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Abstract
Fatigue damage, such as pitting and tooth root fatigue fracture, is one of several gear failure modes encountered in practical
applications. Some of these failure modes are traditionally repairable, while others are known to be catastrophic and
unrepairable. Direct Laser Deposition (DLD) is a Metal Additive Manufacturing process that could overcome this problem
and extend the useful gear life. The DLD repair process proved to be applicable in several cases. Nevertheless, concrete
applications for gears are still scarce and limited to preset teeth reconstruction without discussing functional applications.
Based on that perspective, this research aims to evaluate the DLD performance of a gear under actual operation. This work
details the strategy applied to restore a base material case-hardened 16MnCr 5 FZG-C Type C-GF pinion using a DLD
combination of pure Inconel 625 (MetcoClad 625) for the tooth core and pure AISI 431 (Metco 42C) as a superficial
coating. The pinion was tested for over 2.7 million cycles under different load stages (K1 to K9), functionally resisting
until a static torque of 215.6Nm, although it presented severe surface damage development throughout the campaign. This
exploratory work thoroughly discusses the drawbacks encountered in the repair process, materials characterization, surface
evolution of the restored teeth against base material, and mass loss during the tests.

Rekonstruktion der Stirnradverzahnungmittels direkter Laserauftragung

Zusammenfassung
Ermüdungsschäden, wie z.B. Graufleckigkeit und Zahnfußermüdungsbruch, sind eine von mehreren Getriebeausfallar-
ten, die in praktischen Anwendungen auftreten. Einige dieser Ausfallarten sind traditionell reparierbar, während andere
als katastrophal und nicht reparierbar bekannt sind. Die Reparatur durch direkte Laserabscheidung (DLD) ist ein addi-
tives Fertigungsverfahren, das diese Probleme überwinden und die Lebensdauer des Getriebes verlängern könnte. Das
DLD-Reparaturverfahren hat sich in mehreren Fällen als anwendbar erwiesen, von Schienen bis zu Zahnrädern. Den-
noch sind konkrete Anwendungen für Zahnräder noch rar und beschränken sich auf die Rekonstruktion von Zähnen,
ohne funktionelle Anwendungen zu diskutieren. Basierend auf dieser Perspektive zielt diese Forschungsarbeit darauf ab,
die DLD-Reparaturleistung eines FZG-Getriebes unter realem Betrieb zu bewerten. Diese Arbeit beschreibt die Strate-
gie zur Wiederherstellung eines einsatzgehärteten 16MnCr 5 FZG-Typ-C-Ritzels aus Grundmaterial unter Verwendung
einer DLD-Kombination aus reinem Inconel 625 (MetcoClad 625) für den Zahnkern und reinem AISI 431 (Metco 42C)
als Oberflächenbeschichtung. Das Ritzel wurde über 2,7Mio Zyklen in verschiedenen Belastungsstufen (K1 bis K9) ge-
testet und hielt bis zu einem Drehmoment von 215,6Nm funktionell stand, obwohl es während der gesamten Versuche
Oberflächenschäden aufwies. Diese explorative Arbeit diskutiert gründlich die Nachteile, die beim Reparaturprozess, der
Materialcharakterisierung, der Oberflächenentwicklung der reparierten Zähne gegenüber dem Basismaterial und dem Mas-
severlust während der Tests aufgetreten sind.
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1 Introduction

International Standard ISO 10825-1 [1] categorizes the
most common failure modes in gears into six classes:
(1) Tribological damage (non-fatigue) (e.g., abrasive wear
and scuffing); (2) Fatigue damage (e.g., pitting and tooth
root fatigue fracture); (3) Non-fatigue fracture (e.g., tooth
root rupture and tooth shear fracture); (4) Plastic defor-
mation (e.g., indentation and fracture after plastic defor-
mation); (5) Manufacturing issues (e.g., hardening cracks
and case/core separation); (6) Other surface damage (e.g.,
corrosion and cavitation).

Some of these failure modes, like micropitting, might be
repaired using conventional methods, such as regrinding or
surface finishing. The processes eliminate surface failures
by removing material from the tooth surface [2, 3]. The
problem is that material removal has a limit and affects
tooth geometry. At some point, it becomes impossible to
repair the gear while keeping the required geometric toler-
ances and performance, leading to its substitution (some-
times too soon). Other failure modes in this list, such as
tooth root fatigue fracture, are known to be catastrophic
and immediately take the system out of operation.

In recent years, an approach driven by advances in Metal
Additive Manufacturing (MAM) started being considered
to overcome the problem and extend the useful gear life.
This repair process can be generically described in three
steps: (1) the cleaning step, where using polishing, abrasive
blasting, or machining, the damaged surface or volume is
cleaned (similar to the traditional methods); (2) the filling
step, where the cleaned-up area is filled with a deposition
material; and (3) the finishing step, which restores the de-
position zone to its original shape and size [4].

