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Effect of Annealing Temperature on Microstructure and
Dry-Sliding Behavior of Powder Bed Fusion-Laser Beam

Ti—6Al—2Sn—4Zr—6Mo Alloy

Gianluca Pirro,* Lavinia Tonelli, Carla Martini, Alessandra Martucci,

Mariangela Lombardi, and Lorella Ceschini

Titanium alloys produced via powder bed fusion-laser beam exhibit a wide
range of applications for high-performance components, due to their excellent
strength-to-weight ratio. However, their poor wear resistance remains a sig-
nificant limitation. Heat treatment offers a viable approach for enhancing the
tribological performance of these alloys by modifying their microstructure. This
study examines the influence of annealing temperature on the tribological
behavior of the a—p titanium alloy Ti—6Al—2Sn—4Zr—6Mo during sliding
against a quenched and tempered AISI 52 100 in a block-on-ring configuration.
The predominant wear mechanism identified in all samples is oxidative, while
severe adhesion zones are observed in the as-built alloy. Annealing below
the B-transus temperature (HT875) yields the largest enhancement in wear
resistance, reducing the wear volume by 59%. This superior performance is
attributed to the high ductility imparted by the microstructural coarsening,
which allowed for the generation of a compact and functional mechanically
mixed layer (MML), and to the high tendency for strain hardening, induced by
tribological interactions, which guarantees enhanced load-bearing capacity.
Conversely, despite being 14% harder than the HT875 condition, the HT600

1. Introduction

The powder bed fusion-laser beam (PBF-LB)
technique, a prominent additive manufactur-
ing (AM) process, allows for the realization of
near-net-shape geometries by sequentially
melting discrete layers of metal powder
deposited onto a substrate.'*! Significantly,
titanium alloys processed through this AM
technique have been leveraged for critical
components within high-performance engi-
neering domains, including the aerospace,!
biomedical,") and automotive industries.”!
The appeal of AM lies in its intrinsic
advantages over conventional manufac-
turing methods. Specifically, AM enables
the manufacturing of components with
enhanced design flexibility and geometric
freedom, overcoming many limitations asso-
ciated with traditional machining processes.

condition demonstrates a 56% higher wear volume, which is attributed to

the instability of the MML formed during sliding.
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The reduction in the use of machining
processes significantly reduces material
waste, which is crucial for Ti alloys, which
are not only expensive but also notoriously
difficult to machine.[”! Furthermore, an opti-
mized design enables structural lightweight
for aerospace and automotive applications, reducing greenhouse
gas emissions and fuel consumption.”® In the biomedical field,
the ability to fabricate custom prostheses, tailored to individual
patient needs, represents a significant advantage.”’ However,
despite their high specific strength, Ti and its alloys are detrimen-
tally affected by limitations in wear resistance and frictional behav-
ior,*™! even when they are in contact with softer materials.'?
These drawbacks are attributed to several factors. Firstly, the low
thermal conductivity of Ti hinders its ability to dissipate heat effec-
tively. This, coupled with the low shear strength of the thin titanium
dioxide film that forms on its surface, accelerates wear under
sliding conditions. Additionally, Ti alloys suffer from limited
load-bearing capacity and poor resistance to both adhesive and
abrasive wear mechanisms.'>'* This aspect can be limiting in
many applications, since wear-prone components such as brakes!™!
or intake/exhaust valves,'® especially in the racing field, as well as
dental fixtures and hip/knee implants in biomedical field,"”) can be
produced from titanium alloy.

A key feature of PBF-LB is the rapid solidification that occurs
during the process. In Ti alloys, this rapid cooling induces the
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formation of a distinct microstructure within the fabricated
component, known as martensitic phase.®! The specific type
of martensite formed, either o’ or a”,*'¥) is determined by alloy
composition, particularly the concentration of p-stabilizing
elements.

Ti64 (Ti—6Al—4 V), the most extensively studied and widely
used Ti alloy in industrial applications, belongs to the o—f alloy
family.**2" When processed with PBF-LB, Ti64 typically exhibits
a microstructure consisting of a’ martensite due to the rapid cool-
ing typical of the AM process. Different authors?**¥! have
observed how the martensitic microstructure induced by AM
on the Ti64 alloy improved its wear resistance compared to
the conventionally produced alloy, which is characterized by a
lamellar o—p microstructure, due to its higher hardness.

However, this phase is inherently hard but brittle, presenting
challenges in applications requiring both high strength and duc-
tility. Cutting-edge research focused on innovative a—f alloys
such as Ti6246 (Ti—6Al—2Sn—4Zr—6Mo), which may offer supe-
rior yield strength when compared to Ti64 at equivalent elonga-
tion.'>?* However, during the PBF-LB process, the higher
stabilizer content in Ti6246 promotes the formation of a” mar-
tensite.l'”) Unlike the hexagonal hard o’ martensite present in
Ti64, o” martensite exhibits an orthorhombic structure with a
softer mechanical behavior,"®%! resulting in reduced hardness
and wear resistance.l””!

Postprocess heat treatment is critical for tailoring the mechan-
ical properties of AM Ti alloys. It enables the transformation of
metastable microstructures formed during the printing process
while simultaneously reducing residual stresses, which are
inherent in the PBF-LB technology. The effects of various heat
treatment conditions have been deeply investigated for a few
Ti alloys.!”*® This aspect is crucial, as different heat treatment
parameters can result in different microstructures and conse-
quently in a peculiar tribological behavior.

