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Abstract

The cold creep of titanium alloy sheets has long been a critical issue for marine equipment.
So far, the orientation dependence of such behavior remains far from understood, threaten-
ing the dimensional stability and service safety of long-term load-bearing structures. In
this study, the early-stage room-temperature creep behavior of a near-α Ti6321 (Ti80) alloy
sheet was systematically investigated along the rolling direction (RD), 45-degree direction,
transverse direction (TD), and normal direction (ND). The sheet exhibited pronounced
room-temperature creep anisotropy among the four orientations. The creep strain was
highest in the RD specimen, followed in descending order by the ND, TD, and 45-degree
specimens, and the creep rate followed the same ranking, clearly confirming the existence
of creep anisotropy. Slip-system analysis was conducted to clarify the deformation mecha-
nism. Basal and prismatic slip were readily activated in the RD and ND specimens and
provided the principal contributions to creep strain. In contrast, prismatic slip was more
difficult to activate in the 45-degree and TD specimens, where pyramidal slip accounted
for a larger fraction. The lower creep strains in these orientations resulted from impeded
slip transfer and dislocation transmission across grain boundaries. The origin of the creep
anisotropy was attributed to the distinct activation of dislocations owing to the varied
orientation. The principal mechanisms responsible for the differences in creep rate among
specimens with different orientations are also discussed. The correlation between creep
anisotropy and the actual dislocation motion as well as the dynamic variation in true stress
is established, which benefits the accurate dimension controlling of titanium components.

Keywords: Ti6321 alloy; texture; microstructure; dislocation slip; creep properties

1. Introduction
Near-α titanium alloys have attracted extensive attention in structural engineering

applications, including the marine industry and deep-sea pressure hulls, because of their
high specific strength, excellent corrosion resistance, and good weldability [1–3]. In various
complex service environments, these alloys are often subjected to sustained mechanical
stresses for long periods and can undergo appreciable creep even at room temperature
(<0.25 Tm, where Tm is the melting temperature) [4–9]. Previous studies have shown
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that, even under stresses below the yield strength, creep strain can lead to the continuous
accumulation of localized plastic damage; once the damage exceeds an allowable limit,
material failure occurs [10–12]. Accordingly, extensive research has been devoted to this
issue.

Previous studies have shown that creep properties are directly affected by the stress
state, microstructure, and crystallographic texture. For example, Suryawanshi et al. [13]
reported pronounced tension-compression asymmetry in the creep rates of several titanium
alloys. Similarly, Guo et al. [14] found that the tensile creep strain of Ti-6Al-3Nb-2Zr-1Mo
was approximately twice its compressive creep strain. Neeraj et al. [15] reported that the
tensile creep strain of a near-α Ti-6Al alloy was approximately 5–6 times its compressive
creep strain. This behavior is generally attributed to the high sensitivity of dislocation
slip to the stress state, while the formation of a high dislocation density can produce a
higher creep rate [16–18]. Dislocation glide and transmission are also strongly influenced
by the microstructure. For instance, Sahoo et al. [19] found in Ti-6Al-4V that dislocations
were more prone to pile-up in lamellar microstructures, which exhibited a higher damage-
tolerance factor than bimodal and equiaxed microstructures. Likewise, Colla et al. [20]
showed that interactions between dislocations and nanotwins in nanostructured metals
produce incoherent twin-boundary effects, substantially increasing the stored dislocation
energy density and thereby resulting in a high creep rate at room temperature. The influence
of microstructure on creep properties is also manifested at the macroscopic texture level.

Studies have shown that creep anisotropy in rolled alloy sheets generally originates
from the crystallographic orientation dependence of dislocation slip [21,22]. For example,
Rahman et al. [23] found significant anisotropy in creep rate and creep-strain accumula-
tion in hot-rolled commercially pure titanium sheets with different texture components.
Similarly, Yazar et al. [24] reported that, in commercially pure titanium sheets with a cold-
rolling texture, specimens loaded in the transverse direction exhibited a greater degree of
grain-boundary slip transfer, resulting in a larger strain gradient than that of specimens
loaded in the rolling direction. In Ti6321 alloy sheets with a T-type texture, Zhang et al. [25]
found that variations in the overall Schmid factor caused by microtexture resulted in a
creep strain in the 45-degree direction approximately three times that in the transverse
direction, indicating pronounced creep anisotropy. Li et al. [26] found that Ti60 sheets with
a strong T-type texture contained a higher fraction of hard-oriented grains in the transverse
direction, which affected dislocation activation and transmission and led to a lower creep
rate. Similarly, Zhang et al. [27] concluded that the orientation anisotropy of Ti65 sheets
with a T-type texture originated from the fraction of hard-oriented grains and produced
different creep mechanisms in the rolling and transverse directions.

