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Abstract. This study explores an intermetallic orthorhombic titanium alloy produced by incorporating varying copper concentrations 

ranging from 0 to 6 wt. % through in-situ doping during selective laser melting (SLM) fabrication, coupled with simultaneous substrate 
preheating. The investigation delves into the influence of copper introduction on grain refinement within the primary B2/β-phase and 
subsequent alterations in mechanical properties. Through X-ray diffraction analysis and scanning electron microscopy, the microstructure 
characterized by the presence of the B2/β-phase and orthorhombic phase precipitates was identified. Additionally, the detection 
of a minor quantity of the α2-Ti3Al-phase was noted, with its proportion increasing proportionally with the augmentation of copper 
content. Differential scanning calorimetry revealed a shift in the phase transformation temperatures towards higher temperatures and 
a constricted α2-Ti3Al + B2/β + Ti2AlNb region, attributed to the inclusion of copper. The addition of copper, up to 6 wt. %, resulted in 
the softening and embrittlement of the orthorhombic alloy, forming a fine-grained microstructure with an average grain size of 8.3 μm. 
Energy dispersive X-ray spectroscopy confirmed the presence of an intermetallic O-phase along the grain boundaries, contributing 
to a 12 % increase in hardness compared to the orthorhombic alloy without copper after SLM with substrate heating at 850 °C. An 
alloy containing 4 wt. % copper exhibited superior plastic properties and a tensile strength of 1080 MPa, comparable to the strength 
of the orthorhombic alloy obtained via SLM followed by hot isostatic pressing. 
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IntroductionIntroduction
Titanium aluminide-based intermetallic alloys 

have garnered significant attention  among researchers 
as potential heat-resistant materials to  replace nickel 
alloys in automotive and aerospace industries. Among 
these, orthorhombic titanium alloys stand out due 
to  their exceptional heat  and creep resistance, attribu
ted to  the  presence of  the  orthorhombic intermetallic 
Ti2AlNb [1]. However, the existence of this intermetal-
lic phase poses challenges in fabricating products using 
traditional methods [2–4]. 

Modern orthorhombic titanium aluminide alloys sur-
pass previous generations based on the Ti3Al interme-
tallic compound in various aspects. It is widely acknow
ledged that  incorporating β-isomorphous dopants such 
as Mo, V, Ta, and especially Nb, into  titanium alumi-
nide-based alloys has enhanced their creep and strength 
properties at elevated temperatures [5–7]. Copper dop-
ing has been employed to  combat  the  embrittlement 
of  titanium alloys at  lower temperatures while impro

ving their strength characteristics [8]. Previous studies 
indicate that  resulting eutectics in such alloys contain 
the Ti2Cu intermetallic compound, acting as a strength-
ening agent [9; 10]. The  addition  of  copper also aids 
in reducing temperature gradients during the laser mol
ding process in a powder bath tank, promoting the for-
mation of equiaxed eutectoid grains in binary alloys due 
to the solutal undercooling effect [11; 12]. Despite cop-
per’s positive impact on  enhancing thermal conducti
vity and heat resistance, the divergence in melting tem-
peratures among components heightens the risk of gas 
pore and crack formation [13]. 

The intermetallic casting of titanium alloys demands 
strict adherence to  specific fabrication  conditions, 
including a high-quality surface for casting molds, ele-
vated temperatures, and a protective atmosphere to pre-
vent defect formation [14]. These alloys possess higher 
brittleness and reduced machinability, leading to labor-
intensive and costly machining processes  [15; 16]. 
Consequently, there is relevance in exploring additive 
technologies (AT) for manufacturing products from 
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Аннотация. Проведено исследование интерметаллидного орторомбического титанового сплава, полученного методом селек-