MAM repairs hold two distinct classes: (1) geometric
restoration and (2) structural repair. For the first, the de-
posited material aims to restore the component geometry,
function and surface finish properties but is not expected
to carry structural loads. In the second, the deposited mate-
rial must restore the part’s geometry and strength capabili-
ties under static or dynamic loading. Among the available
MAM processes employed in metallic components repair,
one that has proven particularly useful is the Direct Laser
Deposition (DLD) process. The DLD has been applied to
both classes on repairing high-value parts that used to be
not repairable or that presented some impediment, such as
too small parts that could be affected by the Heat Affected
Zone (HAZ) [5].

DLD combines the material and energy delivery in the
layer-by-layer formation, as illustrated in Fig. 1. The depo-
sition material is available in two forms: wire and powder,
with powder favoured and supported by the most recent
DLD machines. The current generation of DLD machines
may contain up to four (or more) nozzles, allowing di-

verse alloy combinations, with inert gas protection, reduc-
ing the oxidation resulting from the high metal processing
temperature [8]. The success of DLD in some repair op-
erations is directly related to: (1) Narrow HAZ during the
process; (2) High resolution that allows repair with high
precision; (3) High metallurgical integrity of the produced
parts; (4) Capacity to provide better material properties;
(5) Suitability for full automation; (6) Higher repeatability
[6, 7].

The DLD applications are numerous, including the re-
pair of turbine blades, sintered tools, steam circuit parts
of a thermal power station, marine crankshaft, dies, rails,
gas turbine burners, compressor seals, engine turbine shaft,
four-stroke pistons, spur gears [4, 6, 7]. Nevertheless, the
application of DLD regarding gear repair is still scarce in
the literature and focuses mainly on the tooth reconstruction
aspects and mechanical characterization, such as hardness
and tensile strength [9–12]. However, very little is presented
concerning actual operational results.

As an example, Shi and Bai [9] reconstructed a C45
steel gear thermal refined using a Ni45 alloy powder and
evaluated three different deposition schemes, illustrated in
Fig. 2. In Scheme 1, the deposition started in the gear tooth
root, and two other tracks overlapped along the top tooth
direction. For Scheme 2, the first track was deposited in
the gear tooth root, the second track in the top of the gear
tooth and the third track between the other two. Finally,
in Scheme 3, the first track was applied in the gear tooth
top, the second in the root and the last in between [9]. The
authors analyzed the microstructure and hardness of the
reconstructed teeth, concluding that the deposited layers’
properties were superior to the substrate, the restored teeth
presented small HAZ, and DLD could be used to repair
complex surfaces like those existing in gear teeth. On the
other hand, the authors did not obtain an involute profile
using DLD and did not test the gears.

Zhu et al. [10] also presented a reconstruction strategy
for a C45 steel gear using AISI H13 steel powder, as shown
in Fig. 3. However, in order to perform mechanical tests,
a set of samples was produced using the same parameters
applied to the tooth. The authors evaluate microstructure,
hardness, tensile behaviour and wear resistance. They con-
cluded that the reconstructed tooth presents a lower tensile
strength but a higher hardness and better wear resistance
than the original tooth. After post-processing, the authors
did not perform functional tests.

Bons [11] is another author who evaluated the gear tooth
reconstruction from a sample perspective, as indicated in
Fig. 4. In his work, 18 CrNiMo 7-6 steel was used as the
base material, Inconel 718 was deposited as a tooth core,
and NT-NI60 was applied as a coating. In addition, the
author performed hardness and static load tests to compare
the reconstructed tooth against the base material-only tooth.
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Fig. 1 DLD process using a laser beam as an energy source

The results show that the DLD teeth showed worse me-
chanical properties than the reference 18 CrNiMo 7-6 steel.

Finally, Guan et al. [12] investigated the reconstruc-
tion process of a broken 20 CrMnTi gear using Ni60 as-
deposited material. The study evaluates different deposi-
tion strategies in order to rebuild a gear tooth and repair
a gear using the optimized parameters found, as illustrated
in Fig. 5. The phase composition, microstructure, hardness,
and wear properties of the restored gear tooth were analyzed
by X-ray diffraction (XRD), Scanning Electron Microscopy
(SEM), microhardness tester, and friction and wear tester.
Using a test sample cut from the gear, the authors concluded
that the teeth presented a good metallurgical bond with the
substrate and hardness compatible with base material val-
ues. Once more, the gear was not put into operation.

From the current survey, it is safe to say that functional
DLD-repaired gears are not presented in technical literature,
and there is a lack of information regarding operational be-
haviour. In fact, up to now, there is no work showing a gear
reconstructed via DLD under operation. The drawbacks re-
lated to tooth geometry and mechanical resistance still hin-
der actual applications. In this sense, this exploratory work

Fig. 2 The results of three
schemes of laser cladding test on
the tooth surface. a Scheme 1,
b Scheme 2 and c Scheme 3.
Adapted from [9]

a b c

presents in detail the strategy used to restore a base mate-
rial case-hardened 16 MnCr 5 FZG-C Type C-GF pinion
using a DLD combination of pure Inconel 625 (MetcoClad
625) for the tooth core and pure AISI 431 (Metco 42C) as
a superficial coating, but also tested the reconstructed pin-
ion for more than 2.7 million cycles under different load
stages, up to 215.6Nm. The surface topography evaluation
(visual registration and tooth flank roughness assessment)
of the restored and the base material teeth throughout the
tests allows a performance comparison of the teeth under
the same operational condition.