The early-stage room-temperature creep of titanium alloys is generally dominated
by dislocation slip, and the magnitude of creep deformation is closely related to the
activation and transmission of dislocations [28,29]. For example, Dichtl et al. [30] found
that basal slip dominated the early creep of the near-α TIMETAL ® 834 alloy, whereas
the fraction of prismatic slip gradually increased with increasing stress. Guo et al. [31]
reported that the long dislocation lines formed during tensile deformation of TC4 ELI
titanium alloy were more likely to traverse multiple grains and produced a larger creep
strain. Xu et al. [32] likewise showed that early creep in a nickel-based superalloy was
dominated by dislocation glide within the gamma matrix, accompanied by a continuous
increase in dislocation density in the gamma phase. Most previous studies have focused
on the mechanisms of anisotropy in tensile creep. Unfortunately, systematic and in-depth
understanding of the mechanisms governing orientation-dependent room-temperature
compressive creep remains lacking.
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In this study, room-temperature uniaxial compressive creep tests were conducted
under multiple stress levels (0.7YS, 0.8YS, and 0.9YS). Combined with EBSD and TEM char-
acterization, slip trace statistics, and dislocation mechanism analysis, the room-temperature
creep anisotropy mechanism of rolled near-α Ti6321(Ti80) alloy for deep-sea engineering
was systematically investigated for specimens with different orientations. Pronounced
basal texture was present in the RD, 45-degree, and TD orientations. Room-temperature
compressive creep tests were performed on hot-rolled Ti6321 alloy sheets along the RD,
45-degree, TD, and ND orientations. By combining the differences in creep strain and
creep rate, the creep deformation behavior in the four orientations was systematically
analyzed and interpreted. The intrinsic relationships among texture, deformation mecha-
nisms, and creep properties were revealed, providing a theoretical basis for understanding
texture-induced anisotropy in room-temperature compressive creep.

2. Materials and Methods
2.1. Materials and Specimens

A Ti6321 alloy sheet with a bimodal microstructure was used in this study. The
chemical composition of the alloy is listed in Table 1. The rolled sheet exhibited a strong
texture. As shown in Figure 1, two types of specimens were prepared. First, cylindrical
specimens with a diameter of 4 mm and a height of 6 mm were machined along four
different directions of the plate (Figure 1b) based on the creep testing requirements from
Gleeble 3500 thermomechanical simulator (Dynamic Systems Inc., Poestenkill, NY, USA).
The specimen orientations were parallel or perpendicular to the rolling direction–transverse
direction (RD–TD) plane of the plate. Second, bulk specimens measuring 10 mm × 5 mm ×
2 mm were prepared (Figure 1c) for direct characterization of the rolled microstructure. To
reveal the true microstructure, the specimens were sequentially ground with 220-grit, 800-
grit, 1000-grit, and 2000-grit SiC papers and then electropolished in an electrolyte containing
60% methanol, 35% n-butanol, and 5% perchloric acid to remove the machining-affected
layer and residual stresses.

Table 1. Chemical composition of Ti6321 alloy.

Element Ti Al Nb Zr Mo

wt.% Bal. 5.62 3.18 2.39 1.50

Figure 1. (a) Schematic diagram of the specimen orientation in the plate; (b) Cylindrical creep
specimen; (c) Bulk sample.

2.2. Room-Temperature Creep Test

The mechanical properties of the Ti6321 sheet in different orientations were first
measured by compression testing of cylindrical specimens, and the resulting yield-strength
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(YS) data are listed in Table 2. To evaluate the macroscopic creep properties of the sheet
along different orientations, tests were conducted at room temperature (25 ◦C) using a
DSI-Gleeble 3500 thermomechanical simulator (Dynamic Systems Inc., Poestenkill, NY,
USA) at a loading rate of 0.001 mm/s. Constant compressive loads corresponding to 70%,
80%, and 90% of the orientation-specific yield strength were applied, with a hold time
of 10 min. All the above test parameters were determined based on the actual in-service
stress state of deep-sea Ti6321 alloy components, which ensures that the experimental
results possess favorable engineering application value. The heights of the cylindrical
specimens were measured before and after testing to verify the final strain calculated from
the acquired data.

Table 2. Yield strength of Ti6321 alloy plate along different directions of the plate.

Samples ND RD 45◦ TD

Compressive YS/MPa 866 876 870 918

2.3. Microstructure Characterization

Secondary-electron imaging and electron backscatter diffraction (EBSD) were per-
formed on the bulk specimens using a AMBER focused ion beam/scanning electron micro-
scope (TESCAN, Brno, Czech Republic) equipped with an EBSD detector and the Aztec
online acquisition software (Version 2.1.2). The specimens were tilted by 70 degrees, and
EBSD patterns were acquired at an accelerating voltage of 20 kV, a working distance of
approximately 12 mm, and a step size of 0.3 micrometers. Based on the grayscale contrast
between the α and β phases, image-segmentation algorithms were used to determine the
mean size and mean thickness of the two phases. The slip systems activated inside α grains
during creep were identified by trace analysis. The ideal hexagonal lattice parameters
a = 0.295 nm and c = 0.468 nm were used in all calculations [33–35].

In addition, transmission electron microscopy (TEM) was performed before and
after compression using a double Cs-corrected Themis Z TEM (Thermo Fisher Scientific,
Waltham, MA, USA) operated at an accelerating voltage of 200 kV. TEM foils were prepared
from sections normal to the loading plane, taken from the as-received material and from
specimens subjected to 10 min of creep. The specimens were prepared according to a
standard procedure: they were ground to a thickness of approximately 50 micrometers
using SiC paper, punched into 3 mm discs with a dimpling tool, and then ion-milled to
obtain electron-transparent regions. Bright-field, dark-field, and weak-beam TEM images
were acquired under two-beam diffraction conditions using different diffraction vectors g
to characterize the dislocation-line morphologies.

