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Abstract: Friction Stir Welding (FSW) is a recent joining technique that has received considerable
attention. FSW causes significant variations in the material microstructure commonly associated
with changes in the mechanical properties. The present study deals with the creep response of pure
titanium (CP-Ti grade 2) after FSW. Dog-bone creep samples, obtained by machining, which show the
longitudinal axis of each sample being perpendicular to the welding direction, were tested in constant
load machines at 550 and 600 °C. The creep response of the FSW samples was analyzed and compared
with that of the unwelded material. The shape of the creep curves was conventional, although the
FSW samples went to rupture for strains lower than the base metal. The minimum creep rates for
FSW samples were, in general, lower than for the unwelded metal tested in equivalent conditions. In
addition, when the applied stress was high, deformation concentrated in the parent metal. The creep
strain became more and more homogeneous along the gauge length as testing stress decreased. A
constitutive model, recently developed for describing the creep response of the base metal, was then
used to rationalize the observed reduction in the minimum strain rate in FSW samples.

Keywords: creep; titanium; friction stir welding; constitutive equations

1. Introduction

Friction Stir Welding (FSW), a solid joining method that achieves a metallic bond
below the melting point of the base material, is considered an attractive technology due to
the absence of the metallurgical problems associated with the solidification process [1]. This
property makes FSW particularly attractive when titanium and its alloys need to be joined
since it avoids grain coarsening and the formation of oxides and pores [2-6] compared to
fusion-based joining techniques. It is worth mentioning that while conventional welding
tools can be used for FSW of stainless steel, Al, Mg, and Cu alloys, the high-melting
temperature of Ti (1668 °C) requires the use of temperature-wear-resistant materials for the
welding pin, such as tungsten-based materials (WC, WC-Co, and W-La) [7-11].

Moreover, being welding technology not based on fusion, FSW is considered a key
technique for joining metals and alloys having a different nature and possibly a totally
different chemical composition (i.e., Al- and Ti-based alloys) [12-16].

Commercially pure Titanium (Ti-CP) shows a combination of peculiar properties,
such as yield strength comparable to austenitic stainless steel, which when combined with
a great corrosion resistance performance, makes it a perfect candidate for a variety of
applications, ranging from aerospace [17] and the chemical and petrochemical industry [18]
to biomedical implants [19]. The presence of alloying elements are so low that the resulting
Ti-CP has little response to heat treatment while enhancing the weldability of this alloy.
However, oxygen content in the metal matrix can remarkably influence the mechanical
properties of Ti-CP [20]. Nevertheless, when it comes to conventional welding technologies,

Metals 2023, 13, 1616. https:/ /doi.org/10.3390/met13091616

https://www.mdpi.com/journal /metals


https://doi.org/10.3390/met13091616
https://doi.org/10.3390/met13091616
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0003-1429-0224
https://orcid.org/0000-0001-7740-3543
https://orcid.org/0000-0003-1561-7129
https://orcid.org/0000-0002-0159-3974
https://orcid.org/0000-0001-6887-9734
https://doi.org/10.3390/met13091616
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met13091616?type=check_update&version=1

Metals 2023, 13, 1616

20f12

the combination of high temperatures and oxygen exposure can boost the O, pickup
effect and lead to embrittlement of titanium-based matrix if the oxygen levels become
very high [21,22].

Microstructures resulting from FSW are typically characterized by grain refinement,
the intensity of which depends on the process parameters and the position considered inside
the stir zone (SZ), as outlined by Fuji et al. [3], Kang and Lee [9]. Xu et al. [7] reported on
grain refinement and twinning occurring on different locations of SZ, while Regev et al. [23]
showed that the thermo-mechanically affected zone (TMAZ) is characterized by refined
equiaxed grains due to dynamic recrystallization (DRX); moreover, both the stir zone and
the TMAZ are affected by grain refinement and mechanical twinning.

A recent study [23] analyzed in detail the microstructures and the mechanical prop-
erties of FSW joints of commercially pure titanium (Ti-CP grade 2) sheets. In synthesis,
the study confirmed that the thermo-mechanically affected zone (TMAZ) microstructure
consists of refined equiaxed grains resulting from dynamic recrystallization (DRX). Grain
refinement was also accompanied by extensive mechanical twinning in both the TMAZ
and the stir zone (SZ). Although fracture had the same ductile nature in both unwelded
metal and welded samples, tensile testing revealed that FSW resulted in a marked decrease
in ductility.