In the literature, the focus has been driven mainly on the study
of the tribological behavior of the Ti64 alloy AM processed and
subjected to dedicated heat treatment. For example, the effect of
annealing temperature,*” annealing time," and type of heat
treatment, whether it be annealing, direct ageing, or solution
treating and aging (STA),!"”! was investigated. On the other hand,
to the best of the author’s knowledge, the literature regarding the
tribological properties of the Ti6246 alloy is still quite limited. A
study by Kan et al.*? compared the tribological behavior of Ti64
and Ti6246 alloys, both produced via conventional and PBF-LB
technologies and subsequently subjected to annealing heat treat-
ments. Tests were carried out in a pin-on-disk configuration
with the martensitic stainless steel AISI 440C as the counter
material. Specifically, a clear improvement over production
with conventional technologies was observed, which was attrib-
uted to the greater refinement of the o—f lamellar structure in the
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PBF-LB condition after heat treatment, resulting in a hardness
enhancement.

However, the influence of different heat treatment conditions
on Ti6246 has not been thoroughly investigated yet. Therefore,
the present study aims to fill this gap by focusing on the effect of
various annealing treatments, performed both in the o—f field
and above the p-transus temperature, on the tribological proper-
ties of the Ti6246 alloy produced by PBF-LB. In fact, although the
influence of heat treatments on the mechanical properties of con-
ventional alloys is well known, the use of AM alloys requires tai-
lored heat treatments to achieve a proper tradeoff between
strength and toughness. This is necessary to maximize tribologi-
cal performance under sliding conditions, which are typical of
several engineering applications. To achieve this objective, the
friction and wear behavior of the alloy was assessed through
dry-sliding tribological tests carried out against steel in a
block-on-ring configuration. These tests were complemented
by detailed microstructural analyses and characterization of wear
scars to correlate heat treatment conditions with tribological
performance.

2. Experimental Section

2.1. Sample Production

For the fabrication of the Ti6246 alloy samples, gas-atomized
powders, supplied by TLS Technik GmbH (Germany), were
fed into the PBF-LB system. Table 1 reports the chemical com-
position of the powders, comparing the nominal data from the
supplier with the datasheet from UNS R56260.>”

Sample production was carried out using an EOS M270 Dual
Mode 3D printer, operating under a high-purity argon (Ar) atmo-
sphere with an oxygen (O) content below 0.1 vol%. This printer is
equipped with a continuous Nd:YAG fiber laser, capable of a
maximum power output of 200W and a laser spot size of
100 pm. The specific process parameters, detailed in Table 2,
were optimized in a previous study by Carrozza et al.'"!

Wear tests were conducted on 5 x 5 x 30 mm?® bars obtained
perpendicularly to the building platform (i.e., vertical building
direction), sliding against an AISI 52100 (100Cr6) bearing steel
cylinder (40 mm in diameter), quenched and tempered to 62
HRC (Ra=0.10 £ 0.02 pm).

Samples underwent annealing treatments at various temper-
atures, above and below the p-transus estimated via Thermo-Calc
2024a, starting from the as-built condition. The heat treatment
parameters, summarized in Table 3, were optimized by
Carrozza et al.”® based on thermal analyses carried out using
differential scanning calorimetry (DSC). Thermo-Calc 2024a
simulations were conducted to determine the phase composition

Table 1. Ti6246 chemical composition (wt%): comparison between the nominal composition declared by the supplier, and the composition reported in

the UNS R56260 standard.

Elements [% wt.] Ti Al Sn Zr Mo Fe C N (0] H others
Supplier composition Bal. 5.96 1.85 3.67 5.89 0.031 0.01 0.005 0.118 0.002 <0.30
UNS R562608 Bal. 55/65 1.75/2.25 3.5/45 55/65 Max. 0.15 Max. 0.04 Max. 0.04 Max 0.15  Max. 0125  Each max 0.1

Total max. 0.4
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Table 2. PBF-LB/M process parameters.['”!

Power  Scanning Hatch Layer Scanning Platform

W] speed distance thickness strategy temperature
[mms™] (km] (km] rd

190 1100 100 30 Standard 67° 100

EOS strategy

Table 3. Summary of investigated heat treatment conditions.

Denomination Annealing temperature [°C] Annealing time [h]

As-Built - -
HT600 600 2
HT875 875 2
HT950 950 2

of the material under each heat treatment condition. For the heat
treatments, PBF-LB Ti6246 alloy samples were processed in a
Pro.Ba VF8000/S high vacuum furnace. The heating rate was
maintained at 5°C min~", followed by a 2-hour isothermal hold
at the target temperature, concluding with slow cooling within
the furnace.

After heat treatment, the samples were machined to achieve a
comparable surface roughness with R, values ranging from 0.23
to 0.30 pm and R, values ranging from 0.33 to 0.42 pm. Surface
roughness measurements were performed using a JR25 Nanovea
optical profilometer. A schematic representation and an image of
the samples and the cylindrical counterpart are reported in
Figure 1.

