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Introduction. To reduce the number of defects and improve the mechanical properties of components fabricated
by wire arc additive manufacturing (WAAM), the application of deformation hardening operations during the synthesis
process is promising. Wave deformation hardening enables the formation of a deep hardened layer, which is particularly
important for hybrid WAAM processes where subsequent heating of the upper layers can lead to softening of previously
deposited layers. A key parameter determining the effectiveness of wave deformation hardening is the temperature at which
the synthesized material is subjected to the deformation hardening. The purpose of this study is to analyze the influence
of the product temperature on the efficiency of wave deformation hardening for several advanced structural materials
produced by the WAAM method. Methodology. The experiment involved the synthesis of samples, followed by furnace
heating to a predetermined temperature (0.04C—19Cr—9Ni, 0.3C—1Cr—1Mn—1Si, 0.18C—1Cr—1Mn—1Si, and 0.09C-1.7Cr—
1Mn—0.6Mo—INi—0.8Ti—0.015N: 300-900 °C; for the 974/-3Mg alloy: 100-500°C), after which they were subjected to
hardening. To evaluate the effectiveness of the method, microhardness (Vickers) profiles were measured as a function of
depth through the hardened layer. Results and discussion. The study revealed a characteristic optimal temperature range
for each material within which wave deformation hardening provides the maximum strengthening effect. For austenitic
steel 0.04C—-19Cr-9Ni, the greatest increase in hardness (up to 52%) was achieved when treated at 700 °C, attributed
to the increased ductility of austenite and possible deformation-induced martensitic transformation; above 800 °C,
recrystallization begins, reducing the effect. For medium-alloyed steels 0.3C—1Cr—1Mn—1Si, 0.18C—1Cr—1Mn-1Si, and
0.09C—1.7Cr—1Mn—-0.6Mo—1Ni—0.8Ti-0.015N, the optimal range was 400600 °C, with a maximum hardness increase of
34-50%; in this region, dynamic polygonization and carbide dispersion hardening actively occur, while recrystallization
dominates at higher temperatures. For aluminum alloy 974/-3Mg, the effective range was 100-300 °C, with an increase in
hardness of up to 24%, corresponding to the recovery condition; at 400-500 °C, the hardness drops below the initial value
due to complete recrystallization. The depth of the hardened layer exceeded 3 mm for steels and reached 8 mm for the
aluminum alloy, significantly greater than achieved by conventional surface plastic deformation methods. An anomalous
behavior was identified for steel 0.09C—1.7Cr—1Mn—0.6Mo—INi—0.8Ti—0.015N: after a decrease in hardness at 700-800 °C,
an increase in hardness was observed at 900 °C, explained by secondary hardening due to the dissolution of coarse carbides
and the precipitation of fine particles during cooling. The obtained data are in good agreement with known tempering and
recrystallization temperatures for the materials studied. The results enabled the formulation of practical recommendations
for selecting wave deformation hardening temperature conditions for integration into hybrid WAAM processes, depending on
the material class, ensuring maximum improvement in both hardness and hardened layer depth for additively manufactured
components.
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Introduction

The development of metal additive manufacturing presents new challenges for mechanical engineering,
particularly regarding the need to ensure the required mechanical properties of manufactured products
[1-4]. Among the most promising methods for producing medium- and large-sized metal parts with
complex geometry is wire arc additive manufacturing (WAAM) [5, 6]. This technique, based on layer-by-
layer deposition of metal wire using an electric arc, offers high productivity, cost efficiency, and the ability
to process a wide range of structural materials [7-9]. However, like many other additive processes, WAAM
is characterized by non-uniform mechanical properties throughout the component volume and the presence
of residual stresses, which together can limit the application of such parts in critical structures subjected to
cyclic and impact loads [10—-12].

To expand the functionality of WAAM-based additive manufacturing, hybrid approaches are being
actively developed. These combine additive synthesis with strengthening, which can be performed either as
post-process heat treatment [13] or as mechanical deformation at various stages — both after manufacturing
and during deposition [ 14—18]. The effectiveness of deformation hardening applied during synthesis depends
directly on the depth of the strengthened layer, since subsequent heating of the upper deposited layers
during additive manufacturing leads to their thermal softening. Consequently, to maintain high mechanical
properties in the finished product, the material located outside the recrystallization zone formed during
repeated heating must be strengthened.