The study, through its in-depth characterization of the FSW joints, was the basis for
wider research aimed at investigating the effects of FSW on the creep of pure titanium.
The creep response of titanium and its alloys has attracted great interest due to the many
uses these materials have in industry [3,6,24-28]. Rosen and Rottem [25] showed that
high-temperature exposure to air results in oxygen penetration at the surface of Ti-6Al-4V
samples and has relevant implications on the final mechanical properties of this alloy. Ran-
ganath and Mishra [26] compared the steady state creep behavior of pure Ti and compared
it to Ti-TipC and Ti-TiB-Ti;C composites in the temperature range of 550-650 °C; the results
showed that the creep rate of composites was two to three orders of magnitude lower
than unreinforced Ti. Barboza et al. [27] analyzed the creep—fatigue failure mechanism and
damage behavior of a Ti-6Al-3Nb-2Zr-1Mo titanium alloy at room temperature, showing
that creep damage dominates the damage evolution in the initial stage, while in the later
stages fatigue damage becomes predominant. Guo et al. [28] proposed a phenomenological
creep—fatigue damage model that can be applied to the titanium alloy Ti-6Al-3Nb-2Zr-1Mo
at room temperature and explain the stress dependence of the interaction between fatigue
damage and creep damage. The model considered the influence that creep and fatigue
damage can have on each other during room temperature exposition. In particular, while
creep damage accumulates rapidly and dominates the damage progression in the early
stages, fatigue damage is reported to dominate the later stages.

Nevertheless, no information is available on the effect of FSW on pure Ti. In addition,
the availability of recent experimental data on the creep response of this pure metal remains
another major issue. This led some of the authors of the present study to investigate the
creep response in air of Ti-CP 2 at temperatures ranging from 550 to 650 °C [29]. Creep
behavior of the base metal was shown to be strongly influenced by the growth of an oxygen-
rich layer on the surface of the creep samples, during the high—temperature exposition
inside the creep testing furnace. In fact, a direct relationship was found between the
thickness and the hardness of the formed outer oxide layer, with the temperature level and
the exposure time, or rather the higher the temperature, the higher the dwell time, and the
higher the hardness of the surface oxide layer [29]. The present study represents a further
step of this articulated research since it aims to investigate the creep response of the same
material after FSW. All the details on the creep response of the unwelded material and the
friction stir welded joints can be found in [23,29].

2. Materials and Methods

The base metal used in the present study was a Commercially Pure Ti—grade 2 (Ti-CP
2 in the following) with a UTS close to 500 MPa. Dog-bone creep cross-weld (CW) samples
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were fabricated using the geometry illustrated in [23] (3 mm X 3 mm square section, 25 mm
gauge length) and were creep-tested in constant load machines at 550 and 600 °C.

The optimal welding parameters were selected according to the criteria that have been
thoroughly described in a previous paper published by some of the authors [23]. As a
result, a rotational speed of 700 rpm and a transverse speed of 50 mm/min were chosen.
Welding areas were subjected to visual inspection and radiographic characterization before
samples were approved for further creep characterization and none of them showed defects
within the stir zone of the weld.

All details about the quality, microstructure and properties of the CW samples can be
found in [23]. As the notation CW indicates (Figure 1), the FSW direction was perpendicular
to the longitudinal axis of the samples. To avoid the changes in the cross-sectional area
evident in Figure 1, each sample was mechanically ground to obtain a regular thickness
along the gauge length.
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Figure 1. Schematic drawing of the dog-bone sample; in the front-view, the stir zone is marked in
grey. The side view shows the macrostructure: the SZ is in light grey. The broken lines represent
the portions of the sample, along the three horizontal profiles at different depths, where the Vickers
microhardness HV was higher than 180 were measured (see [23] for full details on the microhardness
results; Figure is here specular with respect to the pictures in [23], conforming with the thickness
measurements in Figure 2).

Two types of experiments were carried out on the CW samples: seven constant-load
creep experiments (CLE) and a single variable-load creep experiment (VLE). In CLEs,
samples were subjected to 0.5 h soaking at the temperature of the test before the application
of the defined load, maintained during the overall length of the test, which almost invariably
corresponded to fracture. In the VLE, the sample was loaded after soaking, but the initial
load was maintained until the minimum creep rate was reached and then increased.

Temperature was measured by four type-K thermocouples, three for furnace regula-
tion, and the last for temperature recording. Elongation was continuously measured using
LVDT. Creep experiments were carried out in the air. To avoid the effect of oxidation, well
documented in the previous paper [29], the experimental load was purposedly selected to
obtain minimum creep rates above 1 x 1078 s~ 1.

