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Abstract: This study aims to explore the influence of distinct forging parameters on
microstructure and mechanical properties of TC21 forgings. The trimodal
microstructure, which includes equiaxial o (oq), lath o (ouam), and fine o (asine) phases,
was achieved via quasi-P forging and dual heat treatment. Subsequently, mechanical
properties were evaluated through tensile, impact toughness (ax), and fracture
toughness (K;c) tests. Results indicate that the content of aeq is higher at lower forging
heating temperature, whereas the content of ouan is diminished and the size of oifine
remains relatively small. This tendency reverses at higher forging heating temperature
due to the increased driving force of the phase transition. The rise in o content
implies more pronounced interface strengthening and plastic deformation, which
significantly contributes to strength compared to osne and oeq but exerts a weaker
influence on plasticity. Moreover, the combined deformation and fracture of ou.m and
afine €xert a significant influence on the initiation and propagation of cracks in ax and
Kic specimens. The limited coordination of deformations exhibited by ouam leads to
preferential stacking dislocations and shear fractures at interfaces, which are further
influenced by its higher aspect ratio affecting crack propagation paths. This not only
increases the required energy for initiating cracks but also raises energy consumption
during their propagation. Crucially, the presence of ofine significantly enhances the
dislocation accumulation and the plastic deformation zone at the crack tip, thereby
playing a pivotal role in determining local deformation capacity and crack deflection
frequency.
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1. Introduction

The TC21 titanium alloy plays a crucial role in aerospace structural materials
owing to its exceptional strength, corrosion resistance and fatigue resistance [1]. As
aerospace structure design shifts towards enhanced damage resistance, the use of
components with superior mechanical properties in harsh environments becomes
imperative [2, 3]. However, achieving a satisfactory match between the strength and
toughness of TC21 forgings during service poses a persistent challenge, frequently
resulting in premature component failure [4, 5]. Therefore, comprehensive research
on the forging and forming process of TC21 forgings, along with the establishment
of precise process parameters, is urgently needed to address this issue.

The influence of microstructure on mechanical properties of materials,
particularly in titanium alloys, is widely recognized [6]. The composition,
distribution, and morphology of a and [ phases in these alloys are crucial for
determining key material properties such as strength, fracture toughness (Kic), creep
behavior, fatigue resistance, and crack propagation resistance [7]. Consequently,
current research primarily focuses on manipulating the microstructure through
forging and heat treatment processes to improve overall macroscopic mechanical
properties [8]. Notably, researchers have successfully developed a trimodal
microstructure using near-f forging that incorporates equiaxed a (oeq) phase, lath o
(ouam), and fine a (afine) phases. This unique configuration combines the strength of
bimodal microstructure and basket-weave microstructure to offer exceptional
plasticity, superior impact resistance, and enhanced crack resilience [9]. Furthermore,
Shi et al. [10] discovered that increasing the residual B matrix content after
near-isothermal forging enhances the strength of TC21 alloy, while the presence of
coarse o laths aligned with the maximum resolved shear stress axis reduces its
plasticity. Similarly, Zhou et al. [11] suggested that higher quasi-B forging
temperatures lead to laths o phases coarsening, which promotes basket-weave
microstructure formation and increases K;c of TC21 alloy. Nevertheless, during the

forging process, unfavorable factors inevitably introduce an uneven distribution of



microstructure, emphasizing the critical role of subsequent heat treatment in
optimizing it [12]. Solid solution and aging treatments are widely recognized for
altering the size and morphology of o laths as well as secondary o lamellae,
achieving a desirable balance between high strength and K;c [13, 14]. Wang [15] and
Tan [16] have suggested that increasing the solid solution temperature under fixed
aging process could improve both hardness and strength of TC21 alloy. Furthermore,
Wen et al. [17] discovered that the strength of TC21 alloy can be effectively
enhanced by o colonies obtained through annealing after solid solution treatment.
While there have been extensive studies on mechanical properties of TC21 titanium
alloys, current research predominantly centers on elucidating microstructure
evolution and enhancing performance [18, 19, 20, 21]. However, there is a notable
gap in understanding how forging and heat treatment impact both strength and
toughness of forgings [22, 23, 24]. More critically, comprehensive examinations of
mechanical properties of TC21 forgings under trimodal microstructure parameters
are lacking, and microstructural parameters for controlling the strength, plasticity,
and toughness of TC21 forgings remains ambiguous. Hence, it is imperative to
explore the evolution mechanism of the a phase within the trimodal microstructure
under different forging parameters and to carefully adjust the characteristic
parameters of the trimodal microstructure. These efforts are crucial in achieving an
optimal balance of strength, plasticity, and toughness in components fabricated from
TC21 alloy.