2.2. Microstructural and Hardness Characterization

Microstructural analyses of the Ti6246 alloy, in both the as-built
and heat-treated condition, were carried out on samples prepared
using standard metallographic techniques for Ti alloys. The prep-
aration process included a final polishing with a water-based
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solution of colloidal silica and oxygen peroxide, followed by
chemical etching using Kroll’s reagent (93% H,0, 5% HNO;,
2% HF).P! Microstructural observations were carried out on
5 x 5 mm? cross-sections, oriented perpendicular to the building
direction, using a Tescan Mira 3 field emission scanning electron
microscope (FEG-SEM) equipped with energy dispersive spec-
troscopy (EDS) microprobe (Brucker Quantax 200/30 mm?).
FEG-SEM micrographs were analyzed to assess the main micro-
structural features of the heat-treated samples. Image analysis,
performed with Image] software,”?! was used to evaluate the
variation in the o/p phase ratio and to measure the size of the
primary a-phase lamellae as a function of annealing temperature.
Vickers hardness tests were performed with a QNess 150CS
hardness tester from QATM on the same surfaces used for tri-
bological testing, parallel to the building direction, using a load of
30 kg applied for 15 s (HV3) to evaluate the mechanical response
under different heat treatments.

2.3. Dry-Sliding Tests and Wear Scars Analyses

The tribological behavior of the PBF-LB Ti6246 alloy was inves-
tigated as a function of the heat treatment conditions by block-on-
ring dry-sliding tests (ASTM G-77 standard””). A 2D schematic
of the tribometer and a 3D model depicting the contact type are
shown in Figure 2. Dry sliding tests were conducted under ambi-
ent conditions (50%-60% relative humidity) with a constant slid-
ing velocity of 0.3 ms™". Each test was run for a total sliding
distance of 1000 m under a normal load of 10 N. The contact
configuration between the surfaces is linear (Figure 2b), and
the maximum Hertzian contact pressure, calculated according
to,** was 51 MPa. Load cells were used to acquire normal
and frictional forces as a function of sliding distance during each
test, allowing for the evaluation of the dynamic coefficient of
friction (COF). Additionally, the overall wear of both slider
and cylinder was monitored throughout each test using a linear
variable differential transformer system. The steady-state COF
was determined by averaging values within the steady-state
regime (300-1000 m) for each test. A minimum of three sliding
tests were carried out for each heat treatment condition to ensure
reliability and reproducibility of the data.

Counter material: AISIS2100 cylinder

400 mm

y
A

]
>

N
i

50 mm

Figure 1. Schematic representation and image of a,b) the tested Ti6246 samples and c,d) the cylindrical counterpart.
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Figure 2. a) 2D schematic of the tribometer and b) 3D representation of the two tribo-elements in contact.

Wear scars were characterized using a JR25 optical profilom-
eter, which generated detailed maps of the entire scar area, pro-
viding a comprehensive view of the topographical features. Wear
depth and wear volume values were then quantified from these
maps using the MountainsMap software. Specifically, the wear
volume was determined by the product of the wear track’s 2D
cross-sectional area and the length of the contact line. Wear scars
were characterized using FEG-SEM + EDS to investigate the pre-
vailing wear mechanisms. Additionally, cross-sections of worn
sliders were embedded in resin and subjected to the microstruc-
tural analysis described in Section 2.2, for a deeper understand-
ing of the effect of tribological contact on the microstructure
beneath the wear tracks. To assess the effect of tribological
contact on mechanical properties, HV, 5 microhardness profiles
were measured on the same cross-sections.

3. Results

3.1. Microstructure

Figure 3 shows the phase diagram of the Ti6426 alloy as a func-
tion of Al content obtained through ThermoCalc simulation. As
an equilibrium phase diagram, it does not account for the initial
metastable condition caused by rapid cooling from the additive
process, but it still provides information about the expected
phases at each treatment temperature. The diagram depicts
the various treatments examined in this study, marked by colored
circles that correspond to the alloy’s aluminum content and the
associated annealing temperature. Only the HT950 (green) sam-
ple was subjected to a p annealing treatment, while the other
samples were treated in the « + f field. The HT600 (blue) sample
was treated within the a—p field at a temperature below the dis-
solution point of Ti;Al. Conversely, the HT875 (red) sample was
subjected to annealing treatment above the Ti;Al dissolution
point.

The microstructure of the Ti6246 samples under different
heat treatment conditions is shown in Figure 4, compared with
the as-built state. In the as-built condition (Figure 4a), the
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Figure 3. Equilibrium phase diagram of the Ti6426 alloy as a function of
aluminum content and temperature obtained using Thermo-Calc. The
plotted points indicate the specific phase region where the samples were
heat-treated.

microstructure is characterized by an acicular o’ martensitic
structure with an orthorhombic crystal structure, which spans
across the melt pool borders. Figures 4b—f show the microstruc-
tures of the samples annealed at different temperatures. The
specimens treated below the P-transus temperature (HT600
and HT875 in Figure 4b—e exhibit an a—p lamellar microstruc-
ture. X-ray diffraction (XRD) analyses reported in a previous
work?® on the analyzed conditions confirm the presence of
a” martensite in the as-built sample and the consequent
transformation into an o—f structure after annealing at various
temperatures. As the annealing temperature approaches the
p-transus (~930-940°C for the Ti6246 alloy'®)), a progressive
coarsening of the a-lamellae is evident, as shown by data in
Figure 5a. This effect is particularly pronounced in sample
HT875, where the high annealing temperature and slow furnace
cooling promote the formation of some nearly globular primary o
grains (indicated by hollow arrows in Figure 4d), leading to a
higher standard deviation in the o lamellae thickness value as
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Figure 4. Microstructure of the a) as-built, HT600 b) low and c) high magnification, HT875 d) low and e) high magnification, and f) HT950 samples.

