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Oxidation kinetics of Ti6Al4V alloy deposited by wire arc additive
manufacturing using Ar gas as processing atmosphere
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Ti6Al4V alloy is currently the most common metal alloy of theα+β phase type, its application is increasing as it has excellent properties at
elevated temperatures. The main users of Ti6Al4V alloy are industries such as aerospace, naval, and biomedical; therefore, Ti6Al4V alloy is
one of the most studied material worldwide to manufacture low weight and corrosion resistant components. One of the great advantages that
Ti6Al4V alloy offers is the possibility of manufacturing components in situ by means of additive technologies. Similar studies, in additive
manufacturing, have reported the formation of titanium oxide on the surface of the material, followed by an oxygen-enriched region called
“α-case”. By means of thermogravimetric analysis, the oxidation effect on the surface of Ti6Al4V samples, obtained by wire arc additive
manufacturing as well as samples from conventional manufacture, were studied. Argon gas, with an oxygen partial pressure of1 × 10−5

atm, was used as the oxidation atmosphere within a range of 823 to 1223K (550◦C to 950◦C) and oxidation times of 60 min and 180 min.
For the oxidation reaction, the kinetic analyses led to calculate the activation energy as 250 kJ/mol and 166 kJ/mol for the Ti6Al4V alloy
processed by conventional and additive manufacturing, respectively. The results of the thermogravimetric analyses were fitted to a parabolic-
type kinetic model. Furthermore, a mathematical model was proposed to predict the oxidation kinetics. The experimental data were fitted
to the mathematical model in the range of 1023-1223K (750-950◦C) for Ti6Al4V alloy by wire arc additive manufacturing. The oxidized
micro-structures were analyzed by optical and scanning electron microscopy (SEM) findingα-case on the surface of the samples.
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1. Introduction

Wire arc additive manufacturing (WAAM) is a directed en-
ergy deposition (DED) technique that uses the continuous
feeding of metal wire and an electric arc as a heat source
[1]. The wire end is molten and deposited layer by layer to
form an additively manufactured product [2]. WAAM tech-
nologies provide economic benefits over other additive man-
ufacturing (AM) methods that require gas protection systems
such as those required for powder feeding [3]. WAAM pro-
cesses incorporate variants for each conventional electric arc
welding system, such as Plasma Arc Welding (PAW) [4],
Gas Tungsten Arc Welding (GTAW) [5], and Gas Metal Arc
Welding (GMAW) [6]. The reduction of the thermal load
in the WAAM process proposed by the Cold Metal Transfer
(CMT) modification from the conventional process GMAW
was included by Fronius [7] to reduce the amount of splashes,
which increases the transfer efficiency, as well as the de-

formation of the deposit [8]. Therefore, the WAAM-CMT
mixed technique exhibits the highest deposition efficiency for
all additive manufacturing (AM) techniques [9].

The manufacturing of elements by WAAM has been used
for the development of components, for the aerospace, aero-
nautics, and biomedical industry, based on titanium and alu-
minum alloys due to their excellent mechanical properties
and density [10]. Current research on WAAM has mainly
been focus on process design, micro-structure evolution and
mechanical properties of the Ti6Al4V [11]. Suraj Paickeret
al. [12] and Thapliyalet al. [13] reported low functional re-
liability of the products obtained by WAAM due to the lack
of understanding about the effects of the process parameters
on the micro-structure and mechanical properties produced
by thermal phenomena during material deposition. There-
fore, research on CMT-WAAM technique should be focused
on the improvement of mechanical properties at high temper-
atures by understanding the degree of surface modification
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promoted by oxidation.
Due to the high affinity of oxigen for titanium Caballero

et al. [14] reported that oxidation is often observed during
the WAAM process, as well as for conventional manufactur-
ing as reported by Guleryuset al. [15]. Both investigations
found that the depth of the oxygen diffusion zone (ODZ) in-
creases with temperature and processing time. Also, oxygen
is a stabilizing element of theα phase that leads to a larger re-
gion of diffusion within the surface zone of the material [16];
therefore, there would be a strong adsorption and greater pen-
etration of oxygen into the matrix of Ti alloy [17], forming
a fragile interstitial solid solution calledα-case which down-
grades the mechanical properties [16,17]. In general, few oxi-
dation publications are reported for AM processes, the group
of Antonie Casadebaigt, studied the oxidation of the alloy
Ti6Al4V manufactured by Electron Beam Melting (EBM)
[18] and Laser Beam Melting (LBM) [19]; they obtained ac-
tivation energies for the oxidation reaction of 250 kJ/mol and
219 kJ/mol, respectively. Furthermore, they found that the
oxidation kinetics obeyed the parabolic behavior of Wagner’s
model and further described by Khannaet al. [20]. From the
Wagner model and linear regression analysis, it is possible to
describe the change in the oxidation rate by using a mathe-
matical expression as suggested by Donget al. [17].