3. Results
3.1. Initial Microstructure of Ti6321 Alloy Plate

Figure 2a shows a representative secondary-electron scanning electron microscopy
(SEM) image of the rolled Ti6321 alloy sheet. The microstructure is a homogeneous dual-
phase structure composed of hexagonal close-packed (HCP) α phase and β phase. The
average equivalent diameter of the α phase is approximately 4.62 µm, and the average
thickness of the β phase is about 0.72 µm. As shown in Figure 2b, the body-centered-cubic
(bcc) β phase is dispersed along the α-phase grain boundaries. Because its area fraction is
negligible (approximately 0.3%), the β phase is considered to have little influence on the
creep deformation of the alloy. Figure 2c presents a low-magnification EBSD orientation
map. Because of the low β-phase content, only the dominant α phase was indexed.
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Figure 2. (a) Secondary electron SEM microstructure image of the rolled Ti6321 alloy; (b) EBSD phase
map of the initial microstructure; (c) EBSD orientation distribution map of the initial microstructure.

The texture characteristics of the specimens were characterized using (0001), (10-10),
and (11-20) pole figures, as shown in Figure 3. The results indicate that the Ti6321 alloy
sheet developed a strong basal texture in the different sampling orientations. In the (0001)
pole figure of the RD specimen, an intensity peak appeared near the TD, with a maximum
intensity of approximately 20.59 (Figure 3a). Similarly, the (0001) pole figure of the TD
specimen exhibited the highest basal-texture intensity among all specimens along the
45-degree direction, with a maximum intensity of approximately 34.52 (Figure 3c). In the
(0001) pole figure of the 45-degree specimen, the maximum basal-texture intensity near
the RD reached 18.72 (Figure 3b). These results show that pronounced basal textures were
present in the RD, TD, and 45-degree orientations, although the texture intensity in the RD
specimen was lower than those in the 45-degree and TD specimens. A strong basal texture
was also observed in the (0001) pole figure of the ND specimen, with a maximum intensity
of 59.23 (Figure 3d). However, this texture was not aligned with the ND of the sheet.
Therefore, unlike the other three orientations within the rolling plane, the ND specimen
did not exhibit a pronounced basal-texture characteristic.

Figure 3. Pole figures of Ti6321 alloy sheet with different sampling directions: (a) Rolling direction
(RD); (b) 45◦ direction; (c) Transverse direction (TD); (d) Normal direction (ND). The horizontal x-axis
corresponds to the rolling direction, the direction 45◦ to the rolling direction, the transverse direction,
and the direction normal to the rolling plane, respectively. The maximum texture intensity values are
marked in each figure.
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It is worth noting that the specimen along the normal direction (ND) exhibits the
lowest yield strength in the compression test. Compared with the other three directions, the
ND sample does not show obvious basal texture characteristics. According to the findings
reported by Rahman et al. [22] on hot-rolled commercially pure titanium sheets, grains
with the c-axis approximately parallel to the loading axis belong to hard orientations and
tend to form deformation twins. Therefore, it is inferred that the low yield strength of the
ND specimen is closely related to the crystallographic texture.

3.2. Room-Temperature Compressive Creep Behavior

The macroscopic strain-time curves obtained from the cylindrical specimens are shown
in Figure 4a. At a given orientation, the creep strain increased with increasing stress
level. The creep strain here refers only to the strain accumulated during the constant-
load holding stage, excluding the strain generated in the loading process. At 0.9 YS, the
RD specimen exhibited the greatest creep deformation among all orientations, and the
orientation dependence was particularly pronounced. For example, the creep strain of the
normal direction (ND) specimen reaches nearly 2.49%, second only to that of the rolling
direction (RD) specimen (approximately 2.75%). In comparison, the transverse direction
(TD) specimen exhibits a lower creep strain of about 2.29%, while the specimen along the
45◦ direction shows the minimum creep strain of only around 2.09%. Thus, the material
displayed pronounced creep anisotropy under different loading orientations, especially at
high stress levels. Notably, most of the creep strain accumulated during the first 20 s, after
which the creep deformation gradually leveled off.

 

Figure 4. (a) Strain-time curves of creep tests for Ti6321 alloy at different stress levels and in different
directions of the plate; (b) Strain rate-time curves.

As the stress level decreased, the RD specimen consistently maintained the largest
creep deformation, whereas the creep deformation of the ND specimen gradually decreased
and became the lowest at 0.7 YS. Because the creep strains at 0.8 YS were small (1.89%,
1.87%, 1.59%, and 1.74% for the RD, 45-degree, TD, and ND orientations, respectively) and
all were below 2.0%, the creep deformation at this lower stress level was not considered to
provide a reliable representation of the creep-anisotropy trend.