Nearly globular primary a indicated by hollow arrows.
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Figure 5. Trend of the o/ ratio (circles), thickness of a) the primary o lamellae (triangles) and b) Vickers macrohardness (HVsq) as a function of the

annealing temperature.

shown in Figure 5a (red triangle). This trend is consistent with
findings reported in the literature.?®3>3% Moreover, it can be
observed that, with increasing annealing temperature and o
lamellae size, secondary o lamellae form within the p phase
in the HT875 sample (Figure 4e), resulting in a bi-lamellar
microstructure.”® In contrast, the HT950 sample (Figure 4f),
heat-treated above p-transus, exhibits a Widmanstitten micro-
structure, characterized by lamellar o-colonies and intricate
basketweave structures, typically associated with complete recrys-
tallization in the f field followed by slow cooling. In this sample,
the size of the primary o lamellae decreases significantly after
cooling due to the 100% P phase content at the annealing tem-
perature (Figure 4a). In this case, a lamellae nucleate from the p

Adv. Eng. Mater. 2025, e202501465 €202501465 (5 of 13)

grain boundaries during cooling. The graph in Figure 5a also
shows the variation in the o/f phase ratio as a function of the
annealing temperature, evaluated through image analysis of
FEG-SEM micrographs. An increase in a phase content is
observed with increasing annealing temperature within the
a+ B field, particularly for the HT875 samples. Conversely, as
expected, a-phase content decreases for the sample subjected
to annealing in the p field. Figure 5b shows the hardness values
for all investigated conditions. The lowest hardness is observed
in the as-built condition, due to the presence of a” martensite,
which has a softening effect on mechanical properties. Among
the heat-treated samples, HT600 exhibits the highest hardness,
owing to the o’ martensite transformation into a very fine a—f
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microstructure and the formation of Ti;Al strengthening precip-
itates, as also observed after direct ageing in the Ti64 alloy.!"’!
Furthermore, XRD analyses reported in'*®! showed a peak shift,
which may be attributed to the formation of precipitates or the
presence of residual stresses. Intermediate and comparable hard-
ness values are found for HT875 and HT950. This result
confirms that precipitation of intermetallic compounds is the
main strengthening mechanism in this alloy. Numerous
studies®”*®* have also established an inverse correlation between
primary a lamellae size and mechanical properties in a—f tita-
nium alloys after annealing. However, HT875 exhibits slightly
higher hardness compared to HT950, despite larger primary o
lamellae, suggesting that the formation of fine secondary a laths
within the p matrix contributes to an additional strengthening
mechanism. !

3.2. COF, Wear Data, and Worn Surface Morphologies

Figure 6 reports the COF, both in terms of representative
dynamic values (Figure 6a) and averaged steady-state values
(Figure 6b), evaluated after the running-in phase (300 m, indi-
cated by the dashed line in Figure 6a). The data suggest that
the as-built sample exhibits a higher steady-state COF than those
observed for the heat-treated ones. Moreover, all the heat-treated
samples displayed comparable steady-state COF values. One dis-
tinction between the analyzed conditions can be observed during
the run-in phase, with the HT600 sample exhibiting a longer
running distance before stabilizing at the steady-state value.
The run-in phase for unlubricated contacts depends primarily
on the contact between surface asperities of the components
and the possible presence of third-body debris within the con-
tact.??) The reduced toughness of the HT600 condition com-
pared to the other analyzed conditions, as observed in,**! may
have led to the detachment of oxide-based debris, which reduced
the friction coefficient during the run-in phase, as confirmed
in.*” The different behavior and stability of oxide-based layers
on the surface of samples will be further discussed in Section 3.3.

Figure 7 compares 2D wear tracks and the total wear volume
resulting from tribological contact under the investigated condi-
tions. As expected, the data reveal a consistent trend across the
samples. Notably, the as-built condition exhibited the worst wear
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behavior, while all heat treatments led to improved wear resis-
tance. Moreover, Figure 7a reveals a pronounced built-up edge
on the exit side of the wear track in the as-built sample, which
is not observed in the other conditions, suggesting substantial
plastic deformation of the material. The percentage reduction
in wear volume relative to the as-built state is indicated above each
column in Figure 7b. The results demonstrated that wear resis-
tance increases with increasing heat treatment temperatures up
to the p-transus temperature. The most substantial decrease in
wear volume was observed between the HT600 and HT875 heat
treatment conditions. Interestingly, annealing in the f field
(HT950) did not further enhance the alloy’s wear resistance; in
fact, it led to a marginal reduction in wear resistance when com-
pared to the HT875 condition. Ultimately, the HT875 samples
demonstrated superior wear resistance, achieving a 59% reduction
in wear volume compared to the as-built state. This trend is further
corroborated by the morphological maps of the wear scars
(Figure 8), obtained using an optical profilometer. For consistent
comparison, all maps were recorded using the same micrometric
scale, as shown in Figure 8. The maps clearly show that the deep-
est wear scars were measured on the as-built and HT600 condi-
tions, while the HT875 and HT950 samples displayed comparable
and significantly less severe wear scar morphologies.