Optical microscopy investigations were performed using a Leica DMi8 (Leica Microsys-
tems, Wetzlar, Germany) microscope; before the observations, samples were embedded
in resin, mechanically ground, polished, and etched using Kroll’s reagent (100 mL H,O +
2 mL HF + 4 mL HNO3).
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3. Results
3.1. Mechanical Properties of the Joint

As mentioned above, the detailed analysis of the mechanical response (tensile curves
and microhardness) for cross-weld samples was illustrated in [23]. A few pieces of crucial
information from that study need to be recalled here. Figure 1 shows the schematic
depiction of the cross-weld sample, redrawn to better appreciate the relative extensions
of the different parts of the weld. As in [23], all the areas where heat and deformation
occur will be identified with the notation TMAZ; therefore, SZ is included in the thermos-
mechanically affected zone. Parent metal (PM), i.e., the part of the sample almost unaffected
by FSW, forms the extreme portions of the gauge length. The side view of the sample in
Figure 1 reports a macrograph, already discussed in [23], and three horizontal broken lines,
each representing the part of the gauge length where the Vickers microhardness number
HYV was higher than 180 at that specific depth from the surface. Again, full details on the
HYV profile can be found in [23].

This simple analysis clearly demonstrates that a wide portion (80-85%) of the gauge
length of the CW sample is formed by TMAZ with hardness well above 180 HV, the average
value along the three lines in Figure 1 being 188 HV. The rest (15-20%) is formed by slightly
deformed or undeformed PM, with an average microhardness of 166 HV. Thus, PM, in
proximity to TMAZ, is just marginally harder than the Ti CP-2 sheets (150-160 HV).

Although a fully reliable relationship for estimating the UTS at room temperature
(UTSgr) from HV microhardness for pure Ti is still lacking, one could still profitably use
the old equation obtained for Ti-based alloys [30]:

UTSgr =272 < HV + 965 [MPa] 1)

therefore providing the following values: HV = 150, 166, and 188 (Ti-CP unwelded metal
plates, PM, and TMAZ in the CW sample, respectively); and UTS values of 505, 553, and
608 MPa. The UTS at room temperature for the Ti-CP 2 plate [23] is correctly predicted by
Equation (1).

Figure 2 plots two representative tensile curves for the Ti-CP 2 plates and the CW
samples [23]. Let one assume that the CW sample is composed of two homogeneous zones,
one (PM) much softer than the other (TMAZ), which deform independently under the same
stress. This assumption is substantially correct since soft and hard fractions are stacked
one above the other along the gauge length of the CW specimen. Then, the instantaneous
increase in length L of the sample during the test is provided by

dL = dL, +dL, @)

where s and /1 denote the elongation of the soft and hard zones, respectively. After a few
simple passages, one obtains the classical composite rule for the total strain:

€ = fs&s + fuep 3)

where f, and f; are the volume fraction of the hard and soft zone, respectively. Now, the
TMAZ is stronger than the PM. The detailed microstructural analysis carried out in [23]
demonstrated that FSW produces a deformed microstructure, characterized by very fine
grains and extensive twinning. Such refined and deformed microstructures usually possess
a high yield/UTS ratio. Thus, let one suppose that the TMAZ deforms elastically during a
tensile test. As a result, the total strain can be easily calculated as

€ = fsts +fh% 4)

where ¢ for different stress values can be directly obtained by the tensile curve for pure Ti
in Figure 2 (the difference in hardness between the PM portions of the CW samples and
the Ti-CP 2 plate can be neglected here). Equation (4), with f; = 0.85 and f; = 0.15, provides
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the model curve illustrated in Figure 2 (circles). The description of the tensile curve for the
CW sample is excellent, at least until the onset of flow instability (necking). As predictable,
the flow instability occurs when necking forms in the softer region (g5 close to 0.3), which
explains the substantially equivalent values of UTSgr for the CW and pure Ti samples and
the fact that fracture was invariably observed in PM.
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Figure 2. Representative tensile stress vs. engineering strain curves for the Ti-CP 2 and the FSW
cross-weld samples (from [23]). Figure also plots the strain accumulated in the hard zone of the FSW
sample (HV > 180), in the assumption that this portion of the specimen deforms elastically, and the
resulting composite model curve (85% of the gauge length formed by the TMAZ with HV > 180):
(a) initial part of the curves; (b) complete curves.

This simple analysis unambiguously demonstrates that in CW samples tested at room
temperature, strain is mostly concentrated in the PM. A similar behavior should reasonably
occur also at high temperatures, a problem which will be addressed further in the rest of
the paper.

