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Featured Application: Additive remanufacturing of cutting tools on the example of flat broach
by Coaxial Laser Wire Deposition technology.

Abstract: The recently introduced Coaxial Laser Wire Deposition technology can become a new
promising method for remanufacturing high-complexity and expensive cutting tools (e.g., flat broach),
which will have a significant impact on their service life. In addition, it is an innovative approach
to tool management. An analysis of the feasibility of processing cobalt-added HSS powder steels
was carried out for single clads and multilayer structures. The effect of process parameters (laser,
beam power, travel speed, wire feed rate) on geometric properties, hardness and microstructure
was discussed. In order to avoid cracking during multilayer deposition, an additional preheating to
320 ◦C was applied. Two sets of process parameters with high and low heat input were obtained.
Both sets lead to crack-free structures that fulfill geometric (≥2.5 mm in height) and hardness
(≥700 HV) requirements.

Keywords: additive remanufacturing; DED-LB/M; HSS; cutting tool repair; laser material processing

1. Introduction

The variety of cutting tools used in industry need to fulfill high requirements for
hardness, toughness, wear resistance and exposure to elevated temperatures. High-speed
steels (HSSs) meet all these requirements since they exhibit high hardness, bending strength
and grindability [1]. These steels are Fe-C type with additions of Cr, W, Mo, V and
Co, while they can be quenched with air cooling from austenization temperature. Their
applications apart from cutting tools are forging and punching dies, injection molds,
automotive components and space vehicles [2]. HSSs are characterized by high wear
resistance and good mechanical properties due to the occurrence of a specific microstructure,
i.e., a matrix of martensite and residual austenite with a grid of eutectic carbides uniformly
distributed in interdendritic regions [3]. The presence of vanadium carbides, for example,
is crucial from the point of view of the proper grindability of the produced tools [4]. In
contrast, the increased content of cobalt in HSS results in the growth of resistance to loss
of hardness at elevated temperatures and prevents cold cracking [5]. The majority of the
cutting tools that need to meet increased strength criteria are made from HSS-Co steels,
which are nowadays being produced through powder metallurgy (PM). The established
manufacturing process for PM steels is complex and includes powder production, hot
isostatic pressing (HIP), and forging followed by heat treatment with hardening and triple
tempering [6]. This metallurgical process allows for obtaining a finer grid of carbides that
also improves grindability [4]. High-alloy tool steels such as HSS-Co PM are considered non-
weldable and prone to fracture. Therefore, processing them with additive manufacturing
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(AM) technologies is still a challenge because of their low repeatability [1]. The use of
AM to repair a tool can lead to an anisotropy of the resultative microstructure and cause
different properties of the deposited structure in relation to the substrate [7]. Another issue
in developing AM technology is the accumulation of expansion and contraction stresses
caused by the deposition of successive layers of additional material [8].

Among many AM techniques for processing metal alloys, one can distinguish two
widely used groups of technologies: direct energy deposition (DED) and powder bed
fusion (PBF) [9,10]. Comparing the DED technique with PBF, it can be claimed that DED is
characterized by a lower dimensional and shape accuracy but higher material deposition
efficiency [11]. Although PBF usually permits obtaining better component properties, in
some cases, DED allows achieving better mechanical properties and easier gradation by
varying material composition [12]. Laser metal deposition (LMD) is a specific type of DED
technology that can be used in the production, modification and reconditioning of machine
parts, especially those with complex and expensive manufacturing processes that have
to meet high requirements regarding abrasion, wear and corrosion resistance on surfaces
exposed to wear and harsh conditions [9,13].

The use of a laser beam as a heat source is associated with a lower amount of heat
introduced into the material and, therefore, a smaller size of the melt pool and heat-affected
zone (HAZ) [11]. Moreover, when the majority of conventional welding processes are
characterized by cooling rates of 10–100 K/s, at laser material processing, the cooling rates
are in the range of even 1000–10,000 K/s [14].