This work is part of a broader research project called
GEAR 3D (POCI-01-0247-FEDER-039848) [13], which
aims to develop a methodology for 3D reconstruction of
large-dimension case-hardened gear teeth for the wind
sector. Among the project purposes, one must emphasize:
(1) study deposition strategies, (2) exploit synergies of
different material properties to obtain a repaired gear tooth
with the required characteristics, and (3) development of
test protocols to validate the quality/reliability of gear re-
pair using DLD technology, in particular fatigue damage
(pitting and tooth root fatigue fracture). The first two parts
of this project identified the two potential materials (Inconel
625 and AISI 431) through evaluation of their properties
in deposited form and specimen testing in lab conditions
(microhardness, tensile tests, abrasive wear, SEM, rolling
contact fatigue) and their required DLD process parameters
to reconstruct gear teeth [14–19]. The results show that
Inconel 625 easily develops heights during the deposition,
unlike AISI 413. On the other hand, the reduced hardness
of Inconel 625 motivated the choice of a coating that would
allow better wear resistance. From this first study by the
research group, the presented strategy in this paper was
developed and applied to teeth restoration. In this context,
the current analysis intends to evaluate how this particular
combination of materials would perform under real applica-
tions, investigating two major aspects: tooth root resistance
and flank durability. Certainly, there are other important
aspects concerning gear tooth reconstruction (for example,
automation of the DLD process or economic efficiency)
that should also be evaluated and discussed in order to
assess DLD repair capabilities. However, they are out of
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a b c d

Fig. 3 Broken gear tooth repairing process: a slices of the broken tooth model, b the shape of the first layer of the broken tooth model slices,
c remanufactured tooth using DLD, d remanufactured tooth after post-processing. Adapted from [10]

Fig. 4 Test sample for gear
tooth reconstruction evaluation:
a materials applied to the repair
and b sample after a static load
test. Adapted from [11]

a b

Fig. 5 20 CrMnTi gear repair
using Ni60: (a) Direct Laser
Deposition of Ni60 and (b) tooth
shape restoration using a mill
process. Adapted from [12]

a b

this work scope and will not be analysed in this paper.
In this exploratory work, only the functional behaviour is
investigated.

2 Materials andmethods

2.1 DLD reconstructed gear

In order to evaluate the DLD performance under operational
conditions, an FZG-C Type C-GF pinion, detailed in Table 1
[20], had three teeth removed and then reconstructed by
DLD, as illustrated in Fig. 6.

Teeth 1 and 9 were entirely removed from the pinion,
while tooth 3 was partially cut over the pitch line to the
tip tooth (Fig. 6a) using a conventional face milling pro-
cess. Teeth 5, 11 and 13 were chosen for base material
control and to establish the reference for the comparison
between the as-built by conventional processes and DLD.
The adopted strategy for the teeth reconstruction consisted
of a combination of pure Inconel 625 (MetcoClad 625) for
the tooth core and pure AISI 431 (Metco 42C) as a superfi-
cial coating. Table 2 presents the nominal weight percentage
for the chemical composition of such materials.

For teeth 1 and 9, seven layers were used. The DLD
routine is illustrated in Fig. 7. As one can see, for five layers,
an external perimeter of AISI 413 was initially deposited,
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followed by filling the tooth core with Inconel 625. The last
two layers used only AISI 413 for both perimeter and filling.
The theoretical dimensions of the prism were 8.5 (width)×
14.5 (length)× 12mm (height). The laser scanning pattern
rotated 90 ° between layers, as shown in Fig. 7c and d,
and the starting point of each layer was randomly chosen
in order to better distribute the thermal delivery over the
part—starting the deposit in the same position may lead to
“slump” problems.

Figure 6b presents the obtained result with the DLD
process. Tooth 3 followed a similar DLD approach but only
used three layers. The first layer combines Inconel 625 and
AISI 413, while the last two were made only with AISI 413.
The theoretical dimensions of the prism were 9 (width)×
14 (length)× 5.4mm (height).