Various deformation hardening methods have been employed in hybrid WAAM processes. For
instance, interlayer rolling of WAAM-produced Ti—6A/—4V resulted in grain refinement and a transition
from a columnar to an equiaxed microstructure, accompanied by increased strength [19]. Rolling during
synthesis of the same alloy under loads of 60 and 90 kN enabled structure refinement to a depth of 3 mm
from the surface [17], while for A/-6.3Cu alloy, the effect was enhanced by subsequent 76 heat treatment
[20]. Impact minting with a pneumatic hammer (180 Hz, 6 bar, @4 mm) for 7i—-6A4/-4V also ensures
structure refinement to a depth of 3 mm, formation of compressive residual stresses, and an increase in
hardness from 420 to 492 HV [18]. Laser impact hardening can refine grain size — for example, by 22 %
for 2319 aluminum alloy — and increase hardness; however, the affected zone is limited to a surface layer
of less than 1 mm [21].

A drawback of the methods discussed is the increased cycle time due to the need to cool each layer,
which reduces WAAM productivity. Furthermore, the hardened zone depth is limited to 1-3 mm, which
often does not extend beyond the recrystallization zone.

An important parameter governing the effectiveness of deformation hardening, particularly for WAAM-
synthesized materials, is the temperature at which deformation occurs. On one hand, preheating may be
necessary to reduce deformation resistance and prevent cracking — an approach typical of thermomechanical
processing. On the other hand, in hybrid additive processes, deformation hardening may be applied to hot,
freshly deposited metal, making temperature not a controllable parameter but rather a consequence of the
process that requires careful investigation.

This is illustrated by examples of deformation hardening of preheated metallic materials [22]. Shot
peening of a titanium alloy heated to 280 °C made it possible to increase the hardening depth from 100
um to 160 um compared to shot peening at room temperature [23]. During shot peening of spring steels,
maximum hardness was achieved at a preheating temperature of 200 °C, with further heating leading to
a hardness decrease due to excessive softening [24]. For laser impact treatment of 4356 aluminum alloy,
raising the operating temperature from room temperature to 180° C increased the maximum hardness from
110 to 180 HV and the hardened layer depth from 0.55 to 0.9 mm [25].

Examples of deformation hardening of heated metal during WAAM deposition have also been reported.
Increasing the operating temperature from room temperature to 300 °C enabled an increase in the surface
hardness of synthesized 7i64 alloy blanks from 3.90 to 4.25 GPa [26]. A similar trend was observed for
Inconel 690 nickel alloy, where the optimal heating temperature (300 °C) during ultrasonic treatment
promoted increases in both hardness and hardened layer depth, but exceeding 700 °C led to a hardness
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decrease [27]. Pneumatic minting of uncooled WAAM 95A41-5Mg alloy (energy 7.1 J, frequency 3,200 bpm)
increased strength and ductility by 15-20%; however, the temperature conditions responsible for this effect
were not detailed [28]. In the HF-WAAM method for AISI 316L steel, hot minting at 900 °C with forces of
17-55 N also resulted in increased strength and reduced porosity, but the high temperature promoted grain
growth and phase composition changes [15].

Based on the above analysis, it can be concluded that hybrid WAAM technologies are needed that
combine deep deformation hardening (greater than 3 mm) with the ability to process uncooled material
directly within the WAAM cycle, while maintaining the temperature within a strictly defined range that
prevents softening and undesirable recrystallization.

In this context, wave deformation hardening (WDH), which can be integrated directly into the
deposition process, appears highly promising. WDH involves surface treatment with controlled impact
pulses whose energy and shape are governed by the geometry of the impact system, comprising
a striker and a waveguide. During hardening, the striker impacts the waveguide, which is statically
pressed against the component through a tool. This generates plane acoustic waves in the impact system,
which are transformed into impact pulses of the desired shape at the contact area. By selecting the
optimal pulse shape for a given material and processing conditions, maximum impact energy transfer
is achieved, thereby increasing process efficiency and ensuring the formation of a deep hardened layer
(up to 6-8 mm) [29].