Some significant advantages can be achieved in the LMD by feeding additional mate-
rial coaxially to the laser beam, i.e., independence of material deposition from the direction
of laser head movement as well as the ease of supplying the shielding gas. Admittedly,
there is a possibility of using the additional material in both powder and wire form. The
wire gives the possibility of achieving 100% melting efficiency and higher volumetric de-
position rates [15], whereas coaxial powder feeding is much more common. The lateral
wire feed method reduces flexibility and increases the difficulty of process control when
manufacturing complex parts. It leads to the conclusion that the most effective technology
for additive manufacturing or remanufacturing is Coaxial Laser Wire Deposition (CLWD).
The wire material is fed precisely and coaxially to the axis of the optical system, which can
form the shape of a laser beam using one of two methods: splitting the beam into three
separate tracks and then focusing them at a single location under the wire feed nozzle or
shaping a laser beam into a ring, splitting it into two half-rings by a prism, and refocusing
into an annular shape [16].

On the other hand, as a result of the large angle between the wire and the modified
laser beams, the process window for stable wire melting is significantly reduced compared
to the lateral wire feed system. The relative position of the laser beam focus relative to
the wire tip has a significant impact. In extreme cases, wire dripping or wire stubbing
can occur, both of which are considered to be faulty processes [17]. According to [18], in
order to achieve a defect-free process, it is necessary to determine the influence of extended
process parameters such as wire and travel speed ratio and energy per unit length.

The area of applications for the CLWD process includes the deposition of functional
coatings (wear protection coatings for iron, cobalt, nickel and copper alloys), remanufactur-
ing (repair of forming tools), and additive manufacturing (fabrication of components made
of titanium and nickel alloys) processes [19]. This AM technology is under development,
and the results of carrying out the CLWD process for hard-weldable materials from which
cutting tools are made have not yet been presented.

In the case of HSS processing with a laser beam, the effect of laser surface re-melting
on the hardness of HSS was investigated with a 20–30% decrease in the hardness of
ASP23 and ASP30 steels observed. Additionally, an improvement in corrosion resistance
was observed by the phenomenon of dissociation and refinement of carbides [2]. Some tool
steels can be favorable materials for the LMD process because they provide relatively high
hardness without cracking. This is a result of the low process-induced residual stresses
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caused by the favorable coefficient of thermal expansion and the volumetric expansion
associated with the formation of solid martensite during cooling [20]. However, there are
reports about defects revealed during the LMD of tool steels, such as porosity, cracks and
a lack of fusion. The solution to avoid cracking may be to preheat the substrate so that a
reduction in thermal stresses is possible [13]. In [21], a preheating temperature of 150 ◦C
was used in the process of HSS coating deposition, which allowed holding the material at
an equilibrium temperature close to the martensite start temperature and resulted in the
absence of cracking. Another example of heat treatment after the LMD process of M2 steel
on the substrate of AISI 1045 steel was the additional 2 h of tempering at 550 ◦C [3]. It is also
worth mentioning that during the multilayer deposition of HSS coatings, the phenomenon
of tempering of previous clads was observed, but the addition of cobalt in the steel may
result in a lesser tempering effect [21]. Moreover, during an extended study of the LMD
process of HSS alloys with variable V content, the observed microstructure of the received
clads was highly fine-grained compared to conventional casting processes due to the high
cooling rates. The shape of VC carbides corresponded with the microhardness of the clad
and was highly dependent on the travel speed parameter, while the size of VC carbides
influenced the resistance to high-temperature wear phenomena [22]. LMD technology was
also used to create a chip-breaking dot on a lathe knife made of W6Mo5Cr4V2 steel with
the aim of modifying the functionality of the tool edge by shaping the chip and increasing
the service life of the tool [23].