An essential aspect of DLD concerns the parameters used
in the deposition. Table 3 summarizes what was used in this
work. The presented values were the same for both materi-
als, except for the carrier gas rate, since the AISI 413 is less
spherical and requires more transport flow. These particu-
lar value choices rely on the results from previous studies
[14–16]. The laser system (LDF 3000–100) has a high-
power fibre-coupled laser diode (wavelength 900–1030nm,
depending on the power) with a nominal beam power of

Table 1 Gear geometry FZG-C, type C-GF [20]

Dimension Numerical value

Centre distance 91.5mm

Effective tooth width 14.0mm
Working pitch
diameter

Pinion 73.2mm

Wheel 109.8mm
Tip diameter Pinion 82.46–0.087 mm

Wheel 118.36–0.087 mm

Module 4.5mm
Number of teeth Pinion 16

Wheel 24
Addendum
modification factor

Pinion 0.1817

Wheel 0.1715

Pressure angle 20.0°

Working pressure angle 22.4°

Helix angle 0.0°

Tooth correction Without tip relief and root relief,
no longitudinal crowning

Material 16 MnCr 5 according to DIN 17210

Heat treatment The test gears are case-carburized,
surface hardness 750 HV1, in the area
of the tooth flank

Gear quality grade 5 according to DIN 3962

Span of pinion 34.779−0.011−0.135 mm, measured over three teeth

Span of wheel 35.252−0.011−0.135 mm, measured over three teeth

Average roughness of tooth flanks 0.5± 0.1µm

Grinding Maag 0°—grinding

6000W. The machine concept is a KUKA KR90 R3100
industrial robot based on a 6-axis industrial robot. All axes
are connected to the robot and laser control units, which
command the temperature of the melt pool as well as the
laser power. A coaxial feeding system fed the powder dur-
ing deposition.

Finally, the tooth’s involute profile (Fig. 6c) was achieved
by employing wire Electrical Discharge Machining (EDM),
with the trajectory defined by digitizing one of the base
material teeth. In this case, the tolerances were determined
by the post-processing operation. The base tangent length
over three gear teeth (Wk) was used as a reference in the
current evaluation. At all teeth positions, the measurements
were inside the allowed tolerance (Table 1). Since only one
reconstructed gear sample was available, a statistical study
on the variability of the post-processing reconstruction was
not performed.

It is also worth highlighting that similar gears, produced
by the same process, presented a gear quality grade of 12,
according to DIN 3962. This analysis is illustrated in Fig. 8,
where one can observe the Range of tooth thickness errors
(Rs) equal to 0.164mm in an FZG-C Type C-GF pinion
with four reconstructed teeth (1, 5, 9 and 13). This result is
particularly significant since it illustrates how rebuilt teeth
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Fig. 6 FZG-C, type C-GF Gear
Sample. a Teeth removed,
b DLD deposition and c Re-
shape teeth profile
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can cause the gear quality grade to decrease. As an illus-
tration, the gear quality grade would be equal to 6 (Rs=
0.012mm) if only the teeth away from the DLD (3, 7, 11,
and 15) are considered. In addition, the average roughness
of teeth flanks obtained with this approach was equal to
0.9µm and the maximum pitch deviation from the refer-
ence value (pn = 14.137mm) was 0.117mm.

Finally, in addition to the EMD post-processing, the gear
faces have been turned to remove excess material in the
front and back due to the deposited prism dimensions.

2.2 FZG gear tests

The FZG gear test equipment is illustrated in Fig. 9 and
well described in ISO 14635-1 [21]. Nonetheless, the test
rig uses a power loop principle to impose a constant torque
over the tested gears. The shaft attached to the test pinion
(1) includes a load clutch (4) where weights on a loading
lever (6) produce a fixed torque on the system [22].

The load stages used in the test campaign, using an arm
lever of 0.35m, as well as the Hertzian contact pressure
at the pitch point, are presented in Table 4. The FZG gear
tests used a constant rotation speed applied to the wheel of

Table 2 Materials chemical composition (nominal wt. %)

Ni Cr Mo Nb Fe Other

Inconel 625 58–63 20–23 8–10 3–5 �5 <2

Fe Cr Ni C

AISI 431 Balance 17 2 0.18

AISI 431

AISI 431
+

Inconel 625

AISI 431
Inconel 625

a b c d

Fig. 7 DLD strategy for gear tooth reconstruction. a materials distribution in a single layer, b material layer stacking sequence, c laser scanning
pattern I and d laser scanning pattern II

Table 3 Direct Laser Deposition process parameters

DLD Parameter Reference value

Scanning speed 6.0mm/s

Laser power 1800W

Powder feed rate 12.0g/min

Layer height 1.7mm

Deposition track width 1.8mm

Deposition track overlap 0.30

Perimeter-core idle time 10s

Inter-layer idle time 27s
Carrier gas 4.0 l/min—AISI 413

2.5 l/min—Inconel 625

Shielding gas 26.0 l/min

420 rpm, which means a 630 rpm rotational speed in the pin-
ion and a circumferential velocity at the working pitch circle
of 2.4m/s. Each load stage was tested for 8h, equivalent to
302,400 cycles on the pinion. The cumulative cycles are
also presented in Table 4. The tests utilized a poly-α-olefin
(PAO) ISOVG 150 gear oil at 80 °C under dip lubrication in
the whole set of tests. The lubricant’s physical properties
are listed in Table 5. Once this test campaign was finished,
one decided to proceed with a final endurance evaluation.
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Fig. 8 Tooth thickness errors for a FZG-C Type C-GF pinion recon-
structed with DLD