Figure 9 shows representative FEG-SEM images of the wear
scars for the tested conditions, highlighting the predominant
wear mechanisms: adhesion (A) and tribo-oxidation (T), as indi-
cated in each image. In the as-built condition (Figure 9a), distinct
areas of adhesive and tribo-oxidative wear are evident. In con-
trast, tribo-oxidation emerges as the dominant wear mechanism
in the HT600 (Figure 9b), HT875 (Figure 9c), and HT950
(Figure 9d) samples. Each image in Figure 9 includes insets
marking the regions where semiquantitative EDS analyses
were performed. The results of these analyses, summarized in
Table 4, confirm that the brightest residues on the wear surface
consist of oxidized titanium debris, consistent with findings by
Kan et al.,'*? as well as iron debris originating from the counter-
material (steel cylinder). In the as-built case, the region marked
with the letter A, where adhesive wear is prevalent, showed a
lower oxygen content compared to tribo-oxidative zones. This
observation further corroborates the dominance of adhesive wear
in these areas.
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Figure 6. a) Dynamic and b) steady-state COF.
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Figure 8. Morphological maps of the wear scars of the a) as-built (gray), b) HT600 (blue), c) HT875 (red), and d) HT950 (green) samples and their

respective micrometric scale.

3.3. Cross-Sectional Analysis of Wear Scars

Cross-sectional examinations of the wear tracks, discussed in this
paragraph, consistently show an oxide layer across all tested
conditions. This observation confirms tribo-oxidation as the pri-
mary wear mechanism. This layer develops because of sliding
contact in an oxidizing environment, which generates localized

Adv. Eng. Mater. 2025, e202501465 €202501465 (7 of 13)

frictional heating and subsequently forms oxidized wear debris.
Additionally, the tribological sliding contact induces local plastic
deformation of the alloy, which facilitates continuous mixing of
the metallic substrate with the oxide layer as sliding progresses.
This process results in the formation of the so-called mechani-
cally mixed layer (MML), as evidenced by several studies.l*'**
Figure 10 presents FEG-SEM micrographs of the cross-sections
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Figure 9. FEG-SEM images of the wear scars for the a) as-built, b) HT600,
c) HT875, and d) HT950 conditions. Insets in each image indicate the
regions analyzed via EDS (results provided in Table 4). The labels A
and T correspond to prevailing adhesion and tribo-oxidation, respectively.

Table 4. Semiquantitative EDS data measured on wear scars in the areas
indicated by insets in Figure 9.

Elements [wt%)] Ti Al Zr Sn Mo o Fe
AB_A Bal. 3.7 2.4 0.8 3.5 5.6 0.4
AB_T Bal. 4.1 31 1.3 43 19.0 2.6
HT600 Bal. 3.6 2.4 0.9 3.1 24.3 39
HT875 Bal. 4.4 - 2.4 - 24.8 3.8
HT950 Bal 35 23 0.9 35 19.7 2.0

obtained beneath the tribological contact area, both before and
after chemical etching. Nonetched back-scattered electrons
(BSE) images (Figure 10a,c,e,g), combined with EDS analyses
(Table 5), help to understand the architecture and the composi-
tion of this layer. The BSE micrograph of the as-built sample
(Figure 10a) particularly highlights veins of nonoxidized metal
(light gray regions, AB_2 EDS analysis in Table 5) located within
the oxidized zone (dark gray areas in the micrograph, AB_1 EDS
analysis in Table 5). The formation of MML not only involves
both metallic Ti-based material and oxidized material but also
incorporates debris from the steel counter-body, as evidenced
by the EDS results in Table 5. Fe- and Cr-based debris were
detected in both oxidized and unoxidized states. Fe-oxide inclu-
sions were identified in the HT600_1 zone (Figure 10c), while
unoxidized Fe and Cr were observed in the HT875_2 zone
(Figure 10e). Furthermore, the BSE images reveal a correlation
between lower O content and regions where the oxide appears
more stable and less prone to cracking, as observed in

Adv. Eng. Mater. 2025, 202501465 €202501465 (8 of 13)
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Figure 10. FEG-SEM cross-section BSE images of different samples in
unetched (left) and etched (right) conditions: a,b) as-built, ¢,d) HT600,
e,f) HT875, and g,h) HT950. The insets in the unetched samples are
related to the zones analyzed with EDS in Table 5.

points HT875_1 and HT950_2. Chemically etched micro-
graphs (Figure 10b,d,fh) further highlight the microstructural
modification resulting from tribological contact. In heat-
treated samples, the microstructure below the MML under-
went significant plastic deformation, which refined the
a and P lamellae, with the effect being most pronounced in
coarser microstructures, such as the HT875 sample
(Figure 10f). According to Kan et al.,/*”! the martensitic micro-
structure in the as-built alloy should transform into an a—f
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structure due to the heat generated by friction and surface
oxygen diffusion. Nevertheless, metallographic etching in
Figure 10b did not confirm this transformation. The character-
ization of the cross-section of the wear scars, presented
in Figure 10, provides insights into the thickness and

Table 5. Elemental composition obtained with EDS analysis on the insets
in Figure 10.