In the present work, the oxidation kinetics of the deposits
of Ti6Al4V by WAAM-CMT and plate produced by conven-
tional manufacture were studied using Ar atmosphere with
an oxygen partial pressure of1 × 10−5atm. For both kind
of samples, the activation energy was determined by thermo-
gravimetric analyses using a high-precision thermobalance.
In addition, metallographic analyses were performed before
and after the oxidation process.

2. Methodology

2.1. Samples manufacturing

The specimens for this study were obtained from a plate
of commercial condition while thin walls were additively
fabricated by means of CMT-WAAM using ErTi5 (titanium
Grade 5 also known as Ti6Al4V) wire. Both conditions had
a chemical composition concurrent with ASTM F22924-14
[21] standard corresponding to Ti6Al4V (see Table I). The
manufacturing method for thin walls was a cold metal trans-
fer cell constituted by a VR 7000 CMT transformer manufac-

TABLE I. Chemical composition of Ti6Al4V (%wt).(1) Chemical
composition ASTM F22924-14 [21],(2) Chemical composition of
plate,(3) Chemical composition of CMT-WAAM deposit.

Al V Fe C O N H Ti
(1) 5.5-6.5 3.5-4.5 0.25 0.08 0.13 0.05 0.012 Bal
(2) 5.5 3.5 0.22 0.05 0.12 0.03 0.015 Bal
(3) 5.6 3.5 0.20 - 0.10 0.03 0.012 Bal

FIGURE 1. Schematic diagram of the deposit strategy for the man-
ufacture of multilayer walls with alternating trajectory, variable in-
terlayer time (tw), and height increment in layer-by-layer (∆HL)
construction.

TABLE II. Parameters set for CMT-WAAM deposit.

Layers Heat Interpass Avg. Feeder Ts

input time current rate

12 207 30 115 55 10

(J/mm) (seg) (A) (m/min) (mm/s)

tured by Fronius. The CMT cycle parameters were controlled
by means of a RCU5000 unit. A welding torch attached to a
6-axis robotic arm (FANUC-Mate120iC) was used to melt
the wire feed stock to build 3D walls. The robotic arm is
located at the National Consortium for Additive Manufactur-
ing (CONMAD) in Mexico. The deposit manufacturing pa-
rameters are described in Table II. A coaxial flow of Ar gas
(99.998%) was supplied through the welding torch.

Figure 1 shows the deposition strategy following a zig-
zag path with 30 seconds of interpass time (tw) and upset
(HL) increment of 5.5 mm to assure al least 20% of metallur-
gical dilution between the previous and the subsequent layer.
The samples were cut in smaller sections with dimensions of
5× 10× 7 mm employing a Buehler-Isomet equipment with
Struers MOD 13 diamond blade. After cutting, the samples
were weighed on a Mettler Toledo AB135-S/Fact precision
analytical balance to record the initial weight.

2.2. Thermogravimetric Analysis (TGA)

The weight gain was obtained using a Setaram Setsys Evo-
lution 16/18 thermogravimetric balance with an accuracy of
±0.03µg. The oxidation times were 60 and 180 min within
a temperature range from 823 to 1223 K (550 - 950◦C) with
intervals of 100 K. The oxidation processing cycles are de-
picted in Fig. 2, which were performed under an inert atmo-
sphere of Ar gas with an oxygen concentration1× 10−5 atm
and a constant flow of 0.3 mL/min which was fed from the
bottom of the reactor. The furnace reactor was made of alu-
mina with an inner diameter of 18 mm wherein the sample
was suspended by a 0.4 mm platinum wire basket. Tempera-
ture of the reaction chamber was monitored by means of an
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FIGURE 2. Overall thermal cycles for the oxidation of Ti6Al4V
samples at several isothermal temperatures. Each isothermal sec-
tion was performed at 60 and 180 min.