Figure 4b presents the corresponding creep strain-rate versus time curves at the differ-
ent stress levels. Creep is conventionally divided into three stages: primary (decelerating),
secondary (steady-state), and tertiary (accelerating) creep [4,5]. All specimens in the present
experiments remained in the primary stage, as indicated by the continuously decreasing
strain rate; even after 600 s, none had entered the steady-state stage. At high stress levels,
the RD specimen had the highest creep strain rate, followed by the ND specimen, whereas
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the 45-degree specimen had the lowest rate. This sequence was consistent with the ranking
of the creep strains.

3.3. Microstructural Characteristics During RT-Creep

Figures 5a and 5b show the microstructures of the RD specimens after 10 min of creep
loading at 0.8 YS and 0.9 YS, respectively. The slip traces mainly appeared as sets of parallel
straight lines, and multiple trace orientations were present within individual α grains
(Figure 5b). Increasing the stress level caused more severe plastic-strain accumulation
during creep and a transition from single slip to multiple slip inside α grains. This obser-
vation confirms that dislocation slip was the dominant deformation mechanism during
compressive creep of the Ti6321 alloy. The higher stress level also activated dislocation slip
in more grains and produced more slip traces crossing α/β phase boundaries, as indicated
by the dashed lines in Figure 5b.

 

Figure 5. Microstructures of specimens with different orientations after creep loading for 10 min
under different loads: (a) Rolling direction (RD), 0.8YS; (b) Rolling direction (RD), 0.9YS; (c) 45◦

direction, 0.8YS; (d) 45◦ direction, 0.9YS; (e) Transverse direction (TD), 0.8YS; (f) Transverse direction
(TD), 0.9YS; (g) Normal direction (ND), 0.8YS; (h) Normal direction (ND), 0.9YS.

Figures 5c and 5d show the microstructures of the 45-degree specimens after 10 min
of creep loading at 0.8 YS and 0.9 YS, respectively. Unlike the RD specimens, most slip
traces in Figure 5c were confined within α grains, and very few crossed α/β boundaries.
At 0.9 YS (Figure 5d), more slip traces were observed but remained confined within α

grains, which may explain the lower creep strain in this orientation. The microstructures of
the TD specimens after 10 min at 0.8 YS and 0.9 YS are shown in Figure 5e and Figure 5f,
respectively. At 0.8 YS, some slip traces were confined within α grains, similar to the
45-degree specimens. With increasing creep load, more traces and cross-slip traces ap-
peared inside the α grains of the 0.9 YS specimen. As shown in Figure 5f, pronounced
traces did not appear in every grain but were concentrated in selected α grains, indicating
heterogeneous dislocation nucleation. The microstructures of the ND specimens after
10 min at 0.8 YS and 0.9 YS are shown in Figure 5g and Figure 5h, respectively. At 0.8 YS, a
small number of parallel slip traces appeared inside α grains, without clear evidence of
grain-boundary crossing. When the stress was increased to 0.9 YS, clear cross-boundary
slip traces and a small number of cross-slip traces were observed (Figure 5h).

The observations above show that slip traces appeared in both the α and β phases in
nearly all creep tests, although most were concentrated within the α phase and relatively
few occurred in the β phase. This indicates that room-temperature creep of Ti6321 was
dominated by planar slip within the α phase. As the stress level increased, the 0.9 YS
specimens generally exhibited a higher density of slip traces than the 0.8 YS specimens in
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all orientations. In most cases, dislocation transmission was impeded by phase boundaries,
so that slip occurred only within individual α grains. This finding indicates that α/β
interfaces act as barriers to dislocation motion, consistent with observations in near-α TC4
ELI titanium alloys [31]. Owing to the Burgers orientation relationship between the α and β

phases (<11-20>α//<111>β and (0001)α//(110)β) [2,7] and the small β-lamella thickness
(less than 1 micrometer), slip-system transmission across the interface could nevertheless
occur in many cases, allowing dislocations to pass through the phase boundary. In addition,
some cross-slip traces were observed in the TD and ND specimens at 0.9 YS, but not in the
specimens tested at 0.8 YS.

Because the creep strain rate and the number of slip traces were low at 0.8 YS, the local
misorientation distributions of specimens with different orientations were mainly analyzed
at 0.9 YS. Figure 6 presents the EBSD results for specimens with different orientations after
compressive creep. Supplementary Figure S1 shows the inverse pole figure (IPF) orientation
maps after creep, and Figure 6a–d shows the corresponding kernel average misorientation
(KAM) maps. All orientations exhibited pronounced grain-scale local deformation, as
confirmed by the elevated KAM values. The dashed lines in Figure 6a–d indicate that
the number of localized dislocation-accumulation regions varied with orientation. The
RD specimen contained the largest number of such regions, followed by the ND and TD
specimens, whereas the 45-degree specimen contained the fewest.

 

Figure 6. Kernel Average Misorientation (KAM) maps of specimens with different orientations under
0.9 times yield strength: (a) Rolling direction (RD); (b) 45◦ direction; (c) Transverse direction (TD);
(d) Normal direction (ND).