3.2. Creep Response

Figure 3 plots the strain rate vs. strain curves for CLEs and the single VLE of CW
samples; as usual, the stress values are the nominal ones, i.e., they are calculated with refer-
ence to the initial area of the transversal section. The creep curves exhibited a conventional
shape with a well-defined primary region, a minimum creep rate range, and a prolonged
tertiary stage. The major difference with the creep curves observed by testing the samples
with the same geometry machined from the Ti-CP 2 plate [29] is the lower elongation to
fracture. In most cases, under high stresses, the CW samples ruptured at strains below 0.3,
while the pure titanium samples accumulated higher deformation without visible damage.
In addition, the minimum creep rates observed in most of the CW samples were lower than
in the case of the titanium parent material sheet (Figures 4 and 5).

Figure 4 shows a direct comparison between the PM and CW curves obtained under
the same nominal stress of 40 MPa. A general feature is the lowest strains to fracture of CW
samples compared to the PM ones.
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Figure 3. Strain rate vs. true strain creep curves in CW samples: (a) 550 °C; (b) 600 °C. In (a) the
remarkable instantaneous plastic strain due to loading at 105 MPa (nominal) during the VLE, i.e., the
separation between the two branches of the curve can be easily appreciated.

1074 1074

550°C—40MPa
A CP-Ti 2 unwelded
Across weld

550°C—40MPa

A CP-Ti 2 unwelded
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E L
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time (h) strain
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Figure 4. Comparison between the creep curves obtained by testing the parent material sheet (CP-Ti)
under the same conditions and the cross-welded sample of the same material: (a) strain rate vs. time
plot, (b) strain rate vs. strain plot. In (a) the time for minimum creep rate of CP-Ti sample is indicated
by a dotted line.

In Figure 5, at both temperatures, the minimum creep rate data roughly align on
straight slope lines close to 5.

Visual observation of the crept samples reveals that in creep, deformation is not
homogeneous (Figures 6 and 7). Figure 6, in particular, shows a macrograph of the sample
crept at 550 °C under 18 and 105 MPa (the VLE). The strain localization in the softer portions
of the sample is apparent. Figure 7 shows the reduction in width (w) measured along half
of the gauge length after creep (just half of the sample is considered since fracture occurred
in most of the samples on the other side of the gauge length). The figure clearly suggests
that when the sample is loaded under high stresses, strain is highly localized in PM, an
effect that is much less pronounced in the low-stress region.
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Figure 5. Minimum creep rate dependence on applied stress for Ti-CP 2 parent material and the FSW

cross-weld samples of the same material.

Figure 6. Macrostructure of the sample tested at 550 °C-18/105 MPa. The variation in the sample
thickness (fy, see Figure 1) is evident.
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Figure 7. Reduction in sample width (w) along the gauge length measured after creep at 550 °C; only
half of the gauge length was considered since in all cases—the only exception was the VLE under
18-105 MPa—the other half experienced fracture.
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4. Discussion

A recent paper on the creep response of Ti CP 2 [29] demonstrated that an excellent de-
scription of the minimum creep rate (¢,;) dependence on applied stress () and temperature

(T) is provided by
S DOL Gb/o\3 0'b3 . QL . o 2
tn = A== (E) exp (kT>exP{ =7 It (Rmm> , ©)

where Dy =1 x 1078 m?s~! and Q;, = 193 k] mol~! describe the self-diffusion in low-purity
Ti [31], G is the shear modulus, b is the length of the Burgers vector (2.95 x 10~ m), T is
the absolute temperature, k is the Boltzmann constant, R is the gas constant, and A = 50.
The Ryqx parameter was provided by

Ryax = 2.8 UTST, (6)

where UTSr is the tensile strength at the testing temperature. Since Equations (5) and (6)
work reasonably well for PM, they might be, in principle, also used to describe the minimum
creep rate dependence on applied stress for the CW samples. As obvious, the complex
macro- and microstructure of these components should be considered: let one suppose
that, at the time corresponding to the time for minimum strain rate (t,,) for PM, the strain
rate is very close to its minimum value for the material of the TMAZ. If such is the case, a
derivation of Equation (3), at t = tm, provides, for a CW sample, the following:

em R fséms +fhémh (7)