S-type thermocouple located just below the suspended sam-
ple.

2.3. Characterization

Samples of Ti6Al4V were subjected to metallographic analy-
ses according to ASTM E3-01 standard with abrasive SiC and
etched with chemical reagent Kroll’s (H2O 92%, HNO3 6%,
andHF 2%). The prepared samples were subjected to X-ray
diffraction analysis (XRD) using a Rigaku SmartLab diffrac-
tometer equipped with Bragg-Brentano geometry operated at
50 kv and 30 mA through CuKα radiation. The scanning was
developed with a step time of 2 s within 2θ range of 15-90◦

with a displacement of 0.02◦. Further analysis was performed
by field emission scanning electron microscopy (FE-SEM),
JEOL model JSM-7600F, using a sharp LaB6 filament. A
voltage of 5 kV and current intensity 70µA were used to ob-
tain the best image quality, to minimize charge accumulation
and to avoid to damage the sample.

3. Results and discussion

3.1. Characterization

Figure 3 shows secondary electron (SE)-SEM image of the
microstructure of the Ti6Al4V alloy in raw conditions from
plate [Fig. 3a)] and filler ErTi5 wire [Fig. 3b)], both condi-
tions showed regions with partially lengthened crystals with
orientation towards the manufacture direction. Figure 3c)
shows the morphology from deposits by CMT-WAAM that
reveals some grains consisting of differentα metastable
phases as little colonies and acicular structures. Furthermore,
CMT-WAAM deposits showed different zones thermally af-
fected due to heat interaction between plate and filler wire
during the deposition process. During material deposition
and solidification, surge in temperatures promote the growth
of smaller grains across grain boundaries where the internal
energy is higher. Figure 3d) shows two different zones of

FIGURE 3. Microstructure characterization of Ti6Al4V alloy by
SEM with secondary electrons; a) plate, b) filler ErTi5 wire, c)
CMT-WAAM deposits and d) heat affected zones [22].

FIGURE 4. Secondary electron (SE)-SEM images of the mi-
crostructures of two different heat affected regions; a) fine recrys-
tallization zone with laminated plate constituent and b) coarse re-
crystallization zone [22].

recrystallization which are caused by temperature gradients
as shown by a thermal mapping. The thermal mapping was
obtained by simulation modeling, using Ansys Mechanical
APDL, and corresponds to the right half of the of the SEM
image. With the help of the thermal mapping, it can be
observed, a fine recrystallization zone (FRZ) and a coarse
recrystallization zone (CRZ) with approximate thickness of
166µm and 245µm, respectively.

Figure 4 shows the microstructure of the different heat
affected zones described in Fig. 3. The region that exhib-
ited FRZ [Fig. 4a)] maintained the constituent morphology
observed in the plate as received condition. The width of
the laminar formations ofα + β increased slightly as well as
theα-grain size of original formation (primaries) which are
lighter. In another work, Zenget al. [23] mentioned that the
low degree of transformationα → β during cooling in that
region is due to the influence ofα secondary grains, which
even, at reduced concentration is sufficient to prevent nucle-
ation and growth ofβ grains.

The CRZ consists of a region that reached a maximum
temperature, during processing, greater than or equal to the
β transustemperature but lower than the melting temperature
of Ti6Al4V deposit (βtransus≤ T ◦ < T ◦Liquid). An increase in
temperature favors the grain growth and promotes the forma-
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FIGURE 5. Optical microscope image (left) and secondary elec-
tron (SE)-SEM images (right) of the microstructures of Ti6Al4V
deposit produced during CMT-WAAM [22].

tion of interfaces within the microstructure that lead to the
growth of columnar regions [Fig. 4b)]. It is well known that

overheating generates a decrease in the concentration of pri-
mary α grains, although the size ofα grain increases. It is
possible to observe the formation of primaryβ grains before
completing the full transformation ofα + β → β. It is also
observed that the size of the grain increases near the melting
zone.