When integrating WDH into WAAM-based material synthesis, determining an optimal temperature
range for WDH 1is of great importance. On one hand, the temperature should maximize the strengthening
effect through grain refinement, twinning, and slip line formation. On the other hand, it should prevent
recrystallization processes that would negate the work hardening effect.

The objective of this study is to analyze the effect of preheating temperature on the effectiveness of wave
deformation hardening for a range of promising structural materials produced by WAAM. Effectiveness is
assessed based on the degree of surface layer hardening.

To achieve this objective, the following tasks were performed:

—to experimentally determine the surface layer hardness as a function of heating temperature for samples
without subsequent WDH and for samples after WDH,

— to establish optimal temperature ranges for WDH that ensure maximum hardness and hardened layer
depth;

—to conduct a comparative analysis of the behavior of different material classes (austenitic and medium-
alloy steels, aluminum alloy) during WDH and to formulate conclusions.

Research methodology

The materials selected for the study included:

—0.09C-1.7Cr—IMn—0.6Mo—INi—0.8T7—0.015N alloy steel,

— 0.3C-1Cr—1Mn—1Si medium-alloy structural steel,

— 0.18C—-1Cr—1Mn—1Si low-carbon medium-alloy steel,

— 0.04C—-19Cr-9Ni austenitic stainless steel,

— 97A41-3Mg aluminum wrought alloy.

These materials cover a wide range of applications, from critical welded structures (0.09C—-1.7Cr—
IMn—0.6Mo—INi—0.8T-0.015N steel) to components operating in aggressive environments (0.04C—
19Cr—9Ni steel).

Experimental algorithm:

— three-layer deposition of a specimen (specimen size: 90 x 120 mm; the height of each synthesized
layer was 2.2 mm for steels and 2.5 mm for the 974/-3Mg aluminum alloy);

— heating the specimen to the required temperature in a furnace and holding for at least 30 minutes;

— wave deformation hardening (WDH) — the feed direction is perpendicular to the deposition feed
direction (Fig. 1); after WDH, the specimens are cooled in air;
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Fig. 1. Sample of 0.09C-1.7Cr—1Mn—0.6Mo—INi—0.8Ti—0.01 5N
steel after wave deformation hardening (WDH) at 800 °C

— cutting the obtained specimens in the longitudinal and transverse directions relative to the WDH
feed direction and preparing microsections along the depth of the surface layer; specimens are cut out
for hardness measurements beneath the hardened and

Hardness hardened £ .
measurement level by non- al: cned surtaces,
depth — Vickers hardness measurement — performed at room
WDH feed direction
P / temperature (at least three tracks along the depth of the
——~ ———— surface layer with a step of 0.3 mm) in each WDH feed

direction;

—for each depth level (comprising at least three
measurement points in two feed directions), the average
hardness value was calculated at that depth level
(Fig. 2); for each sample, the average hardness was also
determined from all measured values.

/ The standard deviation of the measured hardness
valuesdidnotexceed 10%, indicating good reproducibility
of the results.

Hardness measurements of synthesized samples after
heating without subsequent hardening and cooling, and
of samples after heating followed by WDH and cooling, enable the determination of not only the effective
temperature for WDH but also the possible influence of heat treatment (heating followed by air cooling)
after synthesis.

To evaluate the effectiveness of WDH, the degree of hardening was used:

HVy - HV
HV

where HV ,and HV are the average hardness values at a given depth level, respectively, after heating without
subsequent WDH and cooling, and after heating with subsequent WDH and cooling.

When determining the synthesis conditions, the primary objective was to obtain high-quality samples
with a minimum number of pores (Table 1).

When selecting the heating temperature of synthesized materials for experimental studies, it is necessary
to rely on their characteristics obtained during heat treatment.

