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The aim of this study was to investigate the short-time creep behavior of Ti-6Al-4V by
plasma carburizing, which was performed at 725°C for 6h in a 50% Ar - 45% H, — 5% CH,
gas mixture. Nano and microhardness testing, optical microscopy, TEM, X-ray diffraction
and optical profilometry were used to characterize the samples. Furthermore, short-term
creep tests were performed under a constant tensile load in air at 600 °C using a dead-weight-
creep-rupture machine. The carburizing treatment resulted in a compound layer measuring
approximately 1.7 pm in thickness with a hardness of 815HV and a composition of TiCoes.
The creep properties of the “Widmanstétten + carburized” specimens were improved rela-
tive to those of untreated specimens. TEM and fracture analysis indicated creep deformation

process attributed mainly to a phase deformation and fracture by intergranular decohesion.
© 2015 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier

Editora Ltda. All rights reserved.

1. Introduction

Titanium alloys are widely used in the automotive, biomedical,
aeronautic and other industries. These alloys exhibit spe-
cial physical, mechanical and chemical characteristics that
justify their use instead of other less costly materials [1,2].
At the same time, these alloys are not properly suitable for
mechanical engineering applications that require good tri-
bological properties and low reactivity [3]. Because of this
limitation, many studies have been conducted with the aim of
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increasing the corrosion and creep properties of titanium
alloys when exposed to high temperature [4].

Superficial thermochemical treatments have been applied
to improve the mechanical strength, abrasion resistance and
corrosion resistance of these materials, particularly at high
temperatures [4,5]. Amongst the methods available today,
plasma surface modification represents a very interesting
technique. This method is based on the diffusion of an intersti-
tial element on a material’s surface using a plasma. The most
common plasma treatments used are nitriding, carburizing
and nitrocarburizing. Compared with the nitriding process,
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carburizing is more difficult and less frequently used because
titanium cannot solubilize carbon so easily [6]. In fact, the
behavior of titanium alloys modified by plasma carburizing
and the effect of this treatment on the mechanical properties
of these materials are not well known [7-10]. The entire creep
life of a titanium component could reach up to 120,000 h, what
makes creep measurements more difficult [11]. Therefore, this
study aims to evaluate the effects of plasma carburizing on Ti-
6Al-4V alloy subjected to creep conditions at 600°C, in order
to ensure failure in a short time (short-term creep test). The
short-term creep test method is widely used by many authors,
who perform preliminary studies on creep behavior of Ti-6Al-
4V alloy for structural applications [12-16].

2. Experimental

In this study, annealed Ti-6Al-4V alloy was used. Widmanstat-
ten morphology was obtained by holding samples at 1050°C
for 30 min, followed by furnace cooling (6 °C/min) until 700°C
and air cooling until room temperature (Widmanstdtten con-
dition). Plasma carburizing was performed using an MP 400
equipment with DC-pulsed source and 30kW at 725°C for
6h in an atmosphere composed of 50% Ar - 45% H; - 5%
CHs (“Widmanstdtten + carburized” condition). The surface
morphology of the specimens, etched using Kroll’s solution,
was analyzed using optical microscopy. The carburized layer
and the microstructure of crept samples were observed by
scanning electron microscopy (SEM). The hardness of the
specimens was measured using a Berkovich nanoidentor in
the transversal section (initiating at outermost surface), with
a load of 5mN for 30s. XRD analysis was carried out at
room temperature with a CuKe radiation source, using a
graphite filter, over the range of 20° <20 <95° in steps of 0.05°
and a counting time of 1s. Optical profilometry was used to
determine the average roughness (Ra) of the samples sur-
faces; measurements were taken in the VSI (vertical scanning
interferometry) mode. Creep tests were carried out using cylin-
drical creep specimens with 39 mm gauge length and 6 mm
diameter, on an Instron Model M3 Creep and Stress Rupture Tester
with 30kN capacity under constant load in the range from 222
to 300 MPa at 600°C. The dislocation structures of the speci-
mens were observed by TEM.