This paper presents the results of developing novel Coaxial Laser Wire Deposition
technology for the processing of high-speed steels. The complex analysis of the processing
possibilities of cobalt-added HSS powder steels allows an assessment of the applicability
of this technology in the additive remanufacturing of cutting tools. The research carried
out consists of technological tests for single clads and multilayer structures. The obtained
geometrical parameters of the deposited structures were analyzed from the point of view
of the dimensional and shape reproducibility of an example of a shaping cutting tool—a
toothed bar or flat broach. Moreover, the hardness of the clad and the heat-affected zone
received in the CLWD process were analyzed in relation to the used process parameters. The
analysis of deposition results also included microstructure examination using optical and
SEM methods. Due to the difficulty of obtaining crack-free multilayer structures, additional
preheating of the substrate material to temperature above the martensitic transformation
start temperature (Ms) was used, allowing two sets of process parameters to be determined:
an efficient set and one low-heat input set.

2. Materials and Methods
2.1. Materials

An exemplary cutting tool, which is the subject of an analysis on the feasibility of
remanufacturing in the CLWD process, is shown in Figure 1a. It is assumed that damage to
the tool will require the removal of a single row of teeth followed by the deposition of the
additional material and the reconstruction of the overall geometry according to Figure 1b.
These assumptions define the required height of the deposited material to be a minimum
of 2.5 mm. However, due to the laser spot size, which is larger than the overall width of the
tooth, the issue of obtaining the appropriate clad width should not be a challenge.

Experimental tests of the CLWD process were carried out on the BӦHLER S390PM sub-
strate, which is the commercial equivalent of the steel mentioned in the norm [24]. The samples
for the tests were prepared in the form of plates with dimensions of 200 mm × 40 mm × 15 mm
by waterjet cutting and surface sandblasting. The substrate material was manufactured
by powder metallurgy to a hardened state and subsequently tempered three times after
hot forging. The microstructure of fine-grained martensite with 32% uniformly distributed
carbides without residual austenite is observed (Figure 2). During the Scanning Elec-
tron Microscopy (SEM) analysis, the primary and secondary carbides were identified
within the matrix. The presence of carbide-forming elements was also analyzed by the
Energy-Dispersive Spectroscopy (EDS) method, showing the distribution of vanadium,
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molybdenum, tungsten, and chromium in the sample (Figure 2). The average measured
hardness value was 805 ± 30 HV1. Based on the CCT diagram provided by the material
manufacturer, the value of the Ms temperature is about 300 ◦C [25].

Figure 1. Object of the planned remanufacturing—broach cutting tool: (a) photo of a broach fragment,
(b) close-up of a single tooth with overall dimensions.

Figure 2. SEM microstructure of the cutting tool substrate material with different magnification
factors showing the distribution of primary and secondary carbides formed during the S390PM steel
manufacturing process. The distribution of carbide-forming elements was also visualized using
EDS analysis.

Additional material in the process was LAWI 64 wire with a 0.6 mm diameter that
was copper plated. During the SEM analysis of the wire material, the lack of integrity of
the copper coating was observed (Figure 3). This resulted in the presence of oxygen in the
additional material transferred to the melt pool during the process, which can increase the
risk of porosity as a result of the high affinity of carbon for oxygen.

In order to determine the chemical composition of both the substrate and the wire
materials, the EDS method was used during the SEM analysis. The chemical composition
of the materials is shown in Table 1.
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Figure 3. Analysis of the additional wire material: a general view of the microstructure with a
magnification on the copper-coated surface layer and EDS analysis results for iron, copper and oxygen.

Table 1. Chemical compositions of substrate and wire materials obtained using the EBDS technique.

