

The corresponding load cycles N of each test were
ranked in increasing order on the respective load level. For
each test point, the probability of failure Pa was calculated
based on the logarithmic normal distribution according to
ROSSOW’s method [14, 25]. After transferring the paired
values of probability of failure Pa (Y axis) and number of
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Fig. 8 SN-Curve of the 17-4PH gears (ρrel = 99.0%)

load cycles N (X axis) into a suitable probability diagram,
the best fit line for fatigue strength was created [22]. For
the load level of the double amplitude of 2 � FA,1 = 18kN, the
probability of failure distribution Pa= 50% [29] was used
determining the number of load cycles of N50%,1 = 69,444
LC. Similarly, the number of load cycles for a load level
of 2 �FA,2 = 15kN was calculated to be N50%,2 = 145,925 LC.
The statistical evaluation of the test points in accordance
with ROSSOW provided the supporting points for the fatigue
strength line in the SN-curve, as shown in Fig. 8.

The SN-curve, which provides a connection between
the load level of the double amplitude (Y axis) and the
endurable number of load cycles N until fatigue damage

Fig. 9 Comparison of the tooth root stress of all gear variants

occurs (X axis), is only valid for the defined probabil-
ity of failure Pa= 50%. The intersection of the creep and
fatigue lines was located at the double amplitude force
of 2 � FA,mean = 12.07kN and the number of load cycles of
N50%,SP = 353,631 LC. Furthermore, no pores were visible
on the microscopic images of the fracture surfaces. Gener-
ally, it should be considered that the crack initiation, causing
failure, was originated in the tooth root area on the surface
of the 30° tangent.

To compare the tooth bending strength in the fatigue load
range, the tooth root stresses of further tests on additional
additively manufactured gear variants are shown in Fig. 9.
The Y-axis shows the tooth root stress σF0 calculated ac-
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cording to ISO 6336 part 3 [17]. The tooth root stress is
calculated as a function of the tooth root geometry. Ide-
ally, the tooth root geometry of all variants is congruent,
but slight deviations were still possible due to the process
parameter settings. Therefore, a practical classification of
all variants is not possible by the force of the double am-
plitude 2 � FA. The tooth root stresses were calculated on the
basis of the real tooth root radii. In addition to the investi-
gations described in Chap. 2 for the tooth bending strength
of the material 316L and the gears made of 17-4PH with
a relative density of ρrel = 97.4%, the calculated tooth bend-
ing strength of the optimized process variant with a relative
density of ρrel = 99.0% and the tooth bending strength of
a further variant (ρrel = 93.98%) are shown as well.

The gears made of 17-4PH were manufactured with
the process parameters derived in Chap. 2.2 and sintered
by reducing the sintering temperature (TSinter= 1280°C) to
achieve a relative target density, i.e. the core density af-
ter the cold rolling process, of ρrel = 93.98%. Although cold
forming of the material 17-4PH is only possible in the an-
nealed condition [26], the gears have been provided with
a rolling stock allowance. As a result, the blanks do not
feature an involute profile. Due to the densification of the
surface zone by the rolling process, there is a density gra-
dient from the surface to the core. The process parameters
for cold rolling using the PROFIROLL PR 15HP rolling ma-
chine were adapted from KLEE [20]. During the rolling
process, cracks occurred on the gears starting from the tip
of the tooth. The cracks also spread on the tooth flank
to a small extent. Due to the cracks, the gears were no
longer usable. The cracks were caused by the material
properties [26]. The mean value of the endurable double
amplitude of the rolled gears with a relative density of

Fig. 10 Process Parameters of BJT Gear Manufacturing and the resulting Tooth Root Stress

ρrel = 93.98% was 2 � FA,mean = 7.93kN, corresponding to an
endurable tooth root stress of σF0= 543.83N/mm2.