To quantitatively evaluate the accumulated creep damage in the microstructure, his-
tograms of the local misorientation distributions were obtained for the specimens with

https://doi.org/10.3390/met16101145

https://doi.org/10.3390/met16101145


Metals 2026, 16, 1145 9 of 19

different orientations and fitted using a log-normal distribution. Statistical analysis showed
that the KAM values followed the log-normal distribution f(KAM) closely:

f(KAM) =
1

KAMσ
√

2π
exp

{︄
−[ln(KAM) − µ]2

2σ2

}︄
, (1)

This distribution is defined by a scale parameter µ and a shape parameter σ. The mean
(mKAM) and variance (υKAM) of the KAM values for the log-normal distribution are defined
as follows:

mKAM = exp
(︂

µ + 0.5σ2
)︂

(2)

υKAM = exp
(︂

2µ + σ2
)︂[︂

exp
(︂

σ2
)︂
− 1

]︂
(3)

The mean (mKAM) and variance (υKAM) of KAM can be used to characterize the
degree of plastic-strain accumulation during creep and the degree of strain localization
at the microscale, respectively. The mKAM and υKAM values of the α and β phases in all
orientations were obtained from the log-normal fits (Figure 7). The mKAM and υKAM values
of the dominant α phase show that the RD specimen had the largest and most highly
localized plastic strain, followed by the ND and TD specimens, whereas the 45-degree
specimen exhibited the smallest and least localized plastic strain. These results agree with
the observations in Figure 6. The greater accumulation of KAM in the RD specimen is also
an important manifestation of its more pronounced localized slip deformation, consistent
with its larger creep strain.

Figure 7. Kernel Average Misorientation (KAM) histograms and log-normal fitting curves of α-phase
and β-phase for specimens with different orientations: (a) Rolling direction (RD); (b) 45◦ direction;
(c) Transverse direction (TD); (d) Normal direction (ND).

4. Discussion
4.1. Effect of Basal Texture on Slip System Activation Behavior

As shown in Figure 3, pronounced basal textures were present in the RD, 45-degree,
and TD orientations of the Ti6321 sheet. Due to the hard orientation of grains, prismatic slip

https://doi.org/10.3390/met16101145

https://doi.org/10.3390/met16101145


Metals 2026, 16, 1145 10 of 19

was difficult to activate, as previously reported for commercially pure titanium and Ti6321
alloys [22,28]. The ND specimen, in contrast, did not exhibit a pronounced basal texture.
Since the intensity of creep strain at 0.8 YS was not sufficient to reflect the creep anisotropy
clearly between differently oriented samples, the following discussion focuses on and
compares slip-system activation in the basal-textured RD, 45-degree, and TD specimens
and the ND specimen without a pronounced basal texture at 0.9 YS. Figures 8 and 9 present
the global Schmid-factor (SF) distributions calculated for the polycrystalline α grains and
the statistical fractions of the experimentally activated slip systems, respectively.

Figure 8. Histograms of basal (B), prismatic (Pr), pyramidal (Py), and pyramidal (Py<c+a>) slip
systems for specimens with different orientations: (a) Rolling direction (RD); (b) 45◦ direction;
(c) Transverse direction (TD); (d) Normal direction (ND). (a1,b1,c1,d1) correspond to the basal (B)
slip system; (a2,b2,c2,d2) correspond to the prismatic (Pr) slip system; (a3,b3,c3,d3) correspond to the
pyramidal (Py) slip system; (a4,b4,c4,d4) correspond to the pyramidal 〈c+a〉 slip system.

Figure 8 was extracted from the initial EBSD data of the uncompressed specimens
(Supplementary Figure S2) and was used to assess the activation tendency of basal, pris-
matic, and pyramidal slip systems. The SF distributions differed markedly among the
orientations, indicating their significantly distinct stress resolution characteristics during
loading. In the RD specimen (Figure 8a), the mean SFs for basal slip and 10-11<a> pyrami-
dal slip were similarly high, 0.421 and 0.455, respectively, whereas those for 11-22<c+a>
pyramidal slip and prismatic slip were relatively lower, approximately 0.34. Thus, the
higher SFs for pyramidal and basal slip indicate that, under comparable critical resolved
shear stresses, basal slip and 10-11<a> pyramidal slip in the RD specimen obtained high
amounts of resolved stress for activation. Similarly, in the 45-degree specimen (Figure 8b),
10-11<a> pyramidal slip had the highest mean SF (0.423), followed by 11-22<c+a> pyrami-
dal slip (0.365) and prismatic slip (0.339), whereas basal slip had the lowest mean SF (0.309).
In the TD specimen (Figure 8c), the two pyramidal slip systems had similarly mean SFs
of approximately 0.39, followed by basal slip (0.375), while prismatic slip had the lowest
mean SF. In contrast, basal slip had the highest mean SF in the ND specimen (Figure 8d),
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0.444, followed by pyramidal slip, while prismatic slip again had the lowest mean SF, only
0.209. These SF distributions demonstrate the physical basis for the preferred activation of
slip systems varied with loading orientation in the Ti6321 sheet.

 
Figure 9. Activation frequencies of various slip systems in differently oriented specimens under 0.9
times yield strength characterized by EBSD.