Material
Chemical Composition (%)

Fe C W Co Cr V Mo Si Mn

BӦHLER S390PM bal. 1.62 9.98 7.47 4.91 4.35 1.85 0.43 0.29
LAWI 64 bal. 1.07 4.04 - 3.74 2.0 10.67 - -

Specimens fabricated during the CLWD process for metallographic analysis were
prepared using a metallographic cutter with diamond cut-off wheels. Subsequently, they
were mounted, grinded, polished, and etched with 5% Nital. The geometric properties
of the clad were measured with the VHX-600 digital microscope (Keyence, Osaka, Japan).
Microstructure analysis was carried out with the use of the LEXT OLS4000 (Olympus,
Tokyo, Japan) and the ZEISS SIGMA 500VP (ZEISS, Jena, Germany). microscopes Mi-
crohardness tests were performed on the Zwick–Roell ZHVµ-A device. Measurements
were made with a load of 1 kG using the Vickers method. Indentations were made on the
cross-section of the clad along its axis with a constant spacing of 300 µm.

2.2. Experimental Setup

Experimental studies of CLWD technology were carried out on a laser metal deposition
station equipped with a 4 kW HPDL laser unit (Laserline 4000-30). The laser beam was
delivered by an optical fiber with a core diameter of 600 µm to the COAXwire M process
head (Coaxworks GmbH, Dresden, Germany), which was characterized by a focal length
of collimating and focusing optics of 100 mm and 300 mm, respectively. The optical system
of the COAXwire M divides the laser beam into three separate optical paths. The resulting
beams are directed at an angle of 20◦ to the normal of the substrate material, allowing
the coaxial insertion of additional wire material (Figure 4a,b). The power distributions of
the laser beam were measured at several planes near the focus using the FocusMonitor
device (PRIMES GmbH, Pfungstadt, Germany). The results of the measurements are shown
in Figure 4c. Due to the folding of the three laser beams at the processing point, the
working distance relative to the position of the laser beam focus was defined as ±2 mm.
The movement of the processing head was provided by the Reis RV60-40 6-axis robot
(Figure 4d). The wire was supplied by the Dinse FD 100 LS-WB wire feeder, providing
feeding up to 7 m/min. A constant flow of shielding gas (Ar) was ensured by the Vögtlin
GSC-C9SA gas flow controller. The preheating of the substrate was provided by the high-
temperature titanium hot plate PZ 28-3T (PRÄZITHERM). The preheating temperature
was monitored by a set of thermocouples at different locations in the samples.
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Figure 4. Applied stand for the CLWD process: (a) idealized schematic diagram of the process,
(b) interaction zone of the laser beam with the additional material, (c) distribution of the laser beam
intensity for the COAXworks M head (3D view and 2D view for the working point), (d) view of the
COAXworks M laser head on the Reis RV 60-40 robot.

The methodology for developing the additive remanufacturing technology of cutting
tool geometry, using the example of a row of teeth in a flat broach, is shown schematically
in Figure 5. The deposited structure obtained with the CLWD process had to meet the geo-
metric requirements (height greater than 2.5 mm and width greater than 4 mm), hardness
(higher than 700 HV), and quality (no cracks) requirements. The conducted research can be
divided into four main stages: the deposition of single clads, the deposition of multiple
layers to obtain the appropriate height of the structure, the application of substrate preheat-
ing for selected process parameter sets to avoid cracks, and the deposition of geometrical
structures that are prefabricated for the grinding process to reproduce the geometry of the
cutting tool. In the study, visual evaluation, Vickers (HV1) hardness measurements, and
SEM microstructure examination were used for a comparative analysis and final verification
of the developed process parameter sets.

The experimental plan developed for single clad deposition concerned three process
parameters: laser power, travel speed and wire feed rate. The remaining process parameters,
i.e., focus position, amount of shielding gas, and free wire length, were kept constant
(Table 2). The wire feed rate coefficient (WFRC) that is present in Table 2 is defined as the
ratio of wire feed rate to travel speed. The length of the deposited track was 30 mm for the
single clad process and 50 mm for multilayer deposition. The number of layers was derived
from the geometrical requirements for the remanufactured element and resulted from the
particular parameter set. In the second part of the study, the initial conditions of the process
were established by preheating the substrate material at a temperature T0 of 320 ◦C.