3. Results
3.1. Microstructural characterization

Fig. 1(a) and (b) shows the cross-section of an a+p
Widmanstéatten microstructure under both conditions: Wid-
manstdtten and “Widmanstétten + carburized”. The carburized
layer showed an average thickness of 1.7 um. The average
Vickers microhardness values for the Widmanstdtten cross-
section sample and carburized layer correspond to 334 + 18 (HV)
and 815+61 (HV), respectively. Fig. 2 shows the evolution of
nanohardness as function of depth (um). The diffusion zone
of carbon reached about 10 um. The nanohardness values of
carburized layer are in the same order of magnitude of the val-
ues obtained from the microhardness test. The nanohardness
value tends to decrease toward the substrate.

Fig. 1 - SEM images of Ti-6Al-4V alloy microstructure: (a)
Widmanstitten and (b) “Widmanstétten + carburized”.

Fig. 3 shows XRD patterns of “Widmanstétten + carburized”
Ti-6Al-4V alloy. The phases o (HCP), g (BCC) and the carbide TiC
(FCC) were identified.

Table 1 compares the phase lattice parameters, calculated
by XRD analysis compared with those reported in the literature
[17].

The « and B phases presented lattice parameters infe-
rior to those reported in the literature for titanium (Ti). The
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Fig. 2 - Hardness of “Widmanstitten + carburized”
Ti-6Al-4V alloy against the distance from surface.
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Table 1 - Calculated lattice parameters of the studied phases.

Phases Lattice parameters [10~1° m] Carburized sample Literature [17] Crystal lattice
o Ti a 2.92 2.95 HC
4 4.68 4.68
B Ti a 3.25 3.31 BCC
TiC a 4.29 4.326 FCC
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Fig. 3 — XRD patterns of “Widmanstitten + carburized”
Ti-6Al-4V alloy.

alloying elements aluminum (Al) and vanadium (V), which
have atomic radii smaller than the radius of titanium, replace
titanium in the crystal lattice, thus reducing the lattice param-
eters [18]. The TiC carbide tended to form non-stoichiometric
compounds with composition ranging from TiCp 55 to TiCp g5,
which produced lattice parameters ranging from 4.2832 to
4.3172 A [19]. Liu and Dupont have assumed that this param-
eter varies linearly with the carbon content of the carbide
[20]. Using the same assumption, in this study, the carbide
formed in the carburized layer might have the chemical for-
mula TiCoA66.

The carburized layer presented an increase in average
roughness of 57% (Ra=2.02pum) when compared to the
Widmanstdtten sample (Ra=1.29um). The greater average
roughness indicates the irregularity of the carburized layer
(TiC) and may contribute to the presence of stress concentra-
tors on the layer’s surface.

3.2 Creep tests

Fig. 4 displays representative creep curves of deformation (¢)
versus time (t) at 600 °C and 222 MPa for the Widmanstdtten and
“Widmanstétten + carburized” condition.

Table 2 shows the main creep experimental parameters
obtained at 600°C for the Widmanstdtten and “Widmanstét-
ten + carburized” specimens.

In general, the deformation ¢y tends to increase as a func-
tion of the applied stress. Due to the hardening induced
by carbon diffusion, the “Widmanstatten + carburized” alloy
shows lower values of instantaneous deformation (). The
steady-state creep rate ¢s increases with the applied stress for

Time [103s]

Fig. 4 - Creep curve of Widmasntitten and
“Widmanstitten + carburized” samples, at 600 °C and
222 MPa.

both conditions studied. Relative to those of the Widmanstdtten
alloy, the steady-state creep rate values of the “Widmanstat-
ten + carburized” alloy are 12-38% inferior.

Fig. 5 shows the dependence of the steady-state creep rate
(5a) and time to fracture (S5b) on the applied stress.

Eqg. [1] describes the dependence of the steady-state creep
rate on stress and temperature [21].

és = Bo™ exp (—%) 1)

where Q is the activation energy for creep in the secondary
region, B a constant that depends on the microstructure, tem-
perature and applied stress (o), n the stress exponent, R the
gas constant and T absolute temperature. The combination of
Q and n values indicates the main creep mechanism that con-
trols a given deformation process [21]. The slopes of the plot
Lnés x Lno, which is presented in Fig. 5(a), provide an estimate
of n.

The values of n=6.70 for the Widmanstdtten alloy and
n=564 for the “Widmanstitten+carburized” alloy are in
accordance with results of Barboza et al. [4,22] and Reis et al.
[23,24], who studied Ti-6Al-4V in air and in a nitrogen atmo-
sphere. These authors obtained n values between 4.25 and
6.46. Furthermore, Chen et al. [25] and Luo et al. [11], who
studied Ti-60 and Titanium 834, respectively, obtained n values
between 4.7 and 6.4.