Figure 5 shows the micro structure of Ti6Al4V deposit
produced by CMT-WAAM. The different layers in the de-
posit were characterized in the transversal section. Each
layer was 6 mm of length and 20% dilution percent with re-
spect to subsequent layers. The constituent presented epi-
taxial growth, which was acquired during the multipass pro-
cess. Higher magnification micrographs (Fig. 5) shows the
different types ofα constituents which are also reported else-
where [24]. The first alpha-phase grains are formed at the
grain boundaries of the stillβ-enriched crystals (αGB). This
first portion ofα is eventually located inβ grain boundaries
that are either continuous or discontinuous. Figure 5a) shows
the thin wall edge morphologies ofα phase located at grain
boundaries where ordered formations with similar orienta-
tion, called colonies, were also identified during the solidifi-
cation when theβ phase transform toα primary (αp). In the
central regions of the deposited wall basket-Widmanstätten
structures (αw) were found. This morphology is generated
due to solidification of the last portion of theα-phase and is

FIGURE 6. Isothermal oxidation of Ti6Al4V at different temperatures and the following conditions. a) CMT-WAAM deposits for 60 min,
b) plate for 60 min, c) CMT-WAAM deposits for 180 min, and d) plate for 180 min.
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retained within the still stable grains of theβ-phase. Higher
cooling rates promote the nucleation of thisαw phase from
the remainingβ-structures. A micrograph of thisαw phase
along with clearly definedα-colonies are shown in Fig. 5b).
Finally, large proportions of martensite constituent were
identified in the prepared samples from the deposited walls.
This metastable structure is identified asα’, which was
present in most of the deposit, and has also been reported by
Corinneet al. [25] during WAAM processing under cooling
conditions from 20 and up to 410◦C/s.

3.2. Oxidation behavior

Figure 6 shows weight gain of the Ti6Al4V samples from
plate and deposits by WAAM-CMT after being exposed to
Ar atmosphere at 823, 923, 1023, 1123 and 1223 K (550,
650, 750, 850 and 950◦C) with two different oxidation times,
namely, 60 and 180 min. Each weight measurement was di-
vided by its specific surface area to obtain normalized data.

The results from the 60 min oxidation times are shown in
Fig. 6a) for the deposits by CMT-WAAM and in Fig. 6b) for
the plate. The additively manufactured specimen exhibited a
linear weight gain until reaching the temperature of 1023 K
(750◦C). After 1023 K, the behavior of the weight gain curve
begins to show a parabolic trend. This behavior can be de-
scribed as a decrease in the rate of oxygen absorption as time
increases. Regardless of the fabrication mode of Ti6Al4V, the
oxidation kinetics showed and transient behavior from linear
to parabolic mode at about 1023 K (750◦C). These results are
in agreement with that described by Pinillaet al. [26], who
have defined an exponential behavior from 1023K (750◦C)
and a slower oxidation rate below this temperature.

Similarly, the thin-walled samples exposed for 180 min
[Fig. 6c)] showed similar oxidation behavior below 1023 K
(750◦C) while the maximum oxidation rate occurs at 1223K
(950◦C). In contrast, the plate sample [Fig. 6d)] shows a less
parabolic as a function of time. Rajabiet al. [27] explained
that the thermal oxidation for particles can be fitted to data
whose governing reaction can be either limited by the product
layer on the particle surface or limited by the rate of chemical
reaction at the interface. They highlight the sub-linear behav-
ior in the early stages of oxidation gradually changing to sub-
parabolic behavior due to the reduction of the surface area
available for the reaction. A diffusion phenomenon through
the product layer on the surface of the thin-walled samples
may explain the behavior of the oxidation kinetics at 1223 K
(950◦C), which was slower in contrast to the plate sample.

In the near-surface regions of Ti6Al4V samples, the ten-
dency of the formation of an oxygen-enrichedα-case has
been studied [15,28-30]. The higher density ofα-case limits
further oxygen absorption. The surface energy can be higher
in case of the deposits by CMT-WAAM generating higher
oxidation kinetics in early stages of oxidation. As theα-case
layer becomes thicker, the reaction kinetics decreases pro-
moting the parabolic order law as shown in Fig. 6c). In this
sense, the surface energy available on the sample plate should

be less as the oxidation reaction maintains a constant growth
with increasing time. This assumption can be validated with
the development of a mathematical approach for the calcu-
lation of oxidation rate of Ti6Al4V for both conditions; de-
posits by CMT-WAAM and plate samples. The temperature
dependence of the oxidation reaction as well as the activation
energy, for both manufacturing processes of Ti6Al4V, was
calculated using a linear fit of the Arrhenius equation:

Kp = Ae
− Ea

RT , (1)

whereKp is the oxidation constant,A is the frecuency fac-
tor, Ea is the activation energy,R is the ideal gas constant
(8.4143 J/ mol·K), andT is temperature. Equation (1) can be
rewritten by taking the natural logarithm on both sides of the
equation leading to Eq. (2). By plotting the inverse of tem-
perature(1/T ) vs. ln(Ea), as shown in Fig. 7, the slope of
the linear fit is the value of the activation energy(Ea) divided
by the ideal gas constant.