This study investigates the effects of forging heating temperature and holding
time on microstructure and mechanical properties of TC21 forgings. Four types of
quasi-fB forging parameters were introduced in order to underscore the significance of
microstructure evolution in thermo-mechanical processing. Furthermore, this work
explores the mechanism of o phase evolution under different forging conditions.
Simultaneously, the study also examines microstructure parameters of TC21 forgings
to explore their correlation with strength, plasticity, and toughness. The objective is to

identify crucial microstructural parameters that can control the strength, plasticity, and



toughness of TC21 forgings. The results can provide reference and theoretical

guidance for regulating microstructure and performance of TC21 forgings.
2. Experimental materials and methods

2.1 Materials and treatment process

The raw material was TC21 alloy provided by Northwest Nonferrous Metals
Research Institute. The exact chemical composition of the alloy is given in Fig. 1a,
and its microstructure comprises the o phase (o-Ti) and B phase (B-Ti). The P
transition temperature, determined via metallographic analysis, was measured to be

971 £ 3 °C. Following preheating at 931°C for 49 minutes, four identical specimens

underwent heating treatments using different processes. The heating and forging
conditions adhered to those outlined in Table 1, precluding any return to the furnace
for additional heating. The forging process was conducted on a 400 MN large die
forging hydraulic press, with a forging pressure of about 150 MN and a deformation
rate of 8 mm/s. The initial forging temperature was set at 976 °C, with a final forging
temperature of > 820 °C. Following this, test specimens were extracted from the
quasi-f forged specimens and underwent heat treatment (solution and aging) in a high

temperature tube furnace.

Table 1. Forging heating temperature and holding time

Actual heating
Specimens Heating temperature Forging temperature
temperature
931 °C x 49 minutes with the furnace Start forging temperature 976 °C
A 976 + 1 °C
heating to 976 °C x 25 minutes Final forging temperature >820 °C
931 °C x 49 minutes with the furnace Start forging temperature 976 °C
B ) ) ) ] 976 + 1 °C
heating to 976 °C x 50 minutes Final forging temperature >820 °C
931 °C x 49 minutes with the furnace Start forging temperature 986 °C
C 986+ 1 °C
heating to 986 °C x 25 minutes Final forging temperature >820 °C
931 °C x 49 minutes with the furnace Start forging temperature 986 °C
D 986+ 1 °C

heating to 986 °C x 50 minutes Final forging temperature >820 °C

The solution treatment was conducted in a high-temperature Class III furnace at
a temperature of 900 °C for 90 minutes, followed by air cooling (AC). Subsequently,
the aging treatment took place in a Class II high-temperature electric furnace at a
temperature of 590 °C for 240 minutes, also followed by AC (Figs. 1b to lc).

Furthermore, for clarity in discussing various mechanical properties of TC21 forgings
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under different forging conditions, the specimens from the four distinct forging

parameters are denoted as specimens A, B, C, and D, as presented in Table 1.
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Fig. 1. (a) Original microstructure and chemical composition of TC21 alloy; (b) and (c) schedules
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of TC21 alloy at different quasi-p forging parameters and heat treatment process.
2.2 Mechanical properties testing

Quasi-static tensile tests were carried out on an MTS 810 universal tester
equipped with an extensometer at a controlled rate of I mm/min at room temperature.
The diameter of the parallel end of the tensile specimen was 5 mm, the length of the
parallel end was 40 mm, the diameter of the clamping end was 10 mm, and the length
of the clamping end was 30 mm (Fig. 2a). The compact tensile (CT) specimen of K;c
was tested using the MTS instrument, with specimen thickness B= 25 mm, width W=
50 mm (Fig. 2b). The crack was prefabricated with sine wave loading, the stress ratio
R= 0.1 and the length of the minimum prefabricated crack was greater than 1.3 mm or
2.5% W, and the ratio of crack growth length (a) to W is about 48%. Finally,
Charpy-V impact energy was measured by an NI300C pendulum impact testing
machine with V-notch standard specimens (2 mm depth) in the dimension of 10 mm X
10 mm x 55 mm (Fig. 2¢). For the impact test, specimens were extracted from CT
specimens that had undergone Kjc testing. To ensure data authenticity and validity,
three parallel specimens per state were tested and their average values were obtained.
2.3 Microstructure characterization

The microstructure, fracture morphology and fracture profile were analyzed
using various techniques such as optical microscopy (OM, Leica DMIS000M),
scanning electron microscopy (SEM, SUPRA40) and laser scanning confocal
microscopy (LSCM, OLS500). Quantitative measurements of o phase dimensions