In this sense, a K14 load stage test was performed using
an arm lever of 0.50m, which means a 716.0Nm torque on
the pinion and a 2.549GPa Hertzian contact pressure at the
pitch point. This particular choice relies on the idea that
the base material (16 MnCr 5) under such circumstances
presents at the end of eight hours (302,400 cycles) a safety
factor of 0.991 against tooth root fatigue fracture. In this
way, it would be possible to evaluate the behaviour of the
reconstructed teeth in a limiting condition of the base mate-
rial, which is well-known and specified, different from the
DLD materials, which still have limited information avail-
able.

It is worth mentioning that this is not a standardised
test. Since this is exploratory work and for the first time
a reconstructed gear would be actually tested, a very con-
servative load stage sequence was chosen to evaluate the
reconstructed teeth. The idea was to employ a campaign
where root strength and flank degradation could be gradu-
ally assessed.

Fig. 9 FZG test rig. Adapted
from [22]

1. Test pinion

2. Test wheel

3. Drive gear case

4. Rotating coupling

5. Locking pin

6. Load lever with weight

7. Torque gauge

8. Temperature sensor

Table 4 Load stages used in the FZG test campaign

Load
stage

Pinion
torque

Hertzian pressure at
pitch point

Cumulative cycles
on pinion

K1 3.3Nm 0.17GPa 302,400

K2 13.7Nm 0.35GPa 604,800

K3 28.8Nm 0.51GPa 907,200

K4 46.6Nm 0.65GPa 1,209,600

K5 70.0Nm 0.80GPa 1,512,000

K6 98.9Nm 0.95GPa 1,814,400

K7 132.5Nm 1.10GPa 2,116,800

K8 171.6Nm 1.25GPa 2,419,200

K9 215.6Nm 1.40GPa 2,721,600

Table 5 PAO ISO VG 150 gear oil properties Adapted from [22]

Base Oil Parameter Reference value

Kinematic viscosity @ 40°C 152.0cSt

Kinematic viscosity @ 70°C 46.5cSt

Kinematic viscosity @ 100°C 18.9cSt

Density @ 15°C 0.854g/cm3

2.3 Test evaluation

At the end of each load stage, the pinion was cleaned using
an ultra-sound bath with petroleum ether for 15min. Then,
mass and tooth flank roughness were measured, as well as
visual inspection registered via pictures.

A scale with 0.001g resolution was used for the pin-
ion mass assessment. A reference mass (mr) of (502.529
˙ 0.001)g was also weighed in every evaluation in or-
der to dismiss scale calibration issues in the pinion mass
measurements. The mass loss (�m) was calculated using
Eq. 1, where any deviation in the reference mass is also
attributed to the pinion under the test [22]. However, since
the reference mass variations were consistent with the scale
resolution, it is safe to assume that the pinion mass did not
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Fig. 10 Surface roughness mea-
surement. a Pinion position and
b rectangular area location

a b

change due to any scale calibration problems but only due
to the performed tests.

�m.mi+1 − mi / + .mri+1 − mri / (1)

A Hommelwerke T8000 controller was used to measure
the teeth’s flank surface roughness following recommenda-
tions in ISO 21920-2 [23]. A TK300 pickup with a cone
angle of 90°, a tip radius of 5µm, and a vertical measur-
ing range of ±300µm was employed in a 4.8mm×4.0mm
rectangular area (measured in the profile direction with 400
acquisitions and lateral resolution of 0.01mm), as indicated
in Fig. 10b. A fifth-degree polynomial was used to remove
the tooth form and a Gaussian regression filter with a cut-
off length of 0.8mm was selected based on the teeth flank
roughness value. Once more, teeth 1, 3 and 9 represent the
reconstructed teeth behaviour throughout load stages, while
teeth 5, 11 and 13 are the base material reference.

Finally, a Digital Camera was used to take photos and
record the visual inspection, keeping the pictures’ light in-
tensity and teeth position constant.

3 DLD teeth considerations

Before getting into the results from the FZG test campaign,
four aspects of the reconstructed teeth came to the fore and
should be discussed.

1. The turning post-processing to restore the teeth’ face
width produced a series of defects over the DLD teeth’
edges, as illustrated in Fig. 11 by the black arrows. The
intermittent shocks between the cutting tool and the gear
led to inappropriate material removal.

2. A Liquid Penetrant Inspection revealed several crack de-
fects on the DLD teeth prior to any test, probably related
to the deposition process itself, as shown in Fig. 12a (pink
marks in reconstructed tooth 1). On the other hand, the

base material did not present a similar problem as demon-
strated in Fig. 12b.

3. The dimensions of the DLD prism proved inappropriate
for the EDM strategy employed in the geometric teeth
restoration. As schematically represented in Fig. 13, part
of the core was exposed after the wire cut, producing
a material transition zone Inconel 625/AISI 413 over the
teeth flanks.