FIGURE 7. Activation energy for the oxidation of Ti6Al4V alloy at
temperatures between 823 and 1223 K (550-950◦C). a) 60 min of
oxidation time b) 180 min of oxidation time.
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ln(Kp) = ln(A)− Ea

R

(
1
T

)
, (2)

wherey = ln(Kp), b = ln(A), m = Ea/R, and x = 1/T .
The oxidation kinetics of the thin-walled samples showed

a good linear fitting from 823 to 1223 K (550− 950 ◦C) (see
Fig. 7). On the contrary, the oxidized samples, obtained from
the plate, exhibited an inflection point in the slope as shown
in Fig. 7a) and 7b). The inflection in the slope coincides with
the observed behavior in Fig. 6. The change in the slope can
be defined as a change in the activation energy required for
the oxidation reaction of Ti6Al4V.

The Ea values of the oxidation reaction (for the condi-
tions analyzed in this work) were calculated from the slopes
of the Arrhenius plots. The samples manufactured by CMT-
WAAM treated for 60 and 180 min presented values ofEa

of 166 kJ/mol and 190 kJ/mol, respectively. The difference
in the Ea is about 12%, this can be attributed to the mayor
resistance of the oxygen diffusion through the product layer
for samples oxidized during 180 min. Similarly, theEa val-
ues calculated for the Ti6Al4V plate samples are presented in
Table III for oxidation times of 60 and 180 min. The kinetic
behavior of plate samples were found to be different from that
observed with the thin-walled sections due to a change in the
slope of the curves for both isothermal oxidation times. For
commercial plate in the temperature range of 823 to 1223 K
(550− 750 ◦C), theEa was found to be 250 and 237 kJ/mol
for isothermal oxidation times of 60 and 180 min, while for
the analysis temperature range of 823 to 1223 K (550 − 750
◦C), theEa exhibited values of 43 and 144 kJ/mol for isother-
mal oxidation times of 60 and 180 min, respectively.

Higher values ofEa at temperatures below 1023 K
(750 ◦C) can be related to the insufficient temperature to

TABLE III. Parameters calculated to kinetics of oxidation Ti6Al6V
alloy in both conditions; deposits by CMT-WAAM and plate.

Temperature CMT-WAAM deposits Plate
◦C K (∆w/A)2 ln(Kp) (∆w/A)2 ln(Kp)

60 minutes

550 823 3.09E-07 -19.08 9.44E-08 -20.26

650 923 2.49E-06 -17.00 2.01E-06 -17.21

750 1023 2.52E-05 -14.68 8.78E-05 -13.04

850 1123 1.78E-04 -12.73 1.39E-04 -12.97

950 1223 7.46E-04 -11.29 3.06E-04 -12.18

180 minutes

550 823 2.89E-07 -20.25 6.96E-07 -19.371

650 923 8.59E-06 -16.85 1.06E-05 -16.648

750 1023 1.07E-04 -14.33 6.72E-04 -12.498

850 1123 4.93E-04 -12.80 1.59E-03 -11.637

950 1223 2.91E-03 -11.03 1.065E-02 -9.736

TABLE IV. Activation Energy reported by different authors in the
literature.