The tests on the tooth bending strength of the variant with
a relative density of ρrel = 99.0% showed a slight increase of
�= 3.01% in the fatigue strength of the gears compared
to the gears tested in the screening tests (ρrel = 97.4%). The
increased bending strength is related to the process param-
eters set. In particular, the adjustment of the process param-
eters ensured that only flawless gears made of 17-4PH with
a relative density of ρrel = 99.0% could be reproducibly and
reliably produced. Compared to the screening tests of the
rolled gears with a relative core density of ρrel = 93.98%, an
increase in bending strength of �= 30.36% was achieved.
In comparison with the results of the gears made of the ma-
terial 316L, significant increases in bending strength were
achieved for all 17-4PH variants. This is due to both the spe-
cific material properties and to the optimization of various
process parameters, which are summarized in the following
chapter.

6 Influences of relevant process parameters
on component characteristics

The following chapter summarizes the optimized process
parameters for the production of Binder Jetting gears made
of 17-4PH stainless steel as well as the influences of the
most relevant process parameters on the resulting compo-
nent properties. The validation and evaluation of the process
chain was conducted in terms of process reliability and re-
producibility on the one hand and the achievable tooth bend-
ing strength on the other hand. An overview of the process
parameters developed in Chap. 4 and the calculated tooth
root stress σF0 (described in Chap. 5) are shown in Fig. 10.
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Fig. 11 Influences of relevant Process Parameters

Based on the process parameters described in Chap. 2.2
with a constant powder application speed of vp= 50mm/s
and two-sided powder application and a binder quantity of
dark level 1 (66.67% of the maximum binder quantity that
can be applied), further process adjustments were necessary
due to crack formation after the sintering process, see lower
part of Fig. 10. Due to the larger scaling of the gears and the
resulting higher amount of binder applied, the ramp time
for curing was extended accordingly to tR= 11h30. Both
debinding and sintering took place in a continuous furnace.
Sintering was realized at a sintering temperature of at least
TSinter = 1305°C over a total process time of t= 13h. The ef-
fects of the main process parameters on the resulting gear
properties are summarized in Fig. 11. Reducing the pow-
der application speed vp resulted in a more constant green
density �ρ throughout the powder bed of the buildbox. Re-
ducing the powder application speed by �vp= 10mm/s led
to a decrease of the green density variation during the print
from �ρgr,rel = 2.2% to �ρgr,rel = 1.7%. This led to a decreas-
ing risk of cracking on the one hand and an increasing
component density on the other hand.

The position of the gear in the buildbox during the print-
ing process only marginally influenced bending strength of
the tooth (Fig. 11, top centre). After considering all the
test points for each gear variant, an average tooth stress
curve was determined. For position 1 in the buildbox, there
were not enough data points for the relative densities of
ρrel = 93.98% and ρrel = 97.4% to calculate a useful average.
For positions 2, 3 and 4, there was no effect of the gear
position on the tooth bending strength was detected. Ex-
tending the ramp time tR during curing reduced the risk of
cracking in the process. A ramp time of tR= 10h was deter-
mined to be process reliable, depending on the green part

scaling. A lower (dark level 1) compared to a higher amount
(dark level 3) of binder led to a reduced risk of cracking
during debinding as well. A similar effect was registered
during curing. However, reducing the amount of binder too
much will result in an insufficient green strength of the
gears. This has to be considered depending on the size of
the component. A higher sintering temperature TSinter im-
plies an increase in the relative density of the components
ρrel after sintering. For the material 17-4PH, a minimum
required sintering temperature of TSinter = 1305°C was de-
termined to achieve a relative density of ρrel = 99%. Higher
tooth root capacities have also been achieved as a result of
the increased gear density. Therefore, the objective of the
process design of the Binder Jetting process chain for the
production of 17-4PH gears with the highest possible tooth
root load-bearing capacity is always aims to achieve a high
relative component density.