(length and width) and content of specimens after different processes were performed



using Image Pro Plus 8.0 (IPP 8.0) analysis software. To ensure statistical accuracy, a
minimum of 10 images per state were quantitatively analyzed. Furthermore, the
features of the microstructure deformation close to the crack initiation region of the ax
specimens were characterized via transmission electron microscopy (TEM, FEI
Tecnai G2 F20), to study the microstructural deformation mechanism during impact
process. The TEM foils were first mechanically ground to a thickness of ~0.08 mm
and then further thinned using a Gatan 691 ion thinning instrument. The inclination
angles of the three thinning stages were 8°, 5°, and 3°, and the working voltages were
5.3, 4.5, and 3.6 keV, respectively. The roughness of the fracture surfaces of CT
specimens was measured using a LSCM to reveal the relationship between the
roughness of the crack extension path and the K;c. Meanwhile, ABAQUS software
was used to analyze the crack propagation behavior of specimens after different

forging processes.
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Fig. 2. (a) Standard tensile specimen schematic; (b) schematic diagram of CT specimen for Kic; (c)
the size of Charpy V-notch specimens for ax.

3. Results

3.1 Effect of different forging parameters on microstructural characteristics

Microstructural evolution and characteristics of TC21 forgings through various

quasi-f forging processes and without heat treatment are depicted in Fig. 3a. As the
forging heating temperature increases, the trimodal microstructure resulting from the
forging processes becomes more compact. The area of the local heterogeneous region
gradually decreased, as depicted in the yellow region of Fig. 3a. After the forging of
specimens A and B, their microstructure is mainly composed of equiaxed a phase

with a minor presence of lath o phase. In contrast, specimens C and D exhibit a



significant quantity of lath a phase, accompanied by a smaller proportion of equiaxed
o phase [25]. Figs 3b to 3h illustrates the characteristics and statistical results of
microstructure after quasi-f forging and double heat treatment. To further explore the
effect of the quasi-p forging processes with the same heat treatment on the
microstructure. Multiple images (at least 10 images) were quantitatively analyzed and
and identified using the IPP 8.0 software to ensure the statistical accuracy of the

results, and the obtained microstructure parameters are listed in Figs. 3¢ to 3g. The a

phase with an aspect ratio below 1.5 is identified as oeq. The microstructural
homogeneity was optimized after heat treatment. As the forged heating temperature
approaches the phase transition temperature (T + 5 °C), an incomplete transformation
from the equiaxial a phase to the  phase leads to the presence of residual oeq, Which
significantly affects the content of oeq, especially noticeable at lower forging heating
temperatures. Specimens A and B show similar driving forces of the phase transition
under identical initial forging heating temperature conditions. However, a longer
holding times allows the alloy to maintain a stable temperature near the phase change
point,while facilitates more a phase transition into B phase. Subsequent heat treatment
processes are carried out below the phase change point, causing atomic rearrangement
in the matrix, thereby facilitating the precipitation and coarsening of the a phase [12].
However, specimen B demonstrates a more pronounced nucleation driving force
compared to specimen A, resulting in preferential precipitation of a significant
amount of aam during forging deformation while reducing the content of oq.
Similarly, the increase in the forging heating temperature (Tp + 15°C) provides
more driving force of phase transition for the subsequent forging process or heat
treatment process, which facilitates the formation of c.m in the forging deformation
process. Prolonging the holding time exacerbates the formation of aum, despite it
being unfavorable for the presence of oeq. Moreover, the higher forging heating
temperature increases the diffusion ability of the B phase boundary. The continuous
growth of grains occurs through the incorporation of adjacent grain boundary
associated a phases pressed into strips. These adjacent a phases begin to contact and
merge with each other, resulting in 'island chain like microstructure' distributions.
During the forging heating process, the a phase dissolves into the B phase due to its
higher Gibbs free energy. Subsequently, in synergy with AC and phase equilibrium,
the surrounding B phase gradually transforms into deq Or Quah, Causing precipitation

and growth of a limited number of asne. Elevating the forging heating temperature



results in an accumulation of strain in the early stages of forging, which in turn
provides a driving force for subsequent heat treatment. This process promotes further
growth of Ofine.
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Fig. 3. (a) Microstructure evolution and characteristics of specimens A-D after quasi-f forging
processes; (b-e) the microstructure after quasi-p forging and double heat treatment of specimens
A-D; (f, h) the probability distributions are presented for the widths of oiun and osine in specimens
A-D; (g) the effective size of dam and Ofine.