4. A preliminary hardness assessment performed on the top
of each tooth (over the tip diameter) disclosed a reduc-
tion in the reference value (766 HV1) for the teeth close
to the DLD process, as one can see in Fig. 13. Still, teeth
further away from the DLD process were not thermally
affected and kept the original hardness. Finally, the de-
posited AISI 413 presented about 30% lower hardness
than base material teeth, while the exposed Inconcel 625
had a value of 295 HV1.

Fig. 11 Tooth 1 defect due to turning post-processing
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a b

Fig. 12 Liquid Penetrant Inspection for crack defects. a Reconstructed
tooth 9 with cracks and b Material base teeth free of defects

766 HV1

644 HV1

644 HV1

525 HV1

766 HV1

295 HV1

550 HV1

1
2

3

5

9
10

13

AISI 413

Inconel 625

Fig. 13 Material transition zone over the tooth flanks: AISI 431 in red
and Inconel 625 in black. Hardness assessment after DLD

5. In order to confirm the material transition zone (item 3)
and the results from the preliminary hardness evaluation
(item 4), once the FZG test campaign was completed, the
reconstructed tooth 9 was removed from the gear and
cross-sectioned to allow an internal assessment of the
DLD. The microhardness values, indicated in Fig. 14,
were measured in a central line and along the involute
profile of the active flank. The central line measurements
showed three levels of hardness: a higher one at the top
of the tooth, equal to 453 HV0.2, referring to AISI 413;
a second region referring to Inconel 625, whose aver-

453 HV0.2
233 HV0.2
228 HV0.2
236 HV0.2
243 HV0.2
225 HV0.2
268 HV0.2
238 HV0.2
248 HV0.2
250 HV0.2
251 HV0.2
323 HV0.2
266 HV0.2
310 HV0.2
331 HV0.2

443 HV0.2
369 HV0.2

310 HV0.2

218 HV0.2
279 HV0.2

342 HV0.2
320 HV0.2

201 HV0.2
474 HV0.2
442 HV0.2
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Fig. 14 Tooth 9 cross-section microhardness (HV0.2)

age is 242 HV0.2; and the third area associated with the
base material (16 MnCr 5), with an average value of 308
HV0.2. There is a slight difference between the hardness
of Inconel 625 at the top of the tooth and the root of the
tooth, with an increase in values for the depositions close
to the base material. For the measurements along the in-
volute profile, it is worth highlighting the evident change
in hardness in the transition fromAISI 413 to Inconel 625
(369 HV0.2—218 HV0.2) and back to AISI 413 (279
HV0.2—310 HV0.2), which corroborates with Inconel
625 core exposing hypotheses (item 3).

4 FZG test results and analyses

4.1 Teeth flank durability

4.1.1 Mass loss results

Figure 15 presents the mass loss throughout the FZG load
stages used to evaluate the pinion performance. Between
stages K1 and K5, no significant mass loss was detected.
As one can see, the most significant mass change occurred
in K8 (89mg), and a total of 170mg were removed from
the pinion at the end of nine load stages. At this point, this
first exploratory work did not replicate the same operat-
ing condition in a non-restored pinion in order to promote
straightforward comparison. However, safeguarding the due
differences in the FZG test conditions presented by [22], it
can be said that the reconstructed pinion showed a more
significant mass loss than pinions in only base material.
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For instance, Fernandes et al. [22] performed a K9 load
stage for 8h at 80 °C, using a similar base material pinion,
and obtained a mass loss of only 14mg.

4.1.2 Roughness results

Figure 16 shows the evolution of seven areal roughness pa-
rameters throughout the FZG tests, namely: Arithmetical
Mean Height (Sa), Root Mean Square Height (Sq), Maxi-
mum Peak Height (Sp), Maximum Pit Height (Sv), Maxi-
mum Height (Sz), Skewness (Ssk) and Kurtosis (Sku) [24].

In these charts, one can see the average and standard
deviation obtained for the reconstructed (R) teeth 1, 3 and
9, as well as the average and standard deviation for the base
material (BM) teeth 5, 11 and 13.

From the tooth flank roughness parameter perspective,
which can be used to assess the surface condition, there is
a clear difference between R and BM teeth development
in the different load stages. While BM kept roughness pa-
rameters constant and stable, slightly decreasing along the
tests, R presented significant changes, starting at the K5
load stage, leading to an increase in all roughness height
parameters. Particularly Sp, Sv and Sz proved to be sensi-
tive tooth flank surface evolution and damage, with a more
pronounced detachment of the curves BM and R.

Since Sp represents the highest peak in the measured
area, Sv accounts for the absolute value of the lowest pit
and Sz is defined as the sum of the previous two, it is possi-
ble to assume that changes in these parameters are directly
related to failure occurrence on the flank teeth, and their
increase is linked to the failure development. Also, one can
mention that Sa and Sq also indicated changes in the teeth’
surface condition, but these modifications manifested only
in subsequent loading stages.