However, the global Schmid factors of a polycrystal cannot account for the effects of
local stress [31]. The actual activation of slip systems is determined not only by the mean
Schmid factor but also by the local shear strain required for strain accommodation within
individual grains. Lunt et al. [36] suggested that local texture and interactions between
neighboring grains significantly affect slip-system activation inside Ti-6Al-4V grains. As
shown in Figure 5f, multiple slip-trace orientations were observed within some grains,
mainly because of stress concentration at phase interfaces and local strain incompatibility.

To investigate the effect of local stress concentration on the actual operation of slip
systems, slip-trace analysis was performed using EBSD data from the effective observation
regions of specimens crept along the RD, 45-degree, TD, and ND orientations. The actual
slip-system activity in each orientation was determined, and the statistical results at 0.9 YS
are shown in Figure 9. More than 100 grains were counted for specimens of each orientation.
Affected by the clarity of slip traces at the early strain stage and the applied stress level,
a total of 56, 44, 62 and 49 slip traces were identified for the crept specimens with four
orientations (rolling direction (RD), 45◦ direction, transverse direction (TD) and normal
direction (ND)) under the stress of 0.9 times the yield strength. The trace analysis method
was adopted to quantify the fraction of different active slip systems. The angular deviation
between measured and theoretical slip traces was restricted within 5◦. When multiple
slip systems satisfied the 5◦ tolerance simultaneously, the slip system with the maximum
Schmid factor was identified as the activated one. Basal slip was the dominant system in
the RD specimen, accounting for approximately 60%, consistent with its high basal-slip
SF in Figure 8. Prismatic slip accounted for approximately 28%, second only to basal slip;
this is considered to reflect the influence of local internal stresses. Similarly, basal slip
accounted for approximately 40% of the activity in the 45-degree specimen, comparable to
the combined fraction of the two pyramidal systems with high SFs. In the ND specimen, the
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mean SF for prismatic slip was only 0.240, yet the statistical analysis showed that prismatic
slip accounted for approximately 45% of the activity. These deviations are attributed to the
high local stress states. The variances of the KAM distributions (υKAM) for the dominant α
phase in the RD, 45-degree, and ND specimens were 0.0995, 0.0449, and 0.0556, respectively,
as calculated in Figure 7. Because the TD specimen had the lowest υKAM (0.0429), its
slip-system activation was least affected by local stress, and its experimentally measured
slip fractions agreed most closely with the mean-SF predictions.

Figure 10 presents inverse pole figure (IPF) maps overlaid with Schmid-factor con-
tours for the microstructures of the RD, 45-degree, TD, and ND specimens after creep at
0.9 YS. The distinct activities of basal, prismatic, pyramidal <a>, and pyramidal <c+a> slip
within grains of the differently oriented specimens are shown. Basal slip dominated in
the RD and 45-degree specimens, consistent with the high SFs observed in most grains
(Figure 10(a1,b1)). Pyramidal slip and prismatic slip dominated in the TD and ND speci-
mens, respectively, also consistent with the observations in Figure 10(c1,d1). Most grains
fell within the high-SF range of 0.4–0.5.

 
Figure 10. Inverse pole figure maps of basal, prismatic and pyramidal slip activation inside grains of
differently oriented specimens after creep under 0.9 yield strength: (a) Rolling direction (RD); (b) 45◦

direction; (c) Transverse direction (TD); (d) Normal direction (ND). Schmid factor (SF) contour lines
are overlaid on the maps.

It is noteworthy that Table 1 shows the ND specimen to have the lowest yield strength,
whereas the RD specimen had the second-highest yield strength after the TD specimen,
followed by the 45-degree specimen. Previous studies have shown that, in hexagonal α-Ti,
the critical resolved shear stress follows the order pyramidal slip > basal slip > prismatic
slip [37,38]. This explains why the TD specimen, dominated by pyramidal slip, had the
highest yield strength, followed by the RD and 45-degree specimens, in which basal slip
dominated. Their yield strengths were similar, 876 MPa and 870 MPa, respectively, whereas
the ND specimen, dominated by prismatic slip, had the lowest yield strength.

4.2. Dislocation Activity Mechanism for Creep at Room Temperature

Previous studies have shown that primary α/α grain boundaries, primary α/β grain
boundaries, and primary α/colony interfaces can impede effective dislocation transmis-
sion [33,39]. The blocked dislocations generate a large local misorientation at grain bound-
aries (Figure 6). Guo et al. [31] proposed that slip transfer at a grain boundary is triggered
when the local inelastic stored-energy density caused by dislocation pile-up reaches equilib-
rium with the α/β interfacial energy. The slip traces in the RD and ND specimens clearly
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crossed grain boundaries in Figure 5, which rationalizes their higher creep strains. This
behavior is mainly attributed to the Burgers orientation relationship between the α and
β phases and the increase in local inelastic stored-energy density caused by dislocation
pile-ups. To verify this interpretation, TEM observations were further performed to investi-
gate dislocation configurations in the α phase with different loading conditions. Figure 11
shows the dislocation types directly observed after 10 min of creep using TEM two-beam
g.b analysis. According to the g.b = 0 invisibility criterion, only dislocations containing a
<c> component are visible with the reciprocal-lattice vector g = [0002]; only dislocations
containing an <a> component are visible with g = [−2110] and g = [01-10]. In particular,
<c+a> dislocations are visible under both of the latter two-beam conditions.