Elements [wt%] Ti Al Zr Sn Mo o Fe Cr
AB_1 Bal. 3.9 2.7 1.0 4.2 24.1 4.0 0.0
AB_2 Bal. 4.6 33 1.7 4.6 5.9 0.9 0.0
HT600_1 Bal. 2.8 1.8 0.7 2.9 38.0 14.1 0.0
HT600_2 Bal. 3.8 2.6 1.0 4.1 20.1 6.3 0.0
HT875_1 Bal. 3.5 2.5 0.7 3.8 15.4 3.0 0.0
HT875_2 Bal. 2.6 1.8 0.7 29 123 32.8 2.1
HT950_1 Bal. 4.6 1.1 0.8 1.2 25.9 0.3 0.0
HT950_2 Bal. 4.0 2.7 1.5 4.2 16.5 33 0.0
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compactness of the MMLs. By comparing etched and unetched
micrographs, the HT875 samples demonstrate the most stable
and compact MML, whereas cracks and regions of instability
are evident in the HT600 (Figure 10d), which exhibits the most
cracked MML and the highest wear rate among the heat-treated
samples. Figure 10a,b illustrates the presence of nonoxidized
alloy intermixed with the MML layer in the as-built cross-
section, confirming a higher amount of adhesive wear com-
pared to other heat treatment conditions. A schematic of
the wear mechanism and MML formation for the conditions
as-built, HT600, and HT875 is shown in Figure 11.

EDS X-ray maps for the HT600 and HT875 samples are pre-
sented in Figure 12. These maps were obtained to identify the
MML composition and to assess whether differences existed
between the more cracked MML (HT600) and the more stable
MML (HT875). The maps confirmed earlier statements about
the correlation between O content and crack susceptibility.
As shown by the EDS maps, the outermost cracked layer of
the HT600 sample displays a wider distribution of O across
the whole thickness of the MML, whilst in HT875 the distribu-
tion of O tends to concentrate in a thinner surface layer.

Figure 11. Graphical representation of wear evolution during sliding with MML formation for a) as-built, b) HT600, and c) HT875 conditions.
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Figure 13. a) Average thickness of the oxidized layer in the tested conditions. b) Vickers microhardness (HVys) profiles under the wear tracks. The points

on the right-hand side of (b) represent bulk hardness values.

Furthermore, the increased Fe concentration in the oxidized
layer corroborates the presence of iron oxides inside the MML.

Figure 13a shows the average thickness of the oxide layer
formed on the samples, measured across different areas of the
cross-section. Consistent with previous observations, the as-built
sample exhibits the thinnest oxide layers, indicating that tribo-
oxidation is accompanied by adhesive wear. In contrast, the
HTG600 and HT875 samples display the thickest layer, with HT875
featuring a particularly compact and stable layer. Figure 13b shows
the Vickers HV, 5 hardness profiles across the cross-sections, from
20 pm below the wear track, toward the bulk. The HT875 sample
exhibited significant surface hardening, with approximately a 20%
increase compared to the bulk hardness. The microhardness under
the wear track of the as-built sample is higher than in the HT950
condition due to the higher tendency of a” martensite toward strain
hardening, as also observed in.”® Furthermore, the microhardness
in the HT950 condition shows a higher variability (i.e., larger stan-
dard deviation) because it is influenced by the distribution of

Adv. Eng. Mater. 2025, 202501465 €202501465 (10 of 13)

microstructural constituents: basketweave structure and o-lamellar
colonies (Figure 4f) have different resistance to dislocation move-
ment and subsequent plastic deformation.**! The sub-surface hard-
ness of the HT950 samples remains largely unaffected by the
tribological contact. Conversely, the HT600 sample shows an oppo-
site trend, with surface softening induced by frictional heating,
which may lead to precipitate coarsening, resulting in a 7% reduc-
tion in hardness within the first 40 pm from the contact surface.
In general, the microhardness of HT600 is higher than the as-built
sample because this heat treatment condition effectively strength-
ens the alloy by inducing a” martensite transformation into a very
fine o—f microstructure and probably forming Ti;Al precipitates.

4, Discussion

A detailed analysis of the tribological behavior has shown that
tribo-oxidation is the predominant wear mechanism for all the
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conditions examined. This conclusion is supported by observations
of the wear surfaces in Figure 9, the cross-sectional observations in
Figure 10, and the EDS maps in Figure 12. The tribo-oxidation
mechanism arises from frictional heating, which, in an uncon-
trolled atmosphere, promotes the formation of a superficial oxide
layer even at low sliding speed****! accompanied by a significant
accumulation of oxidized debris. In an unlubricated sliding contact,
the localized flash temperature at the contact interface can reach
several hundred degrees Celsius. For example, experiments carried
out by Abdel-Aal et al.* on the Ti64 alloy demonstrated flash tem-
perature up to 450 °C. Such elevated temperatures not only contrib-
ute to the oxide layer formation but may also induce microstructural
changes within the material.*’!