The behavior of the time to fracture as a function of the
applied stress is shown in Fig. 5(b). It decreases with increasing
stress. At 222 MPa, the times to fracture of the Widmanstiit-
ten and “Widmanstatten + carburized” alloys are similar. At
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Table 2 - Creep experimental parameters obtained at 600 °C for Widmanstdtten and “Widmanstétten + carburized”

specimens.

Parameters “Widmanstatten + Carburized” Widmanstdtten

222 MPa 250 MPa 278 MPa 300 MPa 222 MPa 250 MPa 300 MPa
&0 [mm/mm] 0.0022 0.00302 0.00421 0.0043 0.00238 0.00331 0.00626
és [1/s] 6.961 x 10 1.352 x 105 2.125 x 105 4.069 x 105 8.991 x 106 1.540 x 105 6.544 x 105
tr [10% 5] 7.451 3.014 1.665 1.221 7.938 3.891 0.816
&f [mm/mm] 0.0746 0.0774 0.0503 0.0739 0.138 0.107 0.093
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Fig. 5 - (a) Dependence of steady-state rate on applied
stress at 600 °C for the Widmanstitten and
“Widmanstitten + carburized” specimens (the slope is n).
(b) Dependence of time to fracture on applied stress at
600 °C for the Widmanstdtten and

“Widmanstitten + carburized” specimens.

250 MPa, the lifetime of the “Widmanstétten +carburized”
specimen decreased approximately 29% relative to that of
the Widmanstdtten specimen. However, at 300 MPa, the time
to fracture increased 1.5 times under the “Widmanstit-
ten + carburized” condition. The unsteady behavior of the time
to fracture can be related to the increasing average roughness
induced by plasma carburizing, which made the specimen
surface less uniform. The increase in resistance indicated
by the lower steady-state creep rates and the embrittlement
indicated by the decrease in the final deformation (gf) could

Ln (steady-state creep rate) [1/s]

m Widmanstétten: Q=303 kJ/mol

=15 1" | © Widmanstatten + Carburized: Q=277 k/mol 1
0.00115 0.00120 0.00125 0.00130
1/T [1/K]

Fig. 6 - Dependence of steady-state rate on temperature for
Widmanstdtten and “Widmanstétten + carburized”
specimens at 300 MPa (the slope is —Q/R).

Table 3 - Dependence of steady-state rate on

temperature for Widmanstdtten and “Widmanstétten +
carburized” specimens at 300 MPa.

Temperature [°C| Steady-state creep rate (és [1/s])

Widmanstdtten “Widmanstatten +
Carburized”
500 2.936 x 1077 2.915 x 1077
550 5.770 x 10~ 5.220 x 10~
600 6.544 x 10—° 4.069 x 10—>

be associated with the hard layer of TiC introduced in the
material which promotes more stress concentration and solid
solution hardening due to the diffusion of carbon in « phase.

The dependence of the steady-state creep rate on temper-
ature at 300 MPa is presented in Fig. 6 and Table 3.

The increase in temperature made the carburizing pro-
cess more effective because the difference between the
steady-state creep rates, under each condition, increase with
temperature (Table 3). Fig. 6 illustrates this behavior. The per-
centage difference between the steady-state creep rates of the
Widmanstitten and “Widmanstétten + carburized” specimens
at 300 MPa are 0.7% at 500 °C, 9.5% at 550 °C and 37.8% at 600 °C.
The carburized layer behaves as a barrier against the oxygen
diffusion, which is a thermally activated phenomenon (the
higher the temperature, the greater atoms transport activ-
ity). Thus, the carburized layer is more effective (compared
with Widmanstétten condition) at higher temperatures where
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Fig. 7 - TEM micrographs of the dislocation substructures present in crept specimens at 600 °C: (a) Widmanstdtten condition,

222 MPa; (b) “Widmanstétten + carburized” condition, 300 MPa.

the oxidation effect is more destructive because of the higher
oxygen diffusion toward Ti-6Al-4V alloy.