3.2 Tensile properties
3.2.1 Tensile properties of TC21 forgings with distinct forging parameters

The stress-strain curves and the strength and plasticity variation after tensile
testing are illustrated in Figs. 4a to 4b. It is clear that the tensile strength of TC21
forgings remains consistently around 1200 MPa, regardless of the quasi-f forging
parameters used, with only a slight difference of 58 MPa between the maximum and
minimum values. Additionally, there is minimal variation in post-break elongation,
consistently exceeds 9%. As the forging heating temperature increases, both ultimate
tensile and yield strength gradually rise, while plasticity decreases accordingly.
Combined with the statistical analysis of microstructural parameters findings, a clear
positive correlation is observed between strength and the ou.nm content, while a
negative correlation is found between strength and the oeq content. Moreover, the
plasticity index of TC21 forgings at lower forging heating temperature is higher than
that of the high temperature. This can be attributed to the presence of a higher content
of 0eq in the specimens A and B, along with a finer asne. The noteworthy aspect is that
arne offers a large number of interfaces that impede the movement of dislocations,
thereby contributing to some extent to the enhancement of intensity.

The study delves into a correlation between microstructural parameters and the
tensile strength of TC21 forgings using the Hall-Petch formula[18, 19], as depicted in
Figs. 4c to 4d. The primary objective is to elucidate the significant variation in
strength resulting from the inconsistent microstructure of specimens under different
forging parameters. With an increase in forging heating temperature, the strength
increases with the decrease of doam value (Fig. 4c). This phenomenon can be
attributed to the increased auam content, which effectively impedes dislocation slip and
crack propagation, thereby influencing the strength [26]. Additionally, an increase in
the duration of forging holding time boosts nucleation driving force. While there is a
rise in o content is observed, leading to an augmentation in lath spacing. This
phenomenon facilitates the growth of asne and  retained phase (Br) within the PBirans,
thereby diminishing the effect of osne/Pr interfacial strengthening (Fig. 4d).

Consequently, this reduction in interface area promotes dislocation movement and



slip, ultimately impacting material strength adversely [17]. The findings illustrated in
Fig. 4a corroborate this trend, specifically highlighting that raising the forging heating
temperature appropriately can result in a more flawless trimodal microstructure and
significantly improve strength. Notably, the fitting coefficient of deam to material
strength surpasses that of dasine, highlighting the predominant impact of ouan on the

strength over asine (Figs. 4c-4d).
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Fig. 4. Tensile properties under different forging parameters: (a) stress-strain curves, (b) yield
strength (YS), ultimate tensile strength (UTS), elongation (EI) and reduction of area (RA); (c-d)
relationship between strength vs. reciprocal square root of aum effective size (douam) and Ofine
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3.2.2 Tensile fracture mechanism of TC21 forgings

Figs. 5A to 5D depict fracture morphological characteristics of tensile specimens
post various forging conditions and heat treatments. Specifically, Figs. 5a to 5d
present the tensile fracture morphology and micro image of fracture profiles,
respectively. The fracture mechanism of the specimen encompasses a variety of

fracture modes, included fractures induced by microvoids aggregation, brittle and



cleavage fractures, as well as ductile fractures. The observed fracture features consist

of dimples, tear ridges, cleavage planes, cleavage steps, and secondary cracks.
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Fig. 5. Tensile fracture surfaces of TC21 forgings at different forging conditions: (A-D)
specimens A-D; (a) low magnification of fracture, (b-c) micro image of fracture morphology; (d)

micro image of fracture profiles.



Notably, the dimples exhibited a progressive decrease in size across the four
specimens, with average diameters measuring 3.07, 2.79, 2.34, and 1.95 um,
respectively. The macroscopic fracture surfaces of specimens A and B display
pronounced necking, resulting in a distinct flat step. Further analysis reveals that these
fractures are primarily characterized by microvoids aggregation induced fractures,
with a minor presence of cleavage fractures. In contrast, specimens C and D exhibit
extensive cleavage facets and dimples are still visible but with smaller size, indicating
that a mixed fracture mechanism plays a pivotal role during fracture process while the
ductile fracture role is weakened. Cleavage facets corresponds to transgranular
fractures with limited plasticity, while dimple regions indicates intergranular fractures
with excellent plasticity [27]. Consequently, specimens with more dimples exhibit
increased plasticity. The fracture profile indicates that the difference in strain at the
Ottath/ Prrans 1nterfaces results in the formation of unevenly sized microvoids, which later
combine and evolve into microcracks that propagate through or along the ouam/Birans
interface, eventually forming into larger crack (Fig. 5d). Secondary cracks and
deformation regions were observed near the crack propagation paths of specimens C
and D, indicating inadequate coordinated deformation ability and limited plasticity.
3.3 Impact toughness
3.3.1 Impact performance of TC21 forgings with different forging parameters