Figure 4 shows that at t = tm for PM, the strain rate of the CW sample is indeed very
close to the minimum, in agreement with Equation (7). The major point is the determination
of the minimum creep rate dependence on applied stress and temperature for the hard
(TMAZ) and soft (PM) zones. These are compositionally similar, but heat and deformation
produce a hardened structure in TMAZ. On the other hand, the only input parameter
required in Equation (5) is Ry, but UTSt is available only for the virgin material [32].
These values of the high temperature (500-600 °C) UTS for Ti-CP 2, obtained from the
curves presented in [5], were tentatively described by an equation in the form of

UTSt = B UTSgr exp<Q1£5> 8)

where B and Qurs are material constants. Figure 8 demonstrates that the UTSt data at
500, 550, and 600 °C, once plotted as a function of 1/T in a semi-logarithmic plot, closely
align on a straight line, which corresponds to B = 1.4 x 1073 and Qurs ~ 34 kJ mol~1.
Equation (8) can be then combined with Equation (1), providing

UTSt = B(2.72HV + 96.5)exp < ngs ) ©)

Equations (5), (6) and (9) provide, for CP-Ti 2 (HV = 150), the model curves for
minimum creep rate dependence on applied stress and temperature shown in Figure 9
(broken lines). These curves are equivalent to those obtained in [29].

The same procedure can then be used to calculate the minimum creep rate dependence
on applied stress for the two constituents of the CW samples, i.e., PM (HV = 166) and
TMAZ (HV = 188), on the tacit assumption that B and Qs do not vary. The resulting
values of the minimum creep rate under a given stress for PM and TMAZ can be simply
combined by Equation (7) (again with f; = 0.15), obtaining the model curves illustrated in
Figure 9 (solid lines). The description of the experimental data is very good. In addition, the
model explains why deformation appears more and more homogeneous as stress decreases.
The Ry parameter, which strongly depends on UTS, substantially affects the minimum
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creep rate dependence on stress and temperature only in the high-stress regime. There,
the model predicts that the creep rate for the harder TMAZ is much lower than for the
softer PM, which thus deforms to a larger extent. Thus, the stress for obtaining a minimum
creep rate of 10~# s~ at 550 and 600 °C is roughly 10 and 8.5% higher for the CW samples
than for unwelded material. In the low-stress regime, where the effect of Ry, becomes
negligible, both PM and TMAZ should deform with essentially the same strain rate, leading
to homogeneous deformation along the gauge length. In this case, the stress for a minimum
creep rate of 107° s~ ! at 550 and 600 °C is merely 4 and 2.5% higher for the CW samples
than for unwelded material.

10°
L CP-Ti 2
- 500-600°C
e i
o)
|_
D
~ =
=
)
|_
D
10—1 | |
0.0011 0.0012 0.0013  0.0014
1/T (K1

Figure 8. UTST data (experimental values at 500 and 600 and interpolated value at 550 °C from [32])
as a function of temperature, described by Equation (8).

The deviation of the experimental data from the model curves in the low-strain rate
regime deserves a last comment. The analysis of oxidation effects during creep in air in [29]
is convincingly demonstrated, in which for a sufficiently long time of exposure, small-sized
samples, as those used in the present study, exhibit lower creep rates. This effect is due
to the formation of a thin but very creep-resistant oxygen-rich layer that deforms under
a similar creep rate to the softer sample interiors. This fact leads to a load-transfer effect,
resulting in lower creep rates. This effect has been neglected here, but the discussion in [29]
demonstrated that both the tests under 15 MPa at 550 °C and 600 °C were indeed affected
by oxidation, resulting in minimum creep rates lower than those predicted by the model.
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Figure 9. Minimum creep rate dependence on applied stress for Ti-CP 2 and for the FSW cross-weld
samples and model curves.

5. Conclusions

The creep response of cross-weld (CW) samples of commercially pure Ti (grade 2) was
investigated in the present study. The experimental results confirmed that the CW samples
exhibited lower minimum creep rates when compared with parent metal (PM) ones. This
effect was more evident in the high-stress region. Creep strain was indeed mainly localized
in the softer portions of the specimen (base metal), while the thermo-mechanically affected
zone (TMAZ), which was much harder, exhibited lower deformation. Based on these
observations, the material was modeled as a composite, in which the hard TMAZ and the
soft PM deform under the same applied stress. Constitutive equations recently developed
to describe the minimum creep rate dependence on applied stress for Ti-CP 2 were used
to estimate the creep response of the hard and soft zones. The resulting model curves
provided a more than reasonable description of the minimum creep rate dependence on
the applied stress of the CW samples. This is a remarkable result because the calculation of
the model curves did not require any data-fitting of the creep data, just an estimation of the
UTS and the volume fraction of the hard (TMAZ) portion of the sample.
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