тивного лазерного плавления (СЛП) с добавлением меди в количестве от 0 до 6 мас. % с помощью in situ легирования 
в процессе изготовления с использованием подогрева подложки от 300 до 850 °С. Показано, что введение меди в сплав спо-
собствовало измельчению зерна первичной B2/β-фазы и изменению механических свойств. В результате рентгеноструктур-
ного анализа и сканирующей микроскопии была выявлена микроструктура, состоящая из B2/β-фазы с выделениями орто-
ромбической фазы. Также в образцах прослеживается наличие небольшого количества α2-Ti3Al-фазы, количество которой 
увеличивается с повышением содержания меди в сплаве. Методом дифференциальной сканирующей калометрии установ-
лено, что добавление меди приводит к смещению температур фазовых превращений в область более высоких температур 
и сужает область α2-Ti3Al + B2/β + Ti2AlNb. Введение меди до 6 мас. % обуславливает разупрочнение и охрупчивание орто-
ромбического сплава с формированием мелкозернистой микроструктуры, средний размер зерна которой составил 8,3 мкм. 
Результаты энергодисперсионной рентгеновской спектроскопии показали наличие на границах зерен интерметаллидной 
О-фазы, что способствовало увеличению твердости на 12 % в сравнении с орторомбическим сплавом без добавления меди 
после СЛП с  подогревом подложки при 850 °C. Наилучшие пластические свойства проявил сплав с содержанием меди 
4 мас. % при пределе прочности 1080 МПа, что сопоставимо со значением прочности орто-сплава, полученного методом 
СЛП после горячего изостатического прессования.  

Ключевые слова: орторомбический сплав, аддитивное производство, авиационные сплавы, легирование, in situ легирование
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intermetallic titanium alloys  [17; 18]. the  applica-
tion of At  in producing intermetallic alloys often leads 
to  crack formation  and involves significantly higher 
cooling rates compared to casting processes. This discre
pancy contributes to the generation of substantial thermal 
stresses [13]. To mitigate thermal stress in selective laser 
melting (SLM) technology, controlling temperature con-
ditions during crystallization becomes essential. Studies 
have demonstrated that  the  production  of  defect-free 
intermetallic samples necessitates additional high-tem-
perature substrate preheating during SLM  [19]. It has 
been observed that heating the substrate above 800 °C is 
necessary to achieve defect-free samples from Ti2AlNb 
ortho-alloys incorporating microalloying elements [20]. 
Nevertheless, the  influence of  copper on  the  proces
sability of ortho-alloy production during SLM remains 
insufficiently explored [21]. 

In situ synthesis represents a relatively new approach 
that  holds the  potential to  streamline fabrication  pro-
cesses and reduce production costs for new alloys and 
their associated products. The  synthesis of  required 
composition  alloys from elemental powders has con-
ventionally been achieved through powder metallurgy 
methods, including techniques like hot isostatic pres
sing (HIP) [22] and spark plasma sintering [23]. These 
methods have also found application in titanium-based 
alloys, notably in selective laser melting and other addi-
tive manufacturing technologies [21; 24; 25].

This article presents the outcomes of an in situ inves-
tigation  involving the  doped orthorhombic titanium 
alloy produced via selective laser melting. The  study 
examines structure formation  and alterations in phase 
composition  resulting from the  addition  of  copper in 
quantities ranging from 0 to 6 wt. %.

ExperimentalExperimental
For this research, a powder mixture was emp

loyed, derived from blending ortho-alloy powder 

Ti–22Al–23Nb–0.8Mo–0.3Si–0.4C–0.1B–0.2Y  (at. %) 
(manufactured by AMC Powders Co. Ltd, China) and 
PMS-1 copper powder in varying proportions of 2, 4, 
and 6 wt. % (Fig. 1). The  blending process involved 
a vertical mixer and lasted for 12 h. The copper pow-
der, with a purity level of 99.5 %, was manufactured via 
the  electrolyte method and characterized by dendritic 
particle morphology. The  initial powder of  the  ortho-
alloy consisted of  spherical particles with an  ave
rage size of  d50 = 33 µm, produced through the  gas 
atomization method.

Samples measuring 10×10×10 mm were manufac-
tured for microstructure analysis from the  prepared 
mixture using the  SLM method on AconityMIDI unit 
(Aconity3D GmbH, Germany). fitted with a fiber laser 
with a wavelength of 1070 nm and a maximum power 
of  1000 W. The  samples were fabricated in a  protec-
tive argon  atmosphere, and the  substrate was pre-
heated to  temperatures of  300, 500, and 850 °C prior 
to the commencement of laser processing. The chosen 
range of substrate preheating temperatures aligned with 
the region of the eutectoid transformation of Ti2Cu, as 
well as based on insights gleaned from previous studies 
on SLM processes involving orthorhombic alloys [26].

During the  SLM method, samples were fabricated 
using a volumetric energy density level set at 49 J/mm3. 
Selection  of  the  primary process parameters for SLM 
was based on prior investigations into the SLM process 
for the ortho-alloy [20], ensuring conditions that would 
yield samples with a relative density exceeding 99 %. 
Samples with a diameter of 12 mm and a length of 70 mm 
were produced for the examination of mechanical pro
perties. These samples were further machined to comply 
with the sizes specified by GOST 1497-84.