Table 2. Sets of process parameters used for the first phase of the study—deposition of the single clads.

Parameter
Set No.

Laser Power
(W)

Travel Speed
(mm/s)

Wire Feed
Rate

(mm/s)
WFRC

Laser Spot
Diameter

(mm)

Shielding
Gas Flow
(L/min)

Free Wire
Length
(mm)

1
2000 5

60 12

4.5 20 14

2 70 14
3 80 16
4

2500 10
80 8

5 100 10
6 117 11.7
7

2500 15
60 4

8 90 6
9 117 7.8
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Figure 5. Schematic of the research methodology for the development of additive regeneration
technology for the HSS-Co PM cutting tools using the CLWD process.

3. Results and Discussion
3.1. Geometrical Analysis

Firstly, the received single clads were subjected to a visual assessment in order to select
the appropriate technological parameters. The visual analysis indicated the presence of
macrocracks in samples no. 2 and 3 (Figure 6). According to [26], the cracking of the HSS
material during DED can be due to hot or cold cracking. The microstructure analysis did
not show the occurrence of microcracks at prior austenite grain boundaries, which is typical
for hot cracks in this kind of material. In contrast, macrocracks in the heat-affected zone are
a characteristic representation of cold cracking in the DED process. This may be a result
of the relatively high residual stresses caused by the rapid solidification of a significant
amount of material. The susceptibility to cracking is additionally increased by the high
carbon content in processed materials and an unfavorable cladding structure that results in
geometric notches. On this basis, these two sets of parameters were excluded from further
studies. Despite the absence of cracks for the remaining seven sets of parameters for single
clads, the geometric requirement (clad height ≥ 2.5 mm) was not met (Figure 7a). Therefore,
there was a necessity for the multilayer CLWD process to achieve this requirement.
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The clad height increases with the wire feed rate, whereas it decreases as the travel
speed rises. This enables one to determine the dependence between the clad height and
the WFRC parameter, which is shown in Figure 7c. A linear correlation with a high R2

value (> 0.99) was found. Regardless of the set of parameters used, the width of the clad
remains at the same level (Figure 7b). Furthermore, the minimal requirement for the width
of the remanufactured clad was fulfilled (>4.0 mm). It can be concluded that for a WFRC
coefficient higher than 14, cracking can occur.

One of the important factors in the process of multilayer laser metal deposition is the
strategy of material deposition. It can allow one to avoid the stress concentration caused by
the nonuniform build-up of successive layers. Therefore, subsequent clads were deposited
with laser beam movement in opposite directions. The use of the mentioned approach may
allow for a uniform geometry of the clad along its length and a resulting more beneficial
stress distribution. Figure 8 shows the results of the multilayer CLWD process considering
the number of layers, their gradual height, and the occurrence of cracks. As the number
of layers increases, a significant decrease in the quality of the deposited structures can
be observed, as revealed by the presence of cracks. Only for the parameter set with the
highest travel speed and the lowest wire feed rate (no. 7), a crack-free two-layer structure
was obtained. It can be observed that for the eighth and ninth parameter sets, cracking
occurred for two-layer structures, while the clad heights for these trials have been close to
the height of the single crack-free clad no. 1. This suggests an increased contribution of
residual stresses to the crack formation process for the two-layer deposition process.

Figure 6. A view of the deposited single clads with 9 different sets of process parameters.
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Figure 7. Results of measurements of geometrical properties of single clads with different parameter
sets: (a) results of the clad height measurement, (b) results of the clad width measurement, (c) linear
correlation between the clad height and the complex process parameter.

Figure 8. Results of the deposition of multilayer clad structures—clad heights obtained for the
deposition of 1, 2 or 3 layers of additional material.
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As stated in the previous paragraph, during the continuous cooling of the S390PM
material, the Ms temperature does not exceed 300 ◦C. Keeping the material above this
temperature during the deposition of subsequent layers can lead to a reduction in stress
level resulting from the phase transformation and allow obtaining the state of compression
in the clad. Furthermore, preheating the substrate allows for decreasing temperature
gradient during cooling, overcoming the risk of cracking that was observed during CLWD
trials carried out at room temperature for single and multilayer clads.