The impact load-displacement curves of specimens under various forging
conditions are depicted in Fig. 6a. The macroscopic curve displays the fitted data,
while the experimental data is shown in the upper right corner. Fig. 6b illustrates the
total impact fracture energy, while includes crack initiation energy (Wi), crack
propagation energy (W), and shear lip formation energy (Ws) [28]. The integration of
the fitting curve from the initial point to the maximum load represents W;; W, denotes
the integration of the fitting curve from the maximum load to the turning point of
subsequent load descent; and W; indicates the integral of the fitting curve from the
turning point of load to fracture. The sudden increase in stress induced by the impact
pendulum drop triggers the formation of cracks, which subsequently undergoes rapid

propagation leading to specimen fracture. Load-displacement curves reveal that the



critical unstable loads for specimens A-D were determined to be 34.35, 35.04, 39.87,
and 39.59 kN, respectively. The load then dropped linearly until the specimen broke.
Statistical analysis of impact energies indicates that the majority of energy is
consumed during the crack initiation stage, with values of 82.6, 76.2, 78.2, and 80%

for specimens A-D, respectively.
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Fig. 6. (a) The impact load-displacement curves; (b) impact energy and ax of specimens A-D.

3.3.2 Impact fracture morphology of TC21 forgings at varies forging parameters

To further investigate the different impact energies of specimens A-D, a
comprehensive analysis of the impact fracture morphology was conducted, as
illustrated in Fig. 7. The widths of crack initiation zone widths for specimens A-D are
0.575, 0.566, 0.605, and 0.614 mm, respectively (Figs. 7b, 7e, 7h and 7k). A
noticeable correlation was observed between the width of the crack initiation zone and
the corresponding crack initiation energies. This suggests that specimens C and D
exhibited relatively limited capabilities to coordinate plastic deformation, leading to a
continuous and rough fracture surface with an abundance of larger secondary cracks,
'river-like' cleavage facets, and tear ridges within the crack propagation zone (Figs. 7h
and 7k).

In contrast, specimens A and B displayed smaller secondary cracks in the crack
initiation region, coupled with a higher content of dimples in the crack propagation
region and fewer cleavage facets (Figs. 7b and 7e). In contrast to specimen A, a
limited number of secondary cracks were observed within the crack propagation zone
of specimen B. Moreover, specimens C and D exhibited tear ridges and cleavage

fractures during crack propagation, contributing to a rougher fracture surface (Figs. 7i



and 71). Interestingly, the tear ridges in specimen D appeared sharper and covered a
larger area compared to those in specimen C. However, tearing ridges and cleavage
facets required less energy compared to dimple formation , resulting in slightly lower
crack propagation energy. While both crack initiation energy and crack propagation
energy influence the overall impact energy to some extent, it is crucial to highlight

that impact energy is more significantly influenced by the former.
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Fig. 7. Fracture morphology after impact tests of specimens A-D; (a), (d), (g) and (j) macroscopic
fracture surface morphology; (b), (e), (h) and (k) secondary cracks in macroscopic crack initiation
region; (d) macroscopic crack propagation region; (c), (f), (i) and (I) crack propagation region

showing dimples, tearing ridges, or cleavage facets.



3.3.3 Crack propagation path of TC21 forgings at distinct forging parameters

The macroscopic and localized microscopic morphology of crack propagation
paths for specimens A-D is illustrated in Fig. 8. Figs. 8A to 8D display the
macroscopic fracture profiles of specimens A-D, and crack propagation direction
from left to right. Distinct undulations are visible in the crack initiation area near the
notch root region, attributed to the presence of secondary cracks (Figs. 8a, 8d, 8g, &j).
It is important to highlight that there are variations in the crack propagation patterns
among specimens, with specimens C and D showing higher levels of undulation
compared to specimens A and B. This behavior can be explained by cleavage facet
formation resulting from non-coordinated deformation between tear ridges and
microstructure under shear stress, as supported by observations on the fracture
surfaces in Fig. 7i and Fig. 71.

Specimens A and B primarily demonstrate fracture mechanisms caused by the
aggregation of microvoids and cracks propagation along the 0eq/Puans interface (Figs.
8a to 8f). However, the presence of aeq in the microstructure hinders crack
propagation paths along the o.eq/Buans interface, leading to rougher microscopic crack
propagation paths. Specimens C and D primarily showcase microvoids
aggregation-induced fracture, cracks propagation along the ouam/Puans interface, and
cracks propagation through the oun. The increased content of ouan hinders
microstructure  deformation coordination, leading to the aggregation and
interconnection of microvoids while intensifying microstructural deformations near
the crack propagation zone. Observations revealed significant slip lines, torsional
deformations, and shear fractures in the oauam, highlighting its susceptibility to plastic
deformation (Figs. 8h to 8l). The frequency of crack deflection decreases at higher
forging heating temperatures (Figs. 8C and D) possibly due to the longer propagation
path of cracks along the duam/Puans interface compared to that along the oOeq/Birans
interface. This may also result in cleavage fracture or the formation of a flat path by
shearing the thinner ouam, thereby impeding improvement in impact crack propagation

energy.