It is known that forging of 0.3C-1Cr-IMn-1Si steel begins at 1,240 °C and ends at 800 °C. To
improve mechanical properties, parts made of 0.3C-1Cr-1Mn-1Si steel are subjected to quenching and
tempering. Quenching is recommended at 880 °C, with cooling in oil, which eliminates the possibility
of surface and structural deformations. Quenching involves restructuring the crystal lattice. This process

® 6 6 6 0 0 0\
L IR 2R IR 2R R K AR 2
L R 2R ER 2R R JER X 2

L K BRI 2ER JER 2N 2
L K R R R JER 2B 4
L K R R R JER B 4

Fig. 2. Schematic of the hardness measurement
procedure

AHV = 100%,
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Table 1
Synthesis parameters (WAAM deposition conditions)
Material
0.09C-1.7Cr-1Mn—
P t _1Cr— 1Cr— |
Aramer 0.04c-19Cr—on; | O3 1Cr | OABCTICr g 6y 1Ni-0.8T1- | 9741-3Mg
IMn—1Si IMn—1Si
0.015N
Current (A) 170 140 150 145 125
Voltage (V) 18.3 23.9 18.9 17.3 18.7
Wire feed rate (m/min) 6.37 4.9 4.8 5 7.3
Feedstock feed rate (mm/min) 1000 1000 1000 1000 1000
Wire diameter (mm) 1.2 1.2 1.2 1.2 1.2

causes internal stresses, which subsequently lead to structural cracks. Tempering at 540-550 °C solves
this problem. Furthermore, the martensite formed during quenching transforms into sorbite, resulting in a
homogeneous and fine-grained metal structure. The low heating temperature makes it possible to use water
as a cooling medium. In addition, conducted studies on the combined hardening process (WDH + heat
treatment: quenching + tempering) for 0.3C-1Cr-1Mn-1Si steel showed that the best results are achieved
with tempering at 550 °C (the range of tempering temperatures studied was 200-600 °C) [30]. Therefore,
it can be assumed that for 0.3C-1Cr-1Mn-1Si steel, the sample temperature for WDH at which the greatest
hardness will be achieved lies in the range of 500—-600°C.

97A1-3Mg aluminum alloy undergoes hot deformation in the temperature range of 430 °C down to 320
°C without thermal strengthening. To relieve internal stress, low-temperature annealing is performed at
temperatures of 250-300 °C, and high-temperature annealing at 350-420 °C. Therefore, it can be assumed
that for 974/-3Mg alloy, the sample temperature for WDH at which the greatest hardness is achieved lies
in the range of 250-350 °C.

Products made from the other materials under study are produced only by synthesis, so there is no data
related to the effect of heat treatment on their mechanical properties. However, it should be noted that re-
crystallization annealing after work hardening for most steels occurs at a heating temperature of 0.4—0.6 of
the melting temperature, i.e. in the temperature range of 600—700 °C.

Therefore, the following heating temperatures before WDH were selected for the studies:

— for steels: 300, 400, 500, 600, 700, 800, 900 °C;

— for the aluminum alloy: 100, 200, 300, 400, 500 °C.

WDH of the synthesized samples was carried out with an impact energy of 150 J and a frequency of
9 Hz. A cylindrical roller with a diameter of 10 mm and a length of 40 mm was used as the tool. The feed
rate was selected based on the condition of ensuring an overlap coefficient of prints of 0.45, at which a suf-
ficiently strengthened structure is formed and the possibility of overworking is excluded [31].

Results and their discussion

Based on the experimental data obtained for 0.04C—19Cr—9Ni steel, it was found that, depending on
the heating temperature of samples without WDH, the average hardness follows a parabolic trend, with a
minimum of 254 HV at 600 °C and maxima of 275 HV at 300 °C and 800 °C (Fig. 3). This is consistent
with the findings reported in [32], where it was noted that samples with a 0.04C—19Cr—9Ni coating retain
their hardness when heated to 600 °C.

For samples subjected to WDH, the average surface layer hardness increases with temperature, reaching
a maximum of 335 HV at 700 °C, where the maximum degree of hardening reached 52 % (Fig. 4). Further
heating leads to a decrease in the hardness of the hardened metal. This reduction in WDH effectiveness at
temperatures above 700 °C corresponds to the results of [33], where annealing of cold-formed AIST 304
steel at 800 °C also caused a sharp drop in hardness due to the onset of recrystallization.
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Fig. 3. Change in average hardness of the surface layer without hardening and
after wave deformation hardening (WDH) at different temperatures for the
synthesized 0.04C—19Cr-9Ni steel sample
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Fig. 4. Change in the degree of hardening as a function of depth