The as-built sample serves as a benchmark for evaluating the
effects of postprocess annealing on the tribological behavior of
the Ti6246 alloy. The alloy exhibits a fully martensitic «” micro-
structure in this condition, characterized by the lowest hardness
value among the tested conditions. This microstructure also
showed the poorest wear resistance. Analysis of the worn surface
(Figure 9a) and the presence of a pronounced built-up edge on
the exit side of the wear track (Figure 6a) reveal that, in addition
to tribo-oxidation wear, a significant adhesive wear component is
present. This behavior is attributed to the inherent softening
tendency of the martensitic microstructure. The pronounced
adhesive wear also contributes to a higher COF compared to
the other analyzed conditions, as shown in Figure 6.1*) The mar-
tensitic o” phase tends to decompose locally under the combined
effects of frictional heating and oxygen diffusion, a phenomenon
previously demonstrated by Kan et al.?? Additionally, plastic
deformation caused by tribological contact further alters the
microstructure, as shown in Figure 10. However, the softening
nature of the «” martensite ultimately results in a low wear
resistance of the alloy.

For the HT600 condition, the annealing treatment conducted
at 600 °C acts as a direct ageing process from the as-built state.
ThermoCalc simulations (Figure 3) indicate that this treatment
occurs below the a; (Ti;Al) precipitate solvus line. Consequently,
the initial metastable and oversaturated microstructure produced
by the PBF-LB process promoted the formation of strengthening
precipitates during heating at 600 °C, resulting in a substantial
increase in hardness (Figure 5b). Moreover, the reduction in
the lamellar structure dimension is also responsible for the
hardness enhancement. However, despite this hardness
enhancement, the HT600 condition exhibited the lowest wear
performance among the heat-treated samples. Concerning this,
a significant instability of the oxide layer is observed, compared to
the other conditions, as evidenced by Figure 10d, probably due to
a lower fracture toughness of the MML. Despite exhibiting a rel-
atively thick oxide layer on average, the presence of internal
cracks in the oxide layer probably contributed to its detachment,
leading to instability during tribological contact. Due to its high
hardness and reduced ductility, the HT600 condition did not
allow for optimal mixing between the oxide and the substrate
during sliding, as also shown by the higher oxygen content in
the EDS maps in Figure 12, which facilitated the cracking
of the MML. Additionally, DSC analyses reported in'*®! revealed
the presence of residual stresses in HT600 samples that were not
fully relaxed by the annealing process, which are mainly tensile
in PBF-LB titanium alloys!*’! and can explain the extensive crack
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network observed in the oxide layer and its detachment. Based on
these findings, the as-built specimen should have also been
affected by residual printing stresses, but the higher deformabil-
ity and toughness induced by the o”” martensite likely mitigated
this effect. Another detrimental factor may be the coarsening of
the precipitates due to localized high temperatures generated
during the sliding contact, which could also explain the reduction
in surface hardness observed in the hardness profiles
(Figure 13b). Similar poor wear behavior in directly aged sam-
ples, compared to solution-treated counterparts, has been
reported by Su et al.™*! for Ti64 alloy in ball-on-disc tests.
Nevertheless, the HT600 condition exhibited a slight wear resis-
tance improvement over the as-built state (resulting in a 7%
reduction in wear volume), due to a change in the dominant wear
mechanism: the as-built alloy still shows residual signs of severe
adhesive wear, with nonoxidized Ti-base material still present on
the surface (Figure 9a) as well as in cross section (Figure 10a) of
the wear scar. Conversely, the HT600 condition undergoes only
milder tribo-oxidative wear (Figure 9b and 10b), even though the
oxidized MML is not as stable as in the other heat treatment
conditions, as summarized in the scheme of Figure 11.
However, by increasing the annealing temperature up to the
B-transus, a significant improvement in wear resistance is
observed, with the HT875 condition exhibiting the highest wear
resistance among the analyzed treatments. This improvement of
wear resistance may be explained by considering that in HT875,
vortex-like phenomena were observed in the near-surface region
during sliding (Figure 10e,(f), facilitating the formation of a
MML.1® This phenomenon is particularly evident in the as-built
and HT875 samples (Figure 8a,e), where the oxide layer tends to
mix with the alloy during sliding. Further supporting this obser-
vation is the significant presence of Fe detected at point HT875_2
(Figure 10e) within the oxide layer. This element originates from
the 100Cr6 cylinder, confirming the incorporation of counter-
material into the MML. The formation of the MML can be attrib-
uted to the increased ductility conferred by the microstructural
coarsening induced by annealing treatments, as previously
reported.”® The enhanced ductility facilitates the remixing of
metallic Ti-based material with the surface oxide layer during
sliding,!*®**! leading to a tougher material and reducing its ten-
dency to crack, in contrast to the behavior observed for the
HT600 condition. Previous studies®®*! proved also that the
MML significantly increases surface hardness, thereby minimiz-
ing metal-to-metal contact between the specimen and the counter
surface, and providing protection against wear loss. This effect
aligns with the superior wear performance observed in samples
treated at higher annealing temperatures (HT875 and HT950),
where the formation of a thick MML layer, exhibiting signifi-
cantly enhanced stability compared to the HT600 sample, is evi-
dent despite its higher hardness. A similar behavior was also
observed by Farockzadeh et al.,”? who found that under certain
loading conditions, high toughness, which enables the formation
of a stable MML, can be tribologically more advantageous than
high hardness. The as-built sample also shows evidence of this
phenomenon. However, its low yield strength induced by o”
martensite and the higher tendency to plastic deformation under
dry-sliding conditions occasionally result in the localization of
the oxidized MML at a higher depth below the contact surface,
as observed in Figure 10a. This can explain the extensive