Finally, Skewness (Ssk) and Kurtosis (Sku) are parameters
related to roughness shape and distribution. Skewness is
a measurement of the profile’s symmetry around the mean
line. This parameter can be affected by deep valleys or high
peaks. A height distribution with as many peaks as val-
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Fig. 15 Mass loss throughout load stages

leys has zero skewness, while profiles with deep scratches
or removed peaks have negative skewness. The kurtosis
describes the sharpness of the probability density of the
profile. Sku > 3 indicates that the distribution curve has
relatively many high peaks and low valleys [25].

4.1.3 Visual inspection results

Figure 17 presents a collection of images for teeth 1, 3
and 9, where the evolution of the flank condition can be
observed throughout the nine load stages. Similarly, Fig. 18
shows the development of the flanks of teeth 5, 11 and 13
for the base material.

The first point to observe is the already mentioned
Inconel 625 core exposing after the wire cut, producing
a material transition zone Inconel 625/AISI 413 over the
teeth flanks, as indicated by the continuous black arrow in
Fig. 17. Also, Fig. 17 puts in evidence the high level of
degradation suffered by the reconstructed teeth throughout
the nine loading stages, namely spalling (dashed grey ar-
row) and scuffing (continuous grey arrow). In addition, one
can see in tooth 9 a severe plastic deformation (continuous
white arrow), where its limits “broaden”. A reasonable
hypothesis for the mentioned problems resides in the fact
that both DLD materials have lower hardness values than
the base material teeth on the wheel. Although the recon-
structed teeth allowed the gear to perform the proposed
FZG gear tests, there is no doubt that they presented
significant failure developments.

On the other hand, the images confirm that the base mate-
rial case-hardened 16 MnCr 5 withstood the test campaign,
presenting at the end of the K9 stage, mostly micropitting
in the root of the teeth (dashed white arrow). It should also
be mentioned that since this pinion has a history of tests,
it already showed signs of micropitting in K1, with regular
development through the tests.

4.2 Endurance test

As previously indicated, the endurance test using a K14
load stage sought to compare the reconstructed teeth against
the base material limit (302,400 cycles), assessing the tooth
root resistance. However, at the end of only 36,900 cycles,
the pinion presented catastrophic failure, interrupting the
test. Figures 19 and 20 present the results for the endurance
test.

As shown in Fig. 19, DLD tooth 1 and base material
tooth 2 fractured at the root. Considering the active flank, it
can be assumed that the reconstructed tooth 1 was the first
to fail, causing an overload on the base material tooth 2,
leading to its rupture. Tooth 3, partially reconstructed, also
showed severe damage and, in particular, loss of adhesion
to the base material, as indicated by the black arrow in
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Fig. 16 Roughness parameters
throughout load stages. BM Base
material, R Reconstructed

Arithmetical Mean Height Root Mean Square Height 

Maximum Peak Height Maximum Pit Height 

Maximum Height Skewness

Kurtosis 

0

4

8

12

16

K1 K2 K3 K4 K5 K6 K7 K8 K9

µ
m

BM

R

0

5

10

15

20

K1 K2 K3 K4 K5 K6 K7 K8 K9

µ
m

BM

R

0

10

20

30

40

50

60

70

80

K1 K2 K3 K4 K5 K6 K7 K8 K9

µ
m

BM

R

0

30

60

90

120

K1 K2 K3 K4 K5 K6 K7 K8 K9

µ
m

BM

R

0

50

100

150

200

K1 K2 K3 K4 K5 K6 K7 K8 K9

µ
m

BM

R

-12

-8

-4

0

4

K1 K2 K3 K4 K5 K6 K7 K8 K9

BM

R

-45

0

45

90

135

180

225

K1 K2 K3 K4 K5 K6 K7 K8 K9

BM

R

Fig. 19b. Tooth 9 showed significant wear, namely scuffing
at the tooth tip.

A highlight in this analysis is the degradation presented
by teeth 10 and 11 after the K14 load stage. As illustrated
in Fig. 20, the base material tooth 10 showed both spalling
on its flank (dashed grey arrow) and scuffing (continuous
grey arrow), similar to what was observed in tooth 9. Base
material tooth 11 presented scuffing on its face, indicated
by the grey arrow. It can be assumed that the hardness
reduction due to the thermal effects of the DLD led to
the weakening of these teeth, producing the results. This
argument is corroborated by the better aspect presented by

teeth 5 and 13 since these teeth were further away from the
DLD.

5 Main findings

Based on what was presented, some findings from this re-
search should be highlighted:

� First, it was possible to truly reconstruct a damaged gear
using DLD. In this sense, the restoration procedure in-
cluded the cleaning step (teeth machining removal), the
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Fig. 17 Reconstructed teeth
evolution throughout load
stages, R tooth root, T tooth
tip
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deposition step (using a combination of two materials)
and the finishing step (the tooth’s involute profile was
achieved by employing wire EDM and the gear teeth
width restored by turning).