Author Temperature interval Ea

Frangini [33] 873 - 973 K (600 - 700◦C) 147 kJ/mol

Guleryuz [30] 873 - 1073 K (600 - 800◦C) 233 kJ/mol

Anioek [29] 873 - 1073 K (600 - 800◦C) 274 kJ/mol

Yu Wei [17] 1123 - 1373 K (850 - 910◦C)240 kJ/mol

Casadebaig [18] 773 - 873 K (500 - 600◦C) 250 kJ/mol

Casadebaig [19] 773 - 873 K (500 - 600◦C) 219 kJ/mol

Wei Guo [34] 673 - 1073 K (400 - 800◦C) 90 kJ/mol

CMT-WAAM (60 min) 823 - 1223 K (550 - 950◦C) 166 kJ/mol

CMT-WAAM (180 min) 823 - 1223 K (550 - 950◦C) 190 kJ/mol

Plate (60 min) 823 - 1023 K (550 - 750◦C) 250 kJ/mol

Plate (60 min) 1023 - 1223 K (750 - 950◦C) 43 kJ/mol

Plate (180 min) 823 - 1023 K (550 - 750◦C) 237 kJ/mol

Plate (180 min) 1023 - 1223 K (750 - 950◦C) 141 kJ/mol

overcome the energy barrier; these values are close to each
other (250 vs 237 kJ/mol). Also, below that processing tem-
perature, a higher amount of energy is necessary than the re-
quired for the oxidation of the additively manufactured sam-
ples.

Table IV shows a summary ofEa values for the oxidation
of Ti6Al4V from different authors [17,28,31,32], theEa val-
ues calculated in this work are also included for plate and de-
posits manufactured by CMT-WAAM. It can be seen that the
results calculated for plate for the temperature interval from
823 to 1223 K (550 − 750 ◦C) for both the oxidation times
are consistent with other publications for a similar tempera-
ture range for Ti6Al4V manufactured by conventional casting
and forging. However, the results of this work contrast with
that presented by Yu Weiet al. [17] for the temperature range
above 1023 K (750◦C); they obtained anEa for the oxida-
tion of Ti6Al4V as 240 kJ/mol for oxidation times of 180
min in circulating air atmosphere. As aforementioned, in this
work, theEa for commercial plate have been calculated as of
43 kJ/mol for an oxidation time of 60 min, and 141 kJ/mol at
an oxidation time of 180 min in Ar atmosphere with a partial
pressure of oxygen equals to1× 10−

5
atm.

Moreover, the calculatedEa values for the additively
manufactured samples are lower than the average values re-
ported in the literature. Although Franginiet al. [33] ob-
tainedEa a values close to those presented here, the samples
were fabricated by conventional manufacturing and oxidized
in air atmosphere; moreover, their oxidation measurements
were performed without a high resolution equipment.

Figure 8 shows the oxidized surface of Ti6Al4V manu-
factured by CMT-WAAM confirming different degree of oxy-
gen absorption due to processing conditions employed as the
oxidation time increases. The oxide surface was character-
ized by X-ray diffraction (XRD). The sample oxidized for
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FIGURE 8. XRD analyses of the oxide layer of Ti6Al4V alloy from
CMT-WAAM deposits.

FIGURE 9. Secondary electron-SEM image showing oxygen dif-
fusion zones resulting from the isothermal treatment at 950◦C for
60 min for the CMT-WAAM deposits [22].

60 min reveals the presence of Ti0.984Al0.016O1.992 (PDF 04-
008-2608) and Ti6Al4V (PDF 00-044-1294) phases. The
diffraction pattern for Ti6Al4V indicates that the product
layer of oxidation must be very thin which is expected due to
the low partial pressure of oxygen employed. On the other
hand, the 180 min sample revealed the lowest amount of
Ti0.984Al0.016O1.992 due to the reaction of other alloy ele-
ments as Al is expected to form Al2O3 (PDF 04-013-6697)
and V to produceV O2 (PDF 04-012-6974). The elements
as Al and V have a higher energy barrier to be overcome to
initiate the oxidation reaction in contact with oxygen.

Figure 9 shows the stages of oxygen zone diffusion re-
sulting from the isothermal treatment at 1223 K (950◦C) for
60 min. On the right edge of the deposit by CMT-WAAM,
it is possible to observe the formation of theα-case during
the additive manufacturing; it reached an average thickness
of 62 µm and extends along the sample along the edge of
the deposit. On the opposite side of the sample, it was not
possible to appreciate theα-case. Then, according to the mi-
crograph, the oxidation process should be longer than 60 min
to promoteα-case formation. The oxide layer was revealed
on both sides of the sample; however, the thickness of the ox-
ide layer is not homogeneous. The effect of the formation of
the oxide layer seems to be limited by the diffusion of the sur-
face section of the sample where the sample section exhibited
the presence of theα-case promoting the formation of about
12µm oxide layer, while the other side showed the presence
of about 32µm oxide layer. The sensitivity of the oxida-
tion reaction is limited by the diffusion of oxygen through
the layer due to the saturation of oxygen in theα-case phase.