© 2025 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH

B5UB917 SUOWWOD BANER.D gedtjdde auy) A pausA0B a1e SaRIL.e O ‘SN 0 S3IN JoJ AReiqiT aUljUQ AB]IA LD (SUONIPUOI-PUE-SWLBIALIY A8 1M AReId) 1 BUIIUO//SANY) SUONIPUOD PUe WS | 8U1 39S *[5202/0T/80] Uo Afiqiauliuo As|iMm ‘20 3 LediQ ILBISIS B81Y - 0Ll BIN|URID AQ SOYTOSZ0Z WRPE/Z00T OT/I0p/LU0Y A8 | 1M Ae1q 1[BUl UO"PSoUADe//SANY WOJ ) pepeo|umod ‘0 ‘8v92.2ST


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
ENGINEERING
MATERIALS

www.advancedsciencenews.com

adhesive wear zone observed on the wear track of the as-built
sample in Figure 9a.

Further insights can be derived from Vickers microhardness
profiles measured beneath the wear track (Figure 13b). These pro-
files indicate that strain hardening occurred in the Ti6246 alloy
because of deformation induced by tribological contact. The extent
of strain hardening increased with increasing annealing tempera-
ture up to just below the p-transus (HT875), only to decrease again
for the HT950 sample. This trend aligns with the evolution of the
primary a-phase lamellae thickness, as shown in the graph in
Figure 5a, which demonstrated a progressive increase up to the
HT875 condition, treating below the f transus, and a subsequent
decrease in the HT950 sample subjected to p-annealing. This
behavior can be explained by the work of Gray et al,**! who
observed that for commercially pure titanium (CP-Ti), an increase
in grain size enhances the tendency for strain hardening due to
deformation twins, which act as barriers to dislocation slip.
Additionally, the coarsened lamellar structure resulting from heat
treatment may contribute to increased hardness by facilitating
sub-surface microstructural refinement under the wear track, as
revealed in Figure 10. Beyond the size of primary a lamellae,
the type of microstructure resulting from the annealing process
likely influenced the alloy’s strain-hardening response. For exam-
ple, the HT875 sample displayed a bi-lamellar microstructure
(Figure 4e), characterized by the formation of very fine secondary
o lamellae within the p phase during cooling. This contrasts with
the purely lamellar microstructure observed in the HTG600
(Figure 4b,c) and the Widmanstitten basketweave microstructure
seen in the HT950 sample (Figure 4f). Research by Chong et al.**!
on the o—f Ti64 alloy suggests that annealing in the a—p intercrit-
ical range, i.e., slightly below the p-transus, can produce a dual-
phase microstructure with enhanced strain-hardening properties
compared to a purely lamellar microstructure. The increased hard-
ness of the HT875 sample, due to strain hardening and micro-
structural refinement, thus allows for better support of the
oxide layer formed on the surface due to tribological contact, con-
tributing to the observed improvement in wear resistance.

Compared to the as-built condition, the HT875 sample exhib-
ited a reduction in wear volume of 59%. These findings highlight
the critical role of annealing temperature in optimizing the
mechanical and tribological performance of Ti6246 alloy proc-
essed via PBF-LB.

5. Conclusions

This study investigates the tribological behavior of the PBF-LB
Ti6246 alloy in the as-built condition (benchmark) and following
dedicated postprocess annealing treatments (2h at 600, 875, and
950 °C). The findings demonstrate that annealing temperature sig-
nificantly affects the tribological properties of the alloy, especially
in terms of improved wear resistance after heat treatment. Key
observations are reported below: 1) the as-built sample exhibited
the worst wear behavior, primarily due to the detrimental influ-
ence of o martensite on hardness. This phase contributed to
adhesive wear. This was attributed to its high susceptibility to
plastic deformation, which also resulted in a higher COF.
2) The HT600 sample, despite exhibiting the highest hardness
among the heat-treated samples, demonstrated the poorest wear
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performance. This was attributed to the instability of the oxide
layer formed during sliding contact, as well as to potential coars-
ening of precipitates due to localized elevated temperatures, which
compromised the hardness beneath the wear track. 3) Heat treat-
ments performed in the o—p phase field (HT600 and HT875)
revealed a linear correlation between wear resistance and treat-
ment temperature. The enhanced resistance for the HT875 sam-
ple can be attributed to the formation of a more compact and stable
mechanically mixed layer (MML), facilitated by the enhanced duc-
tility resulting from microstructural coarsening. Additionally,
the growth of primary a—phase lamellae contributed to increased
sub-surface strain hardening, providing higher load support to the
oxide layer. Therefore, the formation of this type of MML is
desirable during service of functional components. 4) The
HT950 sample, treated above the p-transus temperature, exhibited
lower wear resistance compared to the HT875 condition. Despite
the presence of a dense and stable MML, sub-surface strain hard-
ening was minimal due to the finer microstructure resulting from
complete recrystallization in the p-phase field.

These findings highlight the critical role of annealing temper-
ature in tailoring the tribological performance of PBF-LB Ti6246,
with the HT875 condition offering the optimal balance of micro-
structural stability and mechanical support to the MML for supe-
rior wear resistance.
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