In order to achieve uniform preheating of the substrate material and the certainty
of exceeding the Ms temperature, the preheating temperature value was set at 320 ◦C.
Preheating tests were conducted for two boundary values of travel speed, i.e., 5 mm/s
and 15 mm/s, with the same wire feed rate of 60 mm/s, which refers to the 1st and 7th
parameter sets, which were defined as high and low heat input processes. This selection
was motivated by differences in microstructure and the lowest susceptibility to cracking
without preheating. The use of the lowest wire feed rate also decreased the probability of
cracking by reducing the volume of shrunken material.

Figure 9 shows the number of layers required to achieve the required clad height of
2.5 mm. For the 5-mm/s travel speed, only three subsequent passes were required, while
for the speed of 15 mm/s, the value of passes increased to 8. The reason for this situation
is the volume of wire material during subsequent passes. During the high heat input
process, 170 mm3 of additional material was used for a single clad deposition, where for
a lower heat input, this value dropped by 66%. Based on theoretical calculations of the
volume of fed material, assuming 100% of its utilization, the resultative difference of the
deposited material should be about 12%. However, the results of the cross-sectional area
measurements of the clads show a different value of 40%, which results from the variable
size of the melt pool during processing and the presence of spatters (Figure 9). Visual and
microstructural investigations of the samples after self-cooling (2 h) showed the lack of
cracks in the deposited structures.

Figure 9. Results of clad height measurement for 2 selected sets of process parameters: efficient set
and low heat input set.

3.2. Microstructure Investigation

For easier analysis of the results, all microstructure images shown in this section
(Figures 10 and 11) were acquired at the same magnification.
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Figure 10. SEM microstructure of single clads deposited with selected sets of process parameters:
(a) set No. 1, without preheating (T0: 0 ◦C), (b) set No. 7 without preheating (T0: 0 ◦C), (c) set
No. 1 with preheating (T0: 320 ◦C), (d) set No. 7 with preheating (T0: 320 ◦C).

Figure 11. SEM microstructure of multilayer structures with preheating (T0: 320 ◦C): (a) Number of
layers: 3, parameter set No. 1, (b) Number. of layers: 8, parameter set No. 7.
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The microstructure analysis of single clads demonstrated significant differences for
extreme process travel speeds: 5 mm/s and 15 mm/s (Figure 10a,b). In Figure 10a, two
types of carbides were observed: the first is a discontinuous grid of carbides formed from
melting and solidification, while the second shape is partially melted carbides that form
clusters (red circles). On the sample prepared with a lower travel speed (Figure 10a), a
discontinuous grid of carbides has formed at the prior austenite grain boundaries, but
there are also areas without carbides visible. A little gas porosity can also be detected
(yellow arrows). In contrast, for a higher travel speed (Figure 10b), a finer continuous grid
of carbides was observed. In a much greater degree (compared to the lower travel speed),
the grid of carbides formed at the boundaries of prior austenite grain boundaries. Due
to the higher travel speed, the structure clearly shows areas with dendritic regions. In
this sample, the highest number of small gas pores is present (yellow arrows). Moreover,
the lack of carbide clusters indicates the complete dissolution of carbides during the
melting of additional material. X-ray diffraction examination showed that the clad structure
consists solely of martensite and carbides. No residual austenite was detected. The coarser
microstructure in Figure 10a is the result of higher heat input compared to Figure 10b, in
which the presence of fine dendrites was identified.