 

Figure 11. TEM images of specimens with different orientations after creep deformation at 0.9 yield
strength. (a–d) Rolling direction (RD); (e–h) Normal direction (ND). All images were acquired from
approximately identical regions. The diffraction vectors used for imaging are marked in the figures,
and the electron beam incidence direction is approximately <11-20>α.

Figure 11 shows representative TEM images of the RD and ND specimens after 10
min of creep at 0.9 YS, acquired under different two-beam conditions. Most dislocation
lines were clearly visible. In the bright-field image acquired with g = [0002] (Figure 11a),
clear long <c+a>-type pyramidal dislocations were observed. In the bright-field image
acquired with g = [01-10] (Figure 11b), some basal and prismatic dislocations were found
to pile up near grain boundaries. Different dislocation types are indicated by dashed
lines of different colors. Basal, prismatic, and pyramidal dislocations were simultaneously
activated in this specimen, with basal slip being dominant. Figures 11c and 11d show
dark-field images of the same region acquired with g = [01-10] and g = [−2110], respec-
tively, revealing pronounced dislocation pile-ups at grain boundaries, which explains the
increase in local inelastic stored-energy density. Figure 11e–f show TEM images of the
ND specimen, in which multiple dislocation types were also activated and prismatic slip
was dominant. Some pyramidal <c+a>, basal, and prismatic dislocations were observed
to cross the boundary between grains 1 and 2 (Figure 11e,g), again owing to the increase
in inelastic stored-energy density and the characteristic Burgers orientation relationship
between the α and β phases. Figure 11h is a dark-field image of the ND specimen acquired
with g = [01-10] and shows extensive dislocation pile-up at the grain boundary. These
observations demonstrate that, after deformation, the RD and ND specimens developed a
large number of dislocations inside α grains and pronounced dislocation pile-ups at α/β
interfaces, accounting for their higher creep strains.

Figure 12 shows the TEM observations of dislocation characteristics in the 45-degree
and TD specimens after creep at 0.9 YS. Figure 12a–d show the 45-degree specimen, and

https://doi.org/10.3390/met16101145

https://doi.org/10.3390/met16101145


Metals 2026, 16, 1145 14 of 19

Figure 12e–h show the TD specimen. Multiple slip systems, including basal, prismatic, and
pyramidal slip, were activated in both orientations. A large number of basal dislocations
were observed in the 45-degree specimen under g = [01-10] (Figure 12c,d), whereas the
TD specimen activated more pyramidal <c+a> slip, consistent with the actual slip-system
activity obtained from the EBSD statistics in Figure 9. The activation of pyramidal dislo-
cations is also evidenced by Xu [40]. Compared with the RD and ND specimens, these
two orientations contained fewer and shorter dislocations, resulting in lower dislocation
mobility and preventing long-range motion through the microstructure. Consequently,
most dislocations were confined within individual grains, and no dislocation transmission
across grain boundaries was observed. Unlike the RD and ND specimens, pronounced
dislocation pile-ups were not observed at grain boundaries in these two orientations. Their
local inelastic stored-energy density was therefore lower and did not reach equilibrium with
the grain-boundary energy, preventing extensive cross-boundary dislocation transmission.
This explains the lower creep strains of the 45-degree and TD specimens compared with
the RD and ND specimens.

 

Figure 12. TEM images of specimens with different orientations after creep deformation at
0.9 yield strength. (a–d) 45◦ direction; (e–h) Transverse direction (TD);. All images were acquired
from approximately identical regions. The diffraction vectors used for imaging are marked in the
figures, and the electron beam incidence direction is approximately <11-20>α.

4.3. Analysis of Creep Anisotropy Mechanism

As shown in Sections 4.1 and 4.2, the activated slip systems differed remarkably in
these textured specimens. The RD specimen activated relatively large fractions of basal
and prismatic slip, whereas prismatic slip dominated in the ND specimen. The dislocations
activated in both orientations were relatively long and readily propagated. However,
the RD specimen accumulated more plastic strain and therefore exhibited higher creep
strain and creep strain rate. Basal slip and pyramidal slip dominated in the 45-degree and
TD specimens, respectively; the dislocations in these specimens were shorter and more
difficult to extend. Their plastic-strain accumulation was lower than that in the RD and ND
specimens, indicating weaker dislocation pile-up, a local inelastic stored-energy density
below the interfacial energy, and impeded dislocation propagation. Consequently, their
creep strains and creep rates were lower. Because plastic-strain accumulation in the TD
specimen was greater than that in the 45-degree specimen, its creep strain and creep rate
were consistently higher.