� Second, it was possible to carry out a series of functional
tests. That is, the reconstructed pinion actually worked
up to a 215.6Nm load stage torque (there are no simi-
lar results in the technical literature until now). Undoubt-
edly, the FZG test campaign was significantly more ag-
gressive for the DLD teeth than for the base material.
The degradation suffered in teeth 1, 3 and 9 was evident
in the roughness parameters, where quite distinct trends
and evolutions could be observed in the base material and
the DLD teeth, as well as in the visual record that com-
pares them. It is plausible to assume that the exposure of
Inconel 625 after EDM cutting and the lower hardness
of the deposited materials compared to the base material
are related to the problem. Concerning the failure mech-
anisms involved, visual inspection revealed spalling and
scuffing in the reconstructed teeth. It is also important to
highlight that tooth 9 presented plastic deformation start-
ing at load stage K8, where its limits, in fact, “broaden”.
On the other hand, the base material teeth showed only

micropitting in the root of the teeth, with regular area
evolution throughout stages K1 to K9.

� Finally, concerning resistance to breakage at the base of
the tooth, it can be said that up to stage K9, very good
results were observed, with the reconstructed teeth show-
ing satisfactory adhesion to the base material and resis-
tance. However, the endurance test at K14 proved catas-
trophic to the gear, with the complete tooth root break-
age of teeth 1 and 2 after 36,900 cycles. This test also
revealed that the base material teeth near the DLD per-
formed worse than those far from the deposition. It can
be assumed that the thermal effects in the teeth close to
the DLD cause the problem.

6 Conclusion

This exploratory work detailed the strategy used to re-
store a base material case-hardened 16 MnCr 5 an FZG-C
Type C-GF pinion using a DLD combination of pure In-
conel 625 (MetcoClad 625) for the tooth core and pure
AISI 431 (Metco 42C) as a superficial coating, showed that
it is possible to test a reconstructed gear under actual op-
erational conditions and compared its performance against
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Fig. 18 Base material teeth evo-
lution throughout load stages,
R tooth root, T tooth tip
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Fig. 19 DLD reconstructed gear after the K14 load stage. a front view for teeth 1, 2 and 3; b back view for teeth 1, 2 and 3; c front view for teeth 9
and 10

the base material. In this sense, the choice of two materials,
one for the core with good build-up capabilities and the
other for the coating with higher hardness, proved feasible
and effective in producing a tooth with an involute profile
capable of being tested.

About the two aspects investigated in the reconstructed
teeth, tooth root resistance and flank durability, it should be
noted that both were inferior to those presented by the base
material. This is also why the term reconstructed and not
repaired was chosen when referring to teeth obtained via
DLD in this work. Even so, concerning the adhesion of the
rebuilt tooth to the base material, there is much merit in the
results obtained, given that the K9 stage already introduces
loads at the base of the tooth similar to several actual oper-

ations. On the other hand, the durability of the flank proved
to be far below what is necessary for a practical gear ap-
plication. In this sense, two main failure mechanisms were
identified, spalling and scuffing, which can be attributed
to the hardness of the AISI 413 material being lower than
the hardness of the base material 16 MnCr 5, the transition
zone between Ionconel 625/AISI 413 after cutting by EDM
and the change in the tooth profile itself as a result of the
wear observed throughout the tests.

This exploratory work taught that caution is needed when
planning the deposition prisms’ dimensions to not compro-
mise the teeth’ flank capabilities. For this specific case,
a miss calculation led to the mentioned Inconel 625/AISI
413 transition problem, and so a human error might be
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Fig. 20 Teeth aspect after load
stage K14, R tooth root, T tooth
tip

Tooth 3 Tooth 5 Tooth 9

Tooth 10 Tooth 11 Tooth 13

R

T

R

T

R

T

R

T

R

T

R

T

seen as the primary cause here. Therefore, it is important
to record some recommendations for future studies related
to the reconstruction of gear teeth via DLD:

� Selection of a material for the coating of the tooth with
better contact fatigue and wear capacity than AISI 413,
that is, higher hardness levels. In this context, it is nec-
essary to identify process parameters that guarantee the
integrity of the coating and minimize cracks arising from
the DLD, such as those observed with penetrating liquid;

� Perform a detailed analysis of the deposition geometry to
not repeat the mistake in this first study, where Inconel
625 was exposed;

� Use other forms of machining in the post-processing of
the deposited tooth, mitigating intermittent shocks with
the cutting tool that could damage the reconstructed teeth
(e.g., using milling instead of turning);

� Thermally protect the base material teeth close to the
DLD zone to not weaken these adjacent teeth.

Finally, about the state of the art, this work contributed
to presenting results of real tests in gears reconstructed via
DLD, something that until now had not been seen, with
a strategy that produced a tooth capable of being tested in an
FZG test rig. These results can now be used as a reference
for new reconstructions and a basis for comparison.
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