Microstructural and energy dispersive analy-
ses (EDX) were conducted using a Mira 3 LMU scan-
ning electron  microscope (Tescan, Czech Republic). 
X-ray phase analysis (XPA) was performed employing 
a Bruker  D8  Advance X-ray diffractometer (Bruker, 

Fig. 1. SEM images of initial copper powder (a)  
and powder mixture ortho-alloy + copper at various Cu contents (b–d)

Cu, wt. %: b – 2; c – 4; d – 6 

Рис. 1. СЭМ-изображения исходного порошка меди (а)  
и порошковой смеси орто-сплав + медь при различном содержании меди (b–d)

Cu, мас. %: b – 2; c – 4; d – 6
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Bremen, Germany) using CuKα radiation (λ = 1.5418 Å). 
Differential scanning calorimetry (DSC) was carried 
out using a STA409 Netzch/Pegasus analyzer (Netzch, 
Germany) employing a heating rate of  10 °C/min in 
an  argon  flow environment. Hardness measurements 
of  the  samples were taken using a Buehler  VH1150 
unit (Buehler, USA) under a 500 g load. Tensile tests 
were conducted on a Zwick/Roell Z100 testing machine 
(Zwick/Roell, Germany).

Results and discussionResults and discussion
Fig. 2 displays images showcasing microstructures 

of  ortho-alloy with 6 wt. % copper, profuced using 
the  SLM method at  different substrate preheating 
temperatures. The  microstructure and phase composi-
tion  of  the  ortho-alloy, when combined with copper, 
exhibit considerable changes based on  alterations in 
the  substrate temperature during the  SLM process. 
At  a relatively low preheating temperature of 300 °C, 
the microstructure manifests as a single-phase structure 
comprising the B2/β phase with a bcc lattice (Fig. 2, a). 
Notably, thermal stress-induced cracks are observed 
on these samples. Elevating the preheating temperature 
to 500 °C induces the precipitation of the orthorhombic 
Ti2AlNb-phase (dark gray color) along the  bounda
ries of  primary β-grains (Fig. 2, b). Further escala-
tion of the temperature to 850 ºC initiates the thicken-
ing of ortho-phase precipitates along β-grain boundaries 
(Fig. 2, c). Additionally, finely dispersed needle-shaped 
ortho-phase precipitates (gray color) begin to  form 
within the β-grains. Notably, regions with higher copper 
content were not detected through microstructural ana
lysis. Energy dispersive analysis confirmed the homo-
geneous distribution  of  copper throughout the  sample 
volume post-SLM of the powder mixture.

The  observed transformations in microstructure 
and phase composition of the ortho-alloy, coupled with 
copper addition, as influenced by varying substrate pre-

heating temperatures, align with previous research con-
ducted on the ortho-alloy without copper [20]. However, 
the addition of copper notably facilitated the prominent 
formation  of  ortho-phase precipitates near boundaries 
and led to a reduction in the size of primary β-grains.

To  mitigate crack defects in ortho-alloy samples 
combined with copper, it became evident that  higher 
substrate preheating temperatures were necessary. 
At  temperatures of  t = 300 and 500 °C, the  fabricated 
samples exhibited cracks due to  substantial residual 
stresses, mirroring observations from previous studies 
on ortho-alloy without copper [20]. Consequently, fur-
ther investigations were conducted using samples fab-
ricated at a substrate preheating temperature of 850 °C.

In Fig. 3, microstructure images of  ortho-alloy 
samples featuring varying copper content are pre-
sented. Irrespective of  the  quantity of  copper incor-
porated into  the  alloy, the  samples exhibit a two-
phase B2/β + Ti2AlNb microstructure, consistent with 
X-ray phase analysis findings (Fig. 4). Additionally, 
X-ray phase analysis indicates a minor presence 
of the α2-Ti3Al phase (white color), with its abundance 
increasing alongside the  copper content in the  alloy. 
However, specific Ti2Cu intermetallic precipitates, typi-
cal in the Ti–Cu system, were not observed in the micro-
structure of the fabricated samples. This absence might 
be attributed to the high cooling rate inherent in the SLM 
process. A notable characteristic of the resulting micro-
structures is the  influence of  the  melt bath outlines. 
The boundaries of the melt baths primarily exhibit small 
equiaxed grains, while elongated grains are predomi-
nantly observed in the center of the bath (Fig. 3, c). This 
distribution pattern mirrors the direction of heat dissi-
pation, which largely coincides with the growth direc-
tion. For example, the article [27] refers to the forma-
tion of a composite microstructure featuring columnar 
and equiaxed crystallites, positioned differently along 
the laser movement direction based on scanning speed 
variations.