The apparent activation creep energy was determined
by calculating the steady-state creep rate at 500, 550 and
600°C at 300MPa for the Widmanstdtten and “Widmanstat-
ten + carburized” specimens (Fig. 6). The values Q=303 kJ/mol
for the Widmanstitten alloy and Q=277kJ/mol for the “Wid-
manstétten + carburized” alloy are in agreement with the
results of Tang et al. [26], Gollapudi et al. [27] and Chen
et al. [25], who studied creep of titanium-based alloys. The
analysis of the values of the activation energy and stress expo-
nent at 600 °C suggests that the creep mechanism under both
conditions is associated with dislocation climbing processes
[12,13,22,27-29].

3.3.  Dislocation substructure analysis

Fig. 7 shows TEM images of the crept samples deformed at
600°C.

The micrographs of both specimens depict dislocation cell
structures. Under both conditions, the B phase presents a
lower dislocation density compared with the a phase. There-
fore, the creep deformation process can be attributed mainly
to o phase deformation, as reported by Warren et al. [30], Tsuji
et al. [9] and Chen et al. [25].

3.4.  Fracture analysis

Fig. 8 shows transversal and longitudinal sections of samples
crept under both conditions.

Fig. 8(a)-(d) shows a typical alveolar structure (dimples)
associated with intergranular decohesion. The intergranular
fracture mode can be linked to grain size due to the low
capability, under these conditions, to accommodate the defor-
mation induced by creep [31]. Fig. 8(e) and (f) illustrates the
coalescence of creep cavities generated at grain boundary and
triple points (indicated by arrows), where microvoids nuclea-
tion is initiated [16,32]. The results of fractrographic analysis
are in accordance with those reported by Park et al. [16].

The growth of cavities (fracture process) is controlled by the
strain ahead of the cavity. This aspect is confirmed using the
Monkman-Grant relationship (Eq. [2]), which shows the pro-
portionality between time to fracture and steady-state creep
rate:

£8(ty) = Cme (2)

where k and Cyc are the constants [32]. Fig. 9 shows the cor-
relation of steady-state creep rate and rupture life expressed
by Monkman-Grant relation.

In this case, were found to Widmanstdtten condition, k=1.13
and Cyg =0.0147, and to “Widmanstétten + carburized” condi-
tion, k=1.04 and Cyg =0.0273. The data are distributed along
two distinct straight lines with approximately the same k and
different Cypg. The slight reduction in the value of k and the
observed increase in Cyg can be associated with lower values
of creep ductility of the alloy modified by plasma carburizing
process.

3.5. Surface treatment influence on microstructure and
mechanical properties of Ti-6Al-4V alloy

Surface treatments involving the diffusion of an interstitial
element can modify the microstructure of Ti-6Al-4V alloy by
introducing a larger amount of «-Ti phase formation, grain
growth, a harder layer (called « case) formation and fine pre-
cipitates nucleation [33-35].

To examine the amount of o-Ti and grain growth dur-
ing plasma carburizing, two cylindrical specimens were heat
treated to simulate the time and temperature of the plasma
carburizing treatment. The samples were analyzed using the
Image] software (phase proportion), and grain size was mea-
sured according to the intercept method [18]. Analysis was
made over 120 images with 50 and 100 times magnification
for each condition studied (Widmanstétten and “Widmanstét-
ten + carburized”) and grain size analysis performed on 20
images of 50 times magnification for each condition studied.
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Fig. 8 - Fracture surface morphologies: SEM image of transversal section of (a, b) Widmanstitten Ti-6Al-4V at 600 °C and
300 MPa and (c, d) “Widmanstitten + carburized” Ti-6Al-4V at 600 °C and 222 MPa; optical image of longitudinal section of (e)
Widmanstdtten Ti-6Al-4V at 600 °C and 300 MPa; and (f) “Widmanstitten + carburized” Ti-6Al-4V at 600 °C and 222 MPa.

All data were statistically analyzed and are presented in relative amount of «-Ti phase, and grain size of Ti-6Al-4V alloy.

Table 4. In fact, the Widmanstatten morphology was purposely chosen
Based on Table 4 and taking into account the errors, it can to have a stable morphology at high temperatures, changing
be considered that the surface treatment does not modify the only with the annealing time (at temperatures above 980 °C)
Table 4 - Statistical analysis of the phase amount (%) and grain size (mm) change with plasma carburizing process.
Heat treatment Amount of 8 phase - Ti (%) Grain size (mm)
Average Error Median Average Error Median
Widmanstatten 35.5 1.0 35.8 1.25 0.05 1.23

“Widmanstatten + carburized” 335 0.7 33.2 1.10 0.09 1.16
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and cooling rate [33]. The plasma carburizing treatment did
not exceed 725°C and did not involve any step where the
cooling rate could alter the microstructure in some way.