Direction of crack propagation

Fig. 8. Impact fracture profile of TC21 forgings with different forging parameters: (A-D)
specimens A-D; (a), (d), (g) and (j) microvoids at the crack initiation region; (b), (e), (h) and (k)
microcrack or slip lines at the crack propagation region; (c), (f) , (i) and (I) microstructural
deformation or shear bands at the crack propagation stage.



3.3.4 Impact fracture mechanism and dislocation evolution of TC21 forgings

The microstructural deformation characteristics below the crack initiation stage
in the impact specimens under different forging parameters are depicted in Fig. 9. In
specimen A, exhibiting superior coordinated plastic deformation due to a higher
content of e, dislocation accumulation is minimized, thus delaying stress
concentration at the interface. Furthermore, the smaller size of asne implies a greater
number of phase interfaces that impede dislocation slip and effectively boost local
resistance against crack initiation. This is supported by the significant dislocation
entanglement and stacking faults observed in osne, as well as twins that help alleviate
stress concentration (Figs. 9a to 9c). Similarly, dislocations accumulate at the
aath/Prrans interface in specimen B and progressively propagate into the interior of ouam
to form crossed dislocation slip lines at an angle of approximately 60°. Some slip
bands are confined within oeq, which moderately hinder crack propagation (Figs. 9d-
to 9f). Based on the aforementioned results, it can be deduced that compared to o,
impact damage is more prone to occur in Oath.

In specimen C, a few flat slip bands traverse the aim, and slip lines are detected
within some amm, with a pinch angle of approximately 68°, while is greater than that
in specimen B (Figs. 9¢ and 9g). A small angle between dislocation lines restricts
their slip path due to constraints from the crystal structure, thereby impeding their
movement. The limited angle hinders dislocations from finding suitable planes and
directions for sliding within the crystal, consequently inhibiting their sliding behavior
[7, 29]. The ouan With small thickness in specimen D facilitates the accumulation of
dislocations at the ouam/Puans interface. This exacerbates the plastic deformation
induced by local stress concentration, ultimately leading to shear fracture of the oam
under stress (Figs. 9g and 9k). Similarly, some asne particles are sheared into
nanoparticles, effectively absorbing impact energy. In summary, the aeq exhibits
superior deformation coordination and longer dislocation slip distances, effectively
impeding crack propagation within o.q phase while facilitating crack propagation
along the phase interface [16]. In contrast, the auam is highly susceptible to shear forces
from impact loading, resulting in crack initiation and specimens rapid fracture, which
consumes a considerable amount of impact energy. The plastic deformation behavior
and dislocation hindering capacity of asne particles vary depending on their size. With

increasing size, these particles experience dislocations tangles (Fig. 9c), stacking



faults (Fig. 91), and shear fractures (Fig. 91) in sequence. This observation indicates
that both ouam and larger osne particles are more prone to initiating fracture events that

consume a significant amount of energy for crack initiation.
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Fig. 9. Dislocation structures of crack initiation regions of impact specimens A (a-c), B (d-f); C

(g-1) and D (j-1); (a-c) high density of dislocation and twin in ofine; (d-f) a few twin emerged from
asine, Observed as intersections of dislocation lines and stacking faults within the ouam; (g-i) the
interaction between dislocations and slip bands at the Oam/Puans interface enhances deformation,
with partially deformed asine With stacking faults; (j-1) the uam and ofine €xperience the maximum

shear stress, which leads to their fragmentation under the influence of shearing forces.



3.4 Fracture toughness
3.4.1 Fracture toughness of TC21 forgings with different forging parameters

The load-displacement and toughness variation curves of CT specimens under
different forging parameters are shown in Fig. 10a. The maximum load values, which
indicate crack destabilization strengths, were 47.73, 44.81, 45.68, and 47.97 kN,
respectively. It was found from load-displacement curves that the cracks absorbed
energies of 62.9, 51.1, 53.5, and 67.3 J, respectively. A higher maximum load value
suggests better fracture resistance of the material being tested, aligning with the trends
observed in energy absorption. At elevated forging heating temperatures, both ax and
Kic values show an increase compared to lower forging heating temperatures, with an
average improvement of 9.4% for ax and 0.15% for Kjc. It is noteworthy that the K;c
values for all specimens were observed to exceed 80 MPa-m'2,