through the surface layer after wave deformation hardening (WDH)

at different temperatures for the synthesized 0.04C—19Cr-9Ni steel
sample

For 0.3C—1Cr—1Mn—1Si steel, it was found that when heating samples without WDH from 300 °C to
400 °C, the average hardness increased from 239 HV to 253 HV, then decreased with further temperature
rise, reaching 200 HV at 800-900 °C (Fig. 5). For samples after WDH, the surface layer hardness increased
with temperature, reaching a maximum at 500 °C with an average hardness of 291 HV and a maximum
hardening degree of 34% (Fig. 6). Further heating led to a decrease in the hardness of the hardened metal,
and at 900 °C, the hardness of the hardened samples became lower than that of the unhardened metal.
This observed behavior is confirmed by the results of [34], according to which deformation of 0.3C—1Cr—
IMn-1Si steel at temperatures of 800—1,000 °C is accompanied by softening due to recovery and dynamic
recrystallization.
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Fig. 5. Change in average hardness of the surface layer without hardening and
after wave deformation hardening (WDH) at different temperatures for the
synthesized 0.3C—1Cr—1Mn—1Si steel sample

40 —&— WDH at 400°C
35 WDH at 500°C
—%—WDH at 600°C
30
25
B
>
Z 20
<

o
i

o W N
1 Nel =1

0 0.5 1 1.5 2 25 3 3.5
h, mm
Fig. 6. Change in the degree of hardening as a function of depth through
the surface layer after wave deformation hardening (WDH) at different
temperatures for the synthesized 0.3C—1Cr—1Mn—1Si steel sample

0

For 0.18C-1Cr—1Mn—1Si steel, it was found that when heating samples without WDH, the maximum
average hardness (197 HV) was obtained at 300 °C. With increasing temperature, the average hardness
gradually dropped to 162 HV at 800-900 °C (Fig. 7). For samples subjected to WDH, in the temperature
range of 300-500 °C, the average hardness reached a maximum of 233-240 HV, with a maximum hardening
degree of 50% (Fig. 8). Further heating led to a decrease in the hardness of the hardened metal, and at a
sample temperature of 900 °C, the average hardness was 175 HV. The observed presence of a temperature
range in which WDH is effective, followed by softening upon overheating, is consistent with the conclusions
of [35], which studied the deformability of 0./8C—1Cr—1Mn—1Si steel.

For 0.09C-1.7Cr—1Mn-0.6Mo—INi—0.8T-0.015N steel, it was found that when heating samples to 600
°C without WDH, the average hardness remained virtually unchanged (263-269 HV). With increasing
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Fig. 7. Change in average hardness of the surface layer without hardening and
after wave deformation hardening (WDH) at different temperatures for the
synthesized 0.18C-1Cr-1Mn-1Si steel sample
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Fig. 8. Change in the degree of hardening as a function of depth through the
surface layer after wave deformation hardening (WDH) at different temperatures
for the synthesized 0.18C—1Cr—1Mn—1Si steel sample

temperature, the average hardness dropped to 222 HV at 700 °C, then to 206 HV at 800 °C, after which
it increased to 242 HV at 900 °C (Fig. 9). For samples subjected to WDH, as well as for those without
hardening, in the temperature range of 300-600 °C, the maximum average hardness was established and
amounted to 284-289 HV, with a maximum hardening degree of 35% (Fig. 10). Further heating also led
to a sharp decrease in the hardness of the hardened metal to 221-230 HV at 700-800 °C, followed by
an increase to 252 HV at a sample temperature of 900 °C. The observed repeated increase in hardness at
900 °C may be associated with the phenomenon of secondary hardness, which is characteristic of alloy
steels containing carbide-forming elements (Mo, Cr, V, Ti), and is caused by the dissolution of large carbides
followed by the precipitation of dispersed particles upon cooling [36].
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Fig. 9. Change in average hardness of the surface layer without hardening and after
wave deformation hardening (WDH) at different temperatures for the synthesized