7 Summary and outlook

In this report, the potential of gears manufactured by Binder
Jetting (BJT), using the material 17-4PH (stainless steel
X5CrNiCuNb16-4), has been analyzed with regard to the
tooth bending strength. The relative density of the gears
was increased up to ρ0,rel� 99% by specific adjustment of
the BJT process parameters. In addition, the reliability of
the process and therefore the bending strength of the gears
was increased as well. Both endurance and fatigue strength
of 17-4PH BJT gears were investigated and the results were
summarized in a SN-curve.

Different process variations along the process chain as
well as their benefits were discussed [19]. The relative den-
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sity of the gears made of the material 17-4PH after sintering
was ρ0.rel� 97.4% [19]. Despite the process modifications
explained previously, some of the gears cracked depending
on the furnace position after sintering. Based on the pa-
rameters determined by KLEE [19], further modifications
to the process were required. Modifications were made to
the powder application, the component scaling and thus
the curing process as well as the debinding and sintering
process. The previous occurrence of crack formations at
some gears could result from variations in the relative green
densities depending on the positioning in the buildbox. In
general, a higher green density implies a lower shrinkage
during sintering. This results in a reduction of the induced
stresses and a reduced risk of crack formation. In addition
to powder application in two directions of motion, the
reduction of the powder application speed to vp= 40mm/s
while keeping the layer thickness Ds constant lead to an
increasing average green density by �ρrel,m= 2.4%. The
average density of green compacts could be kept constant
in the range of �ρrel = 1.7% over all gear prints conducted.
After sintering the gears, the geometric analysis revealed
a partial undersize on the flanks and thus an insufficient
grinding allowance. Therefore, the scaling factors of the
printed gear were increased in X-, Y- and Z-direction
(�= 3.43%) to prevent sintering shrinkage. The adjustment
of the scaling factors leads to an increasing amount of
binder and thus an extension of the curing time. The gears
were debinded and sintered at identical process conditions
[19] in a continuous furnace using a protective gas atmo-
sphere (hydrogen H2). After sintering, no visible damage
or cracks at the gears were detected. 16 gears have been
printed. All were completely undamaged, had sufficient
oversize and a relative density of ρrel = 99%. This value is
higher than the value of the relative density of the variant
tested in the screening trials [19]. The quality of the gears
was measured after grinding using a gear measuring ma-
chine. All measured values averaged within quality class
IT5 according to DIN EN ISO 1328 [7]. Subsequently, the
tooth bending strength was tested on a pulsator test rig. The
mean value of the endurable double amplitude (NG= 3 � 106

LC) was 2 � FA,mean = 12.07kN, corresponding to an en-
durable tooth root stress of σF0= 708.96N/mm2. The fatigue
strength (NG< 3 � 106 LC) was determined according to the
horizon method. The probability of failure was Pa= 50%.
The intersection of the creep and fatigue lines was located
at the double amplitude force of 2 � FA,mean = 12.07kN and
the number of load cycles of N50%,SP = 353,631 LC. The
tests on the tooth bending strength of the variant with
a relative density of ρrel = 99.0% showed a slight increase
of �= 3.01% in the fatigue strength of the gears compared
to the gears tested in the screening tests (ρrel = 97.4%).
The increased bending strength is related to the process
parameters set. In particular, the adjustment of the process

parameters ensured that only flawless gears made of 17-4PH
with a relative density of ρrel = 99.0% could be reproducibly
and reliably produced. Moreover, the endurance strength
of cold rolled gears made of 17-4PH (ρ0.rel� 93.98%) was
determined in screening tests. The mean value of the
endurable double amplitude of the rolled gears with a rela-
tive density of ρrel = 93.98% was 2 � FA,mean = 7.93kN, corre-
sponding to an endurable tooth root stress of σF0=
543.83N/mm2.

In short term, the influence of variable binder moistening
and different relative densities on the mechanical properties
will be investigated on bending and compressive specimens
as an analogue sample to the gears. The validation will be
realized by comparing the results to the bending strength
results of the gears presented in this report. In long term,
the development and certification of further materials, es-
pecially common gear steels such as 16MnCr5, is planned
for the BJT.
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