Previous studies have established a correlation between K;c and the tortuosity of
crack propagation paths, as well as the size of the plastic deformation zone at the
crack tip [30]. Some researchers contended that a more tortuous crack propagation
path and a wider plastic deformation area at the crack tip result in greater
consumption of crack propagation work and improved Kjc [31]. LSCM was employed
in this research to examine the fracture morphology of CT specimens subjected to
four distinct forging parameters (Figs. 10c to 10f). The aim was to evaluate the
influence of the surface roughness (S.) and the ratio of fracture surface area
(Areal/ Amacro) on Kjc [19]. The Sa on fracture surfaces and the projected area (Amacro)
decrease as the true area (Areal) increases, thereby leading to a consistent trend for
Areat/Amacro and Sa (Fig. 10b). However, it is noteworthy that under specimen A
forging conditions, both Area/Amacro and S, values are larger compared to those under
specimen D. Surprisingly, the Kjc value for the specimen A (80.4 MPa-m'?) is lightly
smaller than that for the specimen D (81.35 MPa-m!?). This suggests that while the
degree of tortuous in the crack propagation path and its roughness play an important

role in determining the K;c value, they are not the sole determining factors.
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Fig. 10. (a) Displacement-load curves of CT specimens and the changing trend of ax and Kjc at
different forging parameters; (b) statistical charts of surface area ratio and surface roughness; (c-f)
LSCM fracture morphology of specimens A-D.

3.4.2 Fracture morphology of TC21 forgings with different forging parameters
Fig. 11 was utilized to analyze the fracture morphology of CT specimens to gain
a deeper understanding of the aforementioned phenomenon. The fracture surface was
divided into two main regions: the fatigue prefabricated crack region and the crack
propagation region (Figs. 11a to 11j). The prefabricated crack region exhibited a
smooth surface, while the propagation region displayed roughness with a distinct
interface between the two regions. The presence of fatigue striations and secondary
cracks in the prefabricated crack region was attributed to minor plastic deformation

and fatigue damage in stress concentration areas during cyclic loading [32].
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Fig. 11. Fracture morphology of CT specimens at different forging parameters: (a-c) specimen A;
(d-f) specimen B; (g-1) specimen C; (j-1) specimen D; (a), (d) , (g) and (j) macroscopic fatigue
striations and secondary cracks at the fatigue prefabricated crack region; (b), (e) , (h) and (k)
cleavage facet, dimples, tearing ridges or secondary cracks appear at the crack propagation region;
(c), (), (1) and (1) dimples and microvoids characteristics.

Moreover, the fracture surfaces of specimens A and B display numerous distinct
dimples and a few microvoids, which are characteristic of ductile fracture (Figs. 11a
to 11f). Conversely, specimens C and D show tear ridges surrounded by dimples,
indicating a mixed fracture mode (Figs. 11g to 111). These tear ridges hinder crack
propagation by providing additional resistance, thus consuming a amounts of crack
propagation energy. Prior research has demonstrated that tear ridges form due to o
phase detachment under stress. This study corroborates this phenomenon and

establishes a noteworthy association. The aum displays larger dimensions at elevated



forging heating temperatures, resulting in the creation of more uniform and
well-defined protrusions on the tear ridge. The presence of tear ridges, coupled with
deeper microvoids, signifies an improved capacity for plastic deformation, thereby
diminishing stress concentration at crack tips and augmenting the energy required for
crack propagation.

3.4.3 Crack propagation paths of CT specimens

The distribution of long crack propagation paths in CT specimens under different
forging parameters is depicted in Figs. 12A and 12D. The macroscopic propagation
directions of the cracks is from left to right. As shown in the Figs. 12A to 12B, the
long crack propagation path of specimens A and B is relatively flat with fewer
undulations. Furthermore, the microvoids of specimens A and B initiated at the
Oeg/Prath interface but remained unconnected, exhibiting minimal microstructural
deformation near the crack propagation path (Figs. 12a to 12f). This behavior can be
attributed to the coordinated deformation of a significant number of oeq, which
effectively mitigated stress concentration.