0.09C-1.7Cr-1Mn—0.6Mo—1Ni—0.87i—0.015N steel sample
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Fig. 10. Change in the degree of hardening as a function of depth through the

surface layer after wave deformation hardening (WDH) at different tempera-

tures for the synthesized 0.09C-1.7Cr-1Mn—0.6Mo—INi—0.8Ti—0.015N steel
sample

Cm

For 9741-3Mg aluminum alloy, it was found that when heating samples without WDH, the average
hardness remained virtually unchanged (74—77 HV) over the entire test temperature range of 100-500 °C
(Fig. 11). For samples subjected to WDH, in the temperature range of 100-300 °C, the average hardness
reached a maximum of 83—88 HV, with a maximum hardening degree of 24% (Fig. 12). Further heating led
to a decrease in the hardness of the hardened metal, and at a sample temperature of 500 °C, the hardness
became lower than that of the unhardened material. These data are consistent with the known temperature
threshold of 300 °C, above which recrystallization is activated, neutralizing the work hardening effect [37].

The obtained results can be explained as follows. In the optimal temperature range, the material retains
sufficient ductility for deformation, while softening processes remain slow. During WDH, a high density
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Fig. 11. Change in average hardness of the surface layer without hardening
and after wave deformation hardening (WDH) at different temperatures for
the synthesized 974/-3Mg aluminum alloy
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of dislocations is generated in the material, leading to their chaotic distribution. At a sufficient degree of
deformation, a cellular and fragmented substructure is formed. Mechanical twinning and the formation of
slip bands may also contribute to strengthening. The decrease in hardness after WDH at high temperatures
is likely due to the activation of recrystallization processes. High temperature provides sufficient energy for
the climb and annihilation of dislocations accumulated during WDH. Additionally, dispersed precipitates of

carbides and nitrides, which act as barriers to dislocation motion, may dissolve.

0.04C-19Cr-9Ni steel is austenitic and does not undergo phase transformations upon heating and
cooling. However, during deformation in the range of 300—500 °C, martensite formation is possible, which
can provide an additional contribution to strengthening [38]. At 700 °C, martensitic phases are unstable,
and strengthening is ensured solely by dislocation mechanisms. At temperatures above 800 °C, primary
recrystallization begins, forming new equiaxed grains, which leads to a sharp drop in hardness.
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When heated to 500 °C, 0.3C—1Cr—IMn—1Si steel develops a ferrite-cementite structure (tempered
sorbite). Deformation under these conditions promotes additional precipitation strengthening due to the
precipitation of carbides from supersaturated ferrite. 0./8C—1Cr—I1Mn—1Si steel behaves similarly, but its
lower carbon content reduces the potential for carbide strengthening, which is offset by a more significant
contribution from deformation hardening (hardening degree of up to 50%).

0.09C-1.7Cr—IMn-0.6Mo—INi—0.8T—0.015N steel is distinguished by the presence of strong
carbide-forming elements (Mo, Cr, V, Ti). This explains its anomalous behavior at 900 °C: after a drop
in hardness in the 700-800 °C range (carbide coagulation, recrystallization), heating to 900 °C causes
the dissolution of large carbides and enrichment of austenite with alloying elements. Upon subsequent air
cooling, dispersed carbides (secondary hardness) may precipitate from this austenite, or bainitic-martensitic
structures may form, resulting in a repeated increase in hardness to 242 HV (Fig. 9).

97A1-3Mg aluminum alloy is classified as a non-heat-hardenable alloy. Its primary strengthening
mechanism is the accumulation of dislocations and the formation ofa cellular substructure. The recommended
deformation hardening temperature range of 100-300 °C corresponds to the region where the diffusion
mobility of Mg atoms is still low and recovery is slow. Intense recrystallization is initiated at temperatures
above 300 °C. Heating to 500 °C (=0.5 times the absolute melting point) completes recrystallization, and
the hardness drops below the initial value.

For 0.3C-1Cr—1Mn—1Si steel and 974/-3Mg alloy, the experimentally obtained temperature window
effective for WDH confirms previously stated assumptions.

The WDH results for all studied materials are summarized in Table 2.