The formation of the layer, known as « case, is very com-
mon in the oxidation process and thermochemical treatments
where a a-Ti phase stabilizing element is involved (IIIA and IVA
metals group and the interstitial elements C, N and O) [5,33].
Pitt and Ramulu [34] reported that the titanium alloy weight
increasing when exposed to temperatures around 650°C is
due to the oxygen diffusion, which forms a diffusion zone
known as a case. This region is described as a hard and brit-
tle region [34]. The « case thickness measurement was made
by nanohardness analysis. Thus, observing the microhardness
profile (Fig. 2), it can be concluded that the surface treatment
resulted in a combination composed of TiC hard layer and a
solid solution-hardened region. The carbon element reached
about 9 pm depth in Ti-6Al-4V alloy, resulting in the formation
of a case. Therefore, it is correct to conclude that the creep
improvement behavior observed in the present work is due to
a combination of hard ceramic layer, which has high thermal
stability, plus the solid solution-hardened « case layer. How-
ever, Ti-6Al-4V alloy suffers with oxidation effects at 600°C
and the simple stabilization of «-Ti phase on surface would
not be effective for improving the creep properties of Ti-6Al-4V
alloy.

When the Ti-6Al-4V alloy is aged between 500 and 600 °C,
precipitation in the microstructure occurs of a phase known as
ay (with the formula TizAl) due to aluminum presence which
modifies the a-Ti phase field in a Ti-Al system [35-37]. There-
fore, treatments that involve high temperatures and long
times may result in the precipitation of this compound homo-
geneously and with nanometric dimensions. TizAl improves
titanium’s mechanical properties, since this compound acts
as a barrier to dislocation gliding. However, studies reported
in the literature, where Ti3Al was precipitated in a matrix of
titanium, involved aging methods with rather large time ran-
ging from 168 to 200 h of treatment, and the formed compound
could be identified by XRD techniques [35-37]. The heat treat-
ment time reported in the present study reached a maximum

of 7h and XRD analysis did not indicate the presence of this
phase. Thus, TisAl precipitation was not taken into account.

Finally, it can be concluded that surface treatments influ-
ence creep performance of Ti-6Al-4V alloy and is correlated
with the ceramics surface protecting effect, which is harder
and thermally stable. Any other microstructural modification
seems to act secondarily on the mechanical properties of this
alloy.

4. Concluding remarks

All specimens showed an o+ Widmanstétten microstruc-
ture. A carburized layer, 1.7 pm in width, is formed by
TiCpes. Plasma carburizing increased the hardness value
(815HV) and average roughness (2.02 um) of the specimens
compared to the values measured for the Widmanstdtten
(1.29 pm and 334 HV) specimens. The short-term creep behav-
ior improved with plasma carburizing, resulting in reduced
instantaneous deformation and steady-state creep rates.
However, the influence of plasma carburizing on the time
to fracture was not clear and could be attributed to the
increase in surface roughness observed. Based on the cor-
relation between the activation energy and stress exponent
values, it can be concluded that the creep mechanisms are
associated with dislocation climbing creep processes, in the
present creep conditions. TEM and fracture analyses of the
Widmanstdtten and “Widmanstétten + carburized” specimens
indicate creep deformation process attributed mainly to «
phase deformation and fracture by intergranular decohe-
sion, respectively. Additionally, the steady-state creep rate
and the rupture time are related by the Monkman-Grant
relation with k about 1. The alloy modified by plasma carbur-
izing exhibits a larger value of Cyg, which is associated with
lower ductility. Therefore, the good mechanical properties of
“Widmanstéatten + carburized” Ti-6Al-4V justify the interest in
better understanding the effects of plasma carburizing pro-
cess to improve the performance of titanium alloys used in
high-temperature applications. The present results involve
very short creep durations and more creep tests should be
carried out involving longer rupture times (of the order of
hundreds or thousands hours), at other stress/temperature
conditions, to confirm the creep properties mentioned in this
work.
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