To quantitatively describe the driving force for dislocation motion and the creep rate
in specimens with different orientations, the evolution of the true stress state during creep
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and a uniaxial microstructural creep-rate model are considered. To account for the Poisson
effect during compression, an equivalent-stress coefficient eta was used to describe the
evolution of equivalent stress during creep in the different orientations, as follows [31]:

η =
σ′eq

σeq
(4)

Here, σ′eq and σeq represent the true equivalent stress and engineering equivalent
stress during creep, respectively. They can be calculated using Equation (5), based on
the von Mises yield criterion, proposed by Guo et al. [31] from tensile, compressive, and
torsional tests, as follows:

σeq =

√︃
σ02 +

(︂√
3τ

)︂2
(5)

Here, σ0 is the engineering stress during creep, and τ represents the shear stress (0
MPa in the present study). Figure 13a shows the variation in eta with time for the ND, RD,
45-degree, and TD specimens at 0.9 YS. As creep strain continuously increased, the true
compressive stress increased in all specimens by the end of the 600 s creep test. The increase
was largest in the RD specimen, approximately 490 MPa, followed by the ND specimen at
approximately 420 MPa, the TD specimen at approximately 280 MPa, and the 45-degree
specimen at only approximately 170 MPa. Thus, the driving force for dislocation motion
followed the order RD > ND > TD > 45-degree, consistent with the ranking of creep strain.
Previous studies have shown that a microstructural constitutive creep model developed for
single-peak precipitation-strengthened alloys can simulate the effect of internal stress on
compressive creep behavior, as expressed below [41]:

ε·creep = ε· ′0exp(− Q
RT

)sinh(
σeq,t

σt
eq.0

) (6)

Figure 13. (a) Variation curves of η value with time t for specimens of different orientations at 0.9
yield strength; (b) Calculated average geometrically necessary dislocation (GND) density.

Here, Q is the activation energy for dislocation motion; R is the ideal gas constant; T is
the thermodynamic temperature; σeq,t is the true equivalent stress during creep; σeq.0

t is
the creep strength of the alloy; ε·0′ is a variable rate parameter that is positively correlated
with the mobile dislocation density; and σeq,t and σeq.0

t are approximately equal at the
initial time. Guo et al. found that the hyperbolic sine function varies slightly during the
early creep stage at room temperature (60 h), which can be approximately regarded as
a constant value of 1 [31]. Because all orientations were tested at room temperature, the
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mobile dislocation density became the key factor controlling the creep rate. Comparison of
the four orientations shows that the KAM of the RD specimen was greater than that of the
ND specimen, followed by the TD and 45-degree specimens (Figure 7). A larger KAM is
generally associated with a higher geometrically necessary dislocation (GND) density. The
GND density was calculated using the following expression (Figure 13b):

ρGND =
2mKAM

lb
(7)

Here, l is the EBSD scan step size and b is the magnitude of the Burgers vector of the
dislocation type with the largest fraction in each orientation. The geometrically necessary
dislocation (GND) density of specimens under compressive creep follows the order: rolling
direction (RD, 9.17 × 1015/m2) > normal direction (ND, 7.51 × 1015/m2) > transverse
direction (TD, 7.18 × 1015/m2) > 45◦ direction (45, 6.46 × 1015/m2). EBSD and TEM
observations reveal that no extensive dislocation tangles or low-angle grain boundaries
(LAGBs) form in Ti6321 specimens with different orientations at an early creep stage when
the creep strain is less than 5%. According to Guo [31], the enhanced GND density implies
more significant activation of mobile dislocations during creep. Therefore, it can be inferred
that the mobile dislocation density follows the sequence: RD specimen > ND specimen >
TD specimen > 45◦ specimen. Equation (6) therefore predicts a creep-rate sequence of RD >
ND > TD > 45◦. The above-mentioned analysis quantitatively characterizes the evolution
of true stress related to the driving force for dislocation motion, as well as the magnitude of
geometrically necessary dislocation density governing the creep rate. It reveals the intrinsic
mechanism of creep anisotropy for specimens with different orientations of rolled Ti6321
alloy plate from the microscopic perspective.

5. Conclusions
This study investigated the anisotropic creep behaviors of a rolled near-α Ti6321 alloy

at room temperature along the rolling direction (RD), the direction 45 degrees to the RD,
the transverse direction (TD), and the normal direction (ND). The dependence of creep
strain and creep rate on loading orientation was analyzed. By combining the evolution of
the microstructure and activated dislocations, the room-temperature creep mechanism and
its anisotropic characteristics were clarified. The main conclusions are as follows.

(1) The rolled Ti6321 alloy exhibited an anisotropic creep tendency. The RD and ND
specimens possessed higher creep strain compared with the TD and 45-degree ones.
Although all systems, i.e., basal, prismatic, and pyramidal slip systems, could be
detected in all orientated specimens, the dislocation activity and pile-ups in RD and
ND cases were more significant.

(2) In the RD, 45-degree, and ND specimens, the local stress generated by accumu-
lated misorientation in the α phase caused the experimentally activated slip sys-
tems to deviate from Schmid’s law. As the TD specimen had the lowest local
stress (υKAM = 0.0429), its experimentally observed slip-system activation agreed
most closely with Schmid’s law.

(3) The dislocation mechanisms of anisotropic creep strain and creep rate of investigated
Ti6321 alloy were unveiled. The dislocations propagating more readily along grain
boundaries in RD and ND cases facilitated the strain accumulation. The true stress and
mobile dislocation density, following the RD > ND > TD > 45◦ sequence, determined
the creep rate.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/met16101145/s1, Figure S1: EBSD orientation distribution maps
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of specimens with different orientations after 10 min of creep; Figure S2: EBSD orientation distribution
maps of initial microstructure of rolled specimens with different orientations.
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