Table 2
WDH results for the materials under study

Optimal WDH | Max. average | Max. harde-
Material temperature hardness after | ning degree, Main features
range, °C WDH, HV | AHV, %

Greatest hardness increase. Without
WDH, minimum hardness occurs at 600
0.04C-19Cr-9Ni ~700 °C 335 52 % °C (tempering). Peak WDH effectiveness
coincides with increased austenite ductility,
facilitating deformation hardening

Sharp decline in WDH effectiveness above
500 °C. At 900 °C, hardness after WDH

0.3C-1Cr-1Mn-151 =500°C 291 34% is lower than without WDH, indicating
complete recrystallization
Wide optimal temperature range. High
0.18C-1C.r- 300-500 °C 233.240 50 % hardening degree. Withouj[ WDH, grad}lal
1 Mn-1Si hardness  decrease  with increasing
temperature (tempering).
Most stable hardness without WDH in the
0.09C-1.7Cr-1Mn- 300-600 °C range. Sharp drop in WDH
0.6Mo-1Ni- 300-600 °C 284-289 35% effectiveness at 700—800 °C, followed by
0.87i-0.015N partial recovery at 900 °C, possibly due to
secondary hardening
Smallest absolute hardness increase,
typical for aluminum-based alloys. WDH
9741-3Mg 100-300 °C 2383 249, ineffective at 500 °C. Optimal temperatures

significantly lower than for steels due
to low recrystallization temperature of
aluminum alloys
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Analysis of the depth-wise hardening degree distribution diagrams reveals that, under the recommended
temperature conditions, the hardened layer depth exceeds 3 mm for steels and reaches 8 mm for the
aluminum alloy.

Conclusions

Preheating without subsequent deformation affects the hardness of different materials in various ways:
from a parabolic dependence (0.04C-19Cr—9Ni) to a monotonic decrease (0./8C—1Cr—I1Mn—1Si) or
hardness retention over a wide range (0.09C—1.7Cr—IMn-0.6Mo—INi—0.8T—0.015N, 97A1-3Mg). This is
due to differences in phase transformations and tempering behavior.

WDH is a highly effective method for locally increasing the hardness (by 24-52%) of the surface layer
of WAAM-synthesized steel and aluminum alloy parts. The hardened layer depth exceeds 3 mm for steels
and 8 mm for aluminum alloy. Each material has a specific temperature range within which WDH provides
the maximum hardening effect. Exceeding this range (at either low or high temperatures) significantly
reduces the effectiveness of the process.

An upper temperature limit was identified (700-900 °C for steels and 350—400 °C for aluminum alloy),
above which the hardness of the sample after WDH decreases to the level of, or even below, that of the
sample without WDH. This is due to the activation of recrystallization processes, which neutralize the
deformation hardening effect. Austenitic 0.04C—19Cr—9Ni stainless steel is characterized by the highest
relative increase in hardness (up to 52%) at the highest optimal temperature (700 °C). Low- and medium-
alloy steels (0.3C-1Cr—IMn—1Si, 0.18C—1Cr—IMn—1Si, and 0.09C-1.7Cr—1Mn—0.6Mo—1Ni—0.8T—
0.015N) exhibit similar recommended temperature ranges for deformation hardening (400-600 °C), but
differ in the absolute hardness increase (34—50%). The highest degree of hardening (50%) was achieved for
0.18C—-1Cr—1Mn—1Si steel, and the lowest (34%) for 0.3C—1Cr—1Mn—18Si.

The 97A41-3Mg aluminum alloy has a significantly lower recommended temperature range (100-300 °C)
and a low degree of hardening (24%), which is due to the low recrystallization temperature of aluminum
alloys and a different strengthening mechanism (dislocation accumulation and formation of a cellular
substructure).

When integrating WDH into a hybrid WAAM process for materials with well-studied heat treatment
modes (using 0.3C—1Cr—1Mn—1Si steel and 974/-3Mg alloy as examples), a correlation is observed between
the recommended temperature ranges for WDH and the temperatures used for heat treatment. This suggests
that known heat treatment data can serve as a preliminary guide when selecting temperature conditions for
WDH. For materials used solely for synthesis, preliminary testing (similar to that presented in this study)
is necessary to accurately determine the individual optimal temperature window, which will maximize the
strengthening effect and ensure the stability of the resulting product’s properties.

These results can be used not only for additive manufacturing but also for thermomechanical
strengthening, where metal is preheated to improve plastic deformation conditions.
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