Fig. 2. Microstructure of ortho-alloy with 6 wt. % Cu  
substrate preheating at 300 °C (a), 500 °C (b) and 850 °C (c) 

Рис. 2. Микроструктура орто-сплава с добавлением 6 мас. % меди, изготовленного  
при температурах подогрева подложки 300 °C (а), 500 °C (b) и 850 °C (c)
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Fig. 5 presents the  results obtained from the  dif-
ferential scanning calorimetry (DSC) analysis con-
ducted on  Ti22Al25Nb alloys, both with the  inclu-
sion  of  6 wt. % copper and without it. In both cases, 
an  exothermic transformation  within the  temperature 
range of  t = 631÷663 °C is observed during prehea
ting, linked to  the  precipitation  of  the  orthorhom-
bic phase. Furthermore, the  curve exhibits an  inflec-
tion  towards the  endothermic transformation  within 
the В2/β + О zone, potentially correlated with the eutec-
toid decomposition  of  B2/β, leading to  the  forma-
tion of α + Ti2Cu. The DSC curve for the copper-doped 
alloy displays a noticeable shift in the peaks of phase 
transformations, expanding the regions associated with 
О-Ti2AlNb and B2/β + O. Consequently, this narrows 
the region wherein the α2-Ti3Al intermetallic compound 
is formed. However, it’s important to note that doping 
with copper did not significantly impact the temperature 
associated with the O + B2/β → B2 phase transition.

The incorporation of copper into the ortho-alloy via 
in situ doping during the SLM process, conducted under 
substrate preheating conditions at  t = 850 °C, notably 
facilitated significant grain refinement. A clear trend 
toward grain size reduction  is observed, commencing 
with the  addition  of  2 wt. % Cu, resulting in almost 
a halving of  the β-phase grain size (Fig. 6). The aver-
age grain size in the  ortho-alloy lacking copper addi-
tion  measured 50.7 µm. Notably, the  most substantial 
grain refinement, achieving an average size of 8.3 μm, 
was attained with the highest copper content of 6 wt. %. 
The enhanced thermal conductivity of copper compared 
to  titanium ortho-alloy plays a crucial role in intensi-
fying heat  dissipation  during melt crystallization  in 

Fig. 3. Microstructure images  
of ortho-alloy samples produced by SLM,  

Cu content in the powder mixture
Cu, wt. %: a – 0; b – 2; c – 4; d – 6 

Рис. 3. Изображения микроструктур образцов орто-сплава, 
изготовленных методом СЛП, при различном содержании 

меди в порошковой смеси
Cu, мас. %: а – 0; b – 2; c – 4; d – 6

Fig. 4. X-ray phase analysis of ortho-alloy samples  
with copper content variation produced by SLM method  

at substrate preheating of 850 °C 

Рис. 4. Результаты рентгенофазового анализа  
образцов орто-сплава с различным содержанием меди,  

изготовленных методом СЛП  
при температуре подогрева подложки 850 °C
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the laser processing, consequently promoting the forma-
tion of a finer-grained microstructure [13]. Additionally, 
the presence of copper particles can induce the forma-
tion of secondary phases that effectively impede grain 
growth [10].

Fig. 7 illustrates the  tensile curves of  ortho-alloy 
samples containing varying copper content. The altera-
tion in the mechanical properties of the alloy showcases 
a complex trend, where an increase in copper content ini-
tially results in heightened strength, particularly evident 
with 2 wt. % Cu. However, further escalation of copper 

content leads to  a reduction  in strength and eventual 
embrittlement of the alloy, despite the reduction in grain 
size. This embrittlement might be attributed to the for-
mation and enlargement of brittle precipitates, particu-
larly the intermetallic O-phase, located along the grain 
boundaries  [16; 24]. It’s worth noting that  the  ten-
sile strength exhibited by the  ortho-alloy containing 
2 wt. % Cu in its initial state following SLM is compa-

Fig. 5. Results of differential scanning calorimetry of ortho-alloy samples with 6 % copper (a)  
and without copper (b) produced by SLM at substrate preheating of 850 °C 