The obtained weight gain results demonstrate the reactiv-
ity of Ti6Al4V additively manufactured by CMT-WAAM as
a function of isothermal processing time at temperatures be-
tween 823 and 1223 K (550 and 950◦C) in Ar atmosphere.
It was found that the amount of oxygen adsorption increases
upon reaching the temperature of 1023 K (750◦C) and in-
creases as the temperatures increase. In other work, Weiet
al. described a rapid increment in the degree of oxidation
when α + β → β in Ti6Al4V. They employed Eq. (3) to
describe the oxidation kinetics as:

(
∆w

A

)
= kpt

1
n , (3)

θ = te−
Q

RT , (4)

where∆w is the measured weight gain,A is the surface area
of each sample,kp is the oxidation rate constant,t is the ox-
idation time, andn is a rate exponent. The value of factor
n is assumed to be 2 as considered for parabolic behavior
[35]. They proposed a compensated temperature-time param-
eter as a normalized time unit and it is described and writ-
ten in Eq. (3). The experimental points plotted on the graph
ln(∆w/A) versusln(θ) fit to a straight line

ln
(

∆w

A

)
= 0.45 ln (θ) + 2.53. (5)

However, the results of the weight gain in this work have
demonstrated that there is a phase transformation close to that
temperature. Thus, the material microstructure plays an im-
portant role on the oxidation kinetics of Ti6Al4V. According
to the experimental weight gain measurements, a linear fit
was performed for data between 823 and 1023 K (550 and
750◦C) using Eq. (6), while for temperatures from 1023 K
(750◦C) up to 1223 K (950◦C) Eq. (7) was used as shown in
Fig. 10.
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FIGURE 10. Arrhenius plot of the experimental data for the calcu-
lation of the activation energy of Ti6Al4V manufactured by CMT-
WAAM in the range of 823 to 1223 K.

FIGURE 11. SEM image of the Ti6Al4V samples fabricated by
CMT-WAAM treated for: a) 60 min and b) 180 min.

ln
(

∆w

A

)
= 0.49 ln (θ) + 3.13, (6)

ln
(

∆w

A

)
= 0.41 ln (θ) + 1.78. (7)

Experimental data in Fig. 11 shows a micrograph of the
Ti6Al4V thin-walled samples treated for 60 min [Fig. 11a)]
and 180 min [Fig. 11b)], which reveals the growth of an ox-
ide layer between 5 and 8µm in the shallowest section of the
sample. In addition,the formation of theα-case layer in early
stages of reaction, during 60 min treatment with a cracking
section, is gradually grown due to the oxygen saturation in re-
gions with volumetric defects since sample manufacture. At

180 min of treatment, the largest size in surface oxide layer
was obtained, as well as a saturation phenomenon in theα-
case region with rough surface appearance, but higher den-
sity and extent. The oxygen saturation in the reaction prod-
uct layer as well as the saturation of theα-case prove not to
limit the progress of the oxidation reaction once the required
activation energy has been overcome as a function of temper-
ature.

4. Conclusions

In this work, the isotermal oxidation behavior of Ti6Al4V
alloy at 823-1223K (550-950◦C) for 60-180 min in Ar atmo-
sphere with an oxygen partial pressure of1 × 10−5 atm, as
impurity, was investigated. For both oxidation times the rate
of the oxidation reaction is faster in the early stages of reac-
tion. Furthermore, the oxidation rate increases after 1023 K
(750◦C) for both conditions. The oxidation constant (kp) was
higher for the CMT-WAAM deposits for an oxidation time of
60 min, while for 180 min thekp constant is higher for the
plate samples. The activation energy (Ea) for oxide forma-
tion in the CMT-WAAM deposits decreased by 33% for 60
min and 19% for 180 min compared to the plate samples, for
which, a slope change occurred at 1023 K (750◦C) for both
oxidation times. Theα-case region for the CMT-WAAM de-
posits was found at conditions of 60 min-823 K (550◦C),
60 min-1023 K (750◦C), 60 min-1223 K (950◦C), and 180
min-823 K (550◦C). The correlation coefficient of the math-
ematical model forT ◦> Tβ is 96%, while forT ◦< Tβ , the
correlation coefficient is 98%.
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