Further investigations consisted of an analysis of the effect of preheating on the
microstructure obtained for the clads (Figure 10c,d). Preheating for a lower travel speed
caused the growth of matrix grains and thickening of the carbide grid, which was perceived
as an eutectic-like structure (Figure 10c, red arrows). In comparison to the sample without
preheating the substrate, no clusters of unmelted carbides were observed. A few little gas
pores are visible (yellow arrows). However, for a higher travel speed (Figure 10d), a slightly
finer microstructure was received, resulting in a considerably thinner grid of carbides with
only one potential cluster (red circle). The presence of dendrites in the microstructure was
preserved. In both cases, the martensitic structure is clearly visible. In this case, no gas
pores were found (yellow arrows). Due to their submicrosize and number, the presence of
micropores should not be an issue in ensuring the functional properties of remanufactured
cutting tools, i.e., hardness.

The CLWD multilayer process with high heat input leads to a microstructure similar to
that obtained for single clads (Figure 10c). The only differences are a slightly larger structure
and thicker eutectic precipitations (Figure 11a, red arrows). On the other hand, the low heat
input process (Figure 11b) delivers a coarser dendritic structure compared to Figure 10d. In
both samples, several micropores were detected (yellow arrows). Generally, the multilayer
processes in both cases caused a change in the thermodynamic conditions, which resulted
in an increase in the solidification time and growth of the obtained structures.

In Figure 12, two XRD patterns were presented: red from the substrate and blue from
the clad. In both cases, the highest peaks come from martensite. In the substrate material,
two types of carbides were identified: MC and M6C. In the clad, the MC carbide was not
detected, whereas for the M6C carbide, the intensity of the diffraction peaks is significantly
lower than for the substrate material. This is partially a result of a lower carbon content in
the additional wire material and a higher degree of carbon dissolution in the martensite.

3.3. Hardness Tests

Figure 13 shows the Vickers hardness profiles measured for samples fabricated with
the parameters shown in Table 2. Through analysis of the results received, it can be
observed that the average hardness value for the upper part of the clads deposited at a
travel speed of 5 mm/s (768 HV1) is about 6–7% lower than for travel speeds of 10 and
15 mm/s (817 and 825 HV1, respectively). The reason for this phenomenon is that a much
lower cooling rate is obtained for the slowest deposited clads, whereas for higher travel
speeds, the cooling conditions remain relatively similar.
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Figure 12. XRD pattern received for samples of substrate material and the clad.

Figure 13. Results of the hardness measurement for single clads with the specifying substrate, heat-
affected and clad zones: (a) parameters sets 1 to 3 (travel speed: 5 mm/s), (b) parameters sets 4 to
6 (travel speed: 10 mm/s), (c) parameters sets 7 to 9 (travel speed: 15 mm/s).
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Upon a deeper analysis of the hardness profiles, it is possible to notice two areas of a
significant decrease in the hardness value for certain process conditions. The first drop can
be observed at the boundary of the clad and HAZ for travel speeds of 5 and 10 mm/s. This
is due to the relatively low cooling rate, which is affected by the increase in the volume
of additional material. This decrease is proportional to the wire feed rate and is inversely
proportional to the travel speed. As a result, this phenomenon cannot be noticed at the
highest travel speed of 15 mm/s, where similar solidification conditions of the clads were
maintained. The visual evaluation of the clads carried out previously showed the presence
of cracks in the samples fabricated with the lowest travel speed and higher wire feed rates.
It can be pointed out that crack initiation may occur in the HAZ or its boundaries. Analysis
of the hardness profile shows that directly in the HAZ, there are the greatest fluctuations in
hardness, structure and residual stresses. Another important factor was the increase in the
geometric notches that appeared as the amount of additional material increased. Fracture
did not occur with higher process speeds due to a lower decrease in hardness value in
this area. Moreover, the smaller volume of the deposited material reduced the shrinkage
that contributes to cracking. The second drop located just below the HAZ is the result
of tempering the substrate material that has not reached the austenitizing temperature
during the process. However, the clads deposited with the highest travel speed again do
not indicate the mentioned decrease in the hardness value because of the lower amount of
heat introduced to the substrate material.