Рис. 5. Результаты дифференциальной сканирующей калометрии образцов орто-сплава с содержанием меди 6 % (а)  
и без меди (b), изготовленных методом СЛП при температуре подогрева подложки 850 °C

Fig. 6. Average grain size of ortho-alloy produced  
by SLM with different copper content 

Рис. 6. Средний размер зерна орто-сплава, изготовленного 
методом СЛП, при различном содержании меди

Fig. 7. Room temperature tensile test results  
for ortho-alloy samples with varying copper content

Рис. 7. Результаты испытаний на растяжение  
при комнатной температуре для образцов орто-сплава  

с различным содержанием меди
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rable in value to the strength of the ortho-alloy lacking 
copper, obtained via the SLM method followed by hot 
isostatic pressing and subsequent heat treatment [17].

The  hardness of  ortho-alloy samples displays 
an  uneven change with increasing copper content. 
Incorporating 2 wt. % Cu into  the ortho-alloy resulted 
in a 5 % increase in hardness, measuring 388 HV0.5 
compared to the sample without copper. Subsequently, 
the  highest microhardness values of  405 HV0.5 were 
achieved with a copper content of  6 wt. %, corre-
sponding to the smallest grain size and a higher quan-
tity of  the  intermetallic phase. The  initial hardness 
of  the  ortho-alloy lacking copper stood at  360 HV0.5 . 
Therefore, the  addition  of  6 wt. % Cu led to  a 12 % 
increase in hardness. The  observed higher hardness 
values are attributed to the refined grains brought about 
by the  addition of  copper, leading to  a higher density 
of  grain boundaries where the  orthorhombic interme-
tallic phase precipitates form. Notably, an  optimal 
ratio between α2-Ti3Al and the  ortho-phase, found in 
the alloy containing 4 wt. % Cu, resulted in a hardness 
of 364 HV0.5 .

However, the addition of 4 wt. % Cu, despite grain 
refinement, led to  the embrittlement of  the alloy. This 
effect is observed in conditions of  high concentra-
tion  of  grain boundaries where a fringe of  a brittle 
intermetallic phase exists. EDX analysis (Fig. 8) indi-
cated a higher concentration of titanium, aluminum, and 
copper on  the grain boundaries compared to  the main 
grain volume. To mitigate the quantity of embrittlement 
phases along the grain boundaries, additional heat treat-
ment may be considered, which will be explored in 
future research articles.

ConclusionsConclusions
This study investigates the  impact of  copper 

on  the  microstructure and mechanical properties 
of an orthorhombic titanium alloy manufactured through 
in situ doping during the selective laser melting process. 
The study’s key conclusions are as follows:

1. Introduction  of  copper (0 to  6 wt. %) results in 
a significant microstructure refinement, yielding fine 
equiaxed grains. Within the  studied copper content 
range, the phase composition of the ortho-alloy prima
rily consists of a two-phase B2/β + Ti2AlNb microstruc-
ture, with a limited presence of α2-Ti3Al phase.

2. Variation  in substrate preheating temperatures 
during the SLM process (ranging from 300 to 850 °C) 
leads to  distinct alterations in the  alloy’s microstruc-
ture and phase composition. Starting with a singular 
B2/β-phase at 300 °C, the process progresses to the for-
mation of  the O-phase, accompanied by the precipita-
tion  of  the Ti3Al phase at  a substrate preheating tem-
perature of 850 °C. Notably, high-temperature substrate 
preheating serves as an  effective method to  prevent 
crack formation during the SLM process.

3. The  addition  of  6 wt. % Cu resulted in a 12 % 
increase in the  hardness of  the  ortho-alloy compared 
to  the  alloy without copper. However, the  inclu-
sion  of  4 wt. % Cu notably enhanced the  alloy’s 
strength, achieving a tensile strength of  1080 MPa, 
which is comparable to the strength of the copper-free 
ortho-alloy produced using SLM technology followed 
by hot isostatic pressing.

4. Embrittlement observed in the  orthorhombic 
intermetallic alloy could be attributed to  the  suppres-

Fig. 8. Energy dispersive analysis of ortho-alloy sample with 6 wt. % Cu 

Рис. 8. Результаты энергодисперсионного анализа образца орто-сплава с 6 мас. % меди
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sion of the ortho phase, leading to its precipitation along 
grain boundaries and subsequent decay. This phe-
nomenon  is exacerbated by grain refinement induced 
by the presence of copper in the alloy.
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