In the HAZ itself, one can also notice a local maximum of hardness located in the area
that had the highest heat dissipation rate during cooling from the austenitizing temperature,
resulting in the hardening of this area. The maximum hardness value increases with the
speed of the process. For the two lowest travel speeds, the value of the mentioned peak
hardness slightly decreases as the wire feed rate increases.

The effect of preheating on the distribution of the hardness profile of the clad was also
analyzed for two extreme travel speeds (Figure 14). In both cases, the resultant hardness
of the clads did not change significantly. In the HAZ, a decrease in the peak hardness of
about 50 ÷ 60 HV was observed due to the reduced temperature gradient. In the case of
the area of the substrate material, preheating causes an increase (Figure 14a) or appearance
(Figure 14b) of the tempered zone. The received width of this zone is larger for a lower
travel speed due to the higher heat input.

Figure 14. Results of hardness measurement for single clads with selected parameters sets with
high and low heat input. Comparison of the result with/without additional preheating (T0: 320 ◦C):
(a) parameter set No. 1—high heat input, (b) parameter set No 7.—low heat input.
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The result of the hardness profile measurement for the multilayer deposited structure
is shown in Figure 15. The hardness of both multilayer clads is comparable: 791 HV1 (high
heat input) and 797 HV1 (low heat input). Multiple thermal treatments have a positive
effect on the HAZ due to its tempering and reduction in residual stresses (Figure 15b).
This is revealed as a hardness drop of about 150 HV to a level comparable to the clad and
substrate material. The triple passage with a lower travel speed caused a higher heat input
that resulted in an increase in the width of the tempered zone in the substrate material with
a dramatic drop in the hardness value.

Figure 15. Results of hardness measurement for multilayer structures deposited with preheating
(T0: 320 ◦C): (a) parameter set No. 1—high heat input (3 layers), (b) parameter set No 7.—low heat
input (8 layers).

4. Conclusions

As a result of research on newly developed CLWD technology for advanced use in the
additive remanufacturing of cutting tools made of hard-weldable high-speed steels, two
sets of process parameters were developed, i.e., low and high heat input sets. Deposited
structures that met the qualitative (no cracks) and geometrical requirements based on the
dimensions of the row of teeth of the tool under consideration (the broach) were obtained.

1. Single clads deposited without preheating are susceptible to cracking because of
two negative factors, i.e., softening of the material at the HAZ boundaries and high
shrinkage stresses induced by the relatively large size of the solidifying material.
Furthermore, the accumulation of stresses in the multilayer process results in cracking
for all tested sets of process parameters.

2. The average hardness of the deposited single clad at the high heat input is 6 to 7%
lower than the one obtained for low heat input. Both results are comparable to the
hardness of the substrate material.

3. Applying preheating to the temperature above Ms (320 ◦C), it is possible to obtain
multilayer deposited structures over 2.5 mm in height that are crack-free.

4. Processing with a higher travel speed allows for achieving a finer continuous grid of
carbides without clusters as well as a fine dendrite microstructure of the matrix. This
microstructure is more beneficial in terms of the considered application.

5. Preheating of the substrate material leads to thickening of the carbide grid and the
growth of matrix grains. This also affects the widening of the softening zone in the
substrate material.

6. The multilayer CLWD process with lower heat input has a positive effect on the HAZ
by reducing its maximum hardness value. Additionally, the tempered zone in the sub-
strate material is narrower than in the case of a higher heat input multilayer process.
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However, the technology presented in this article concerns the first stage of reman-
ufacturing, i.e., the additive deposition of an appropriate volume of material in order to
reproduce the geometry of cutting tools. The newly developed CLWD technology allows
the approximate shape of the flat broach teeth to be regenerated, accepting a grinding al-
lowance. In order to fully qualify the innovative tool reconditioning method, it is necessary
to carry out grindability tests and functional tests of remanufactured tools.
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