In contrast, specimens C and D exhibit increased fluctuations in their fracture
surfaces with a higher frequency of crack deflection and more noticeable plastic
deformation of the local microstructure (Figs. 12g to 12I). Meanwhile, it also
indicates that the ability of aunm to impede crack propagation is much higher than oeq.
Additionally, a considerable number of microvoids and microcracks emerge and
interconnect at the ouam/Prans interface and within anm, which facilitates the plastic
deformation of the microstructure near the crack tip. Further detailed observations
revealed inconsistent morphology characteristics in secondary cracks near the crack
propagation in four specimens. Specimens A and B exhibited smaller secondary crack
sizes and experienced slight deflection during propagation, suggesting superior
coordination in deformation. In contrast, samples C and D exhibit larger dimensions
and deflection in their secondary cracks, as well as larger regions of plastic
deformation at the crack tip (Figs. 12¢, 12f, 12i and 121). The findings indicate that
the aeq exhibits greater resistance to fracture and deformation compared to the oach.

Moreover, the frequency of crack deflection and the extent of plastic deformation at



the secondary crack tip increase proportionally with the size of the ofine.
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Fig. 12. Fracture profile of CT specimens at different forging parameters: (a-c) specimen A; (d-f)
specimen B; (g-h) specimen C; (j-1) specimen D; (A) - (D) macroscopic fracture profile; (a), (d),
(g) and (j) microvoids and deformed regions were observed near the crack initiation region; (b),
(e), (h) and (k) microvoids and microstructural deformation in the crack propagation region; (c),

(), (i) and (1) plastic deformation zone at the secondary crack tip.



4. Discussions

4.1 Effect of forging parameters on microstructure of TC21 forgings

The variations in forging parameters introduce significant inconsistencies in the
microstructural characterization after heat treatment [33]. Under identical initial
forging heating temperature conditions, both specimens A and B exhibit similar
driving forces for the phase transition. Increasing the duration of the forging heating
holding time not only facilitates the conversion of the o phase to the B phase and
enhances the Gibbs free energy of the B phase [5]. It also ensuring that the alloy
maintains a stable temperature close to the phase transition point, thereby promoting
the phase change process. Subsequent cooling of the alloy below the phase transition
point leads to atom rearrangement within the solid solution, facilitating precipitation
and coarsening of both oeq and a minor amount of oun. During die forging,
deformation forces cause a portion of oeq to transform into ouam. Consequently, there is
an increase in content for auan While a decrease in content for oeq. This trend becomes
more pronounced with longer forging heating holding times.

Moreover, during forging processes near the Puans temperature (Tp + 5 °C), where
higher grain boundary energies prevail, grains tend to form equiaxial microstructure
with smaller surface area and lower energy. As a result, some oeq is retained within
the trimodal microstructure. Consequently, there was a decrease in the aeq content of
specimen B to approximately 54.3%, along with an increase in the o content to
around 26.2% (Fig. 3). As the temperature of the forging heating increases (Tp +
15 °C), a significant portion of the original o phase undergoes a phase transition to the
B phase, resulting in an increase in the Gibbs free energy of the  phase. Subsequent
forging and AC lead to preferential precipitation of numerous oeq phases from the f
phase, forming the aun under deformation forces. Furthermore, phase diffusion
between the original B phase and newly formed o phase intensifies. The freshly
generated a phase diffuses along the grain boundaries of the original  phase, further
promoting the formation of aun [19]. Notably, a higher forging temperature leads to

greater strain accumulation during initial forging, providing impetus for subsequent



heat treatment to induce precipitation of afine. As stored energy from early
deformation diminishes with heat treatment, the B phase gradually does not precipitate
the asine, while coarsening of asine assumes a more prominent role.
4.2 Effect of forging parameters on strength of TC21 forgings

It is widely recognized that the o/f interface impedes dislocation motion, thereby
influencing material strength to a certain degree [34, 35]. Nevertheless, variations in
microstructure can lead to inconsistencies in the o/p interface region, particularly in
the context of the trimodal microstructure. Previous studies have not extensively
investigated the relative significance of different microstructural parameters that
influence mechanical properties of TC21 forgings, which creates uncertainty
regarding the main parameters that predominantly affect these properties [36]. The
Hall-Petch formula not only establishes a relationship between microstructural
parameters and mechanical properties but also offers compelling evidence for the
correlation between mechanical properties and microstructure [14, 18]. In the present
study, the Hall-Petch formula fitting coefficient of dou.m to material strength surpasses
that of dafine, highlighting the predominant impact of am on the strength over ofine.
The microstructures of specimens forged at high temperatures displayed higher
contents of auam, resulting in superior strength compared to those forged at lower
temperatures. The strength increases by 23 MPa and 41 MPa, respectively, when
compared with the lower forging heating temperatures (Figs. 4a and 4b). A more
comprehensive analysis demonstrates that an increase in forging heating temperature
leads to a decrease in the effective size of anm, resulting in wider spacing between
plates. This enhances uniformity and improves the ability to impede dislocation slip
within the intricately interwoven oa.nm. Moreover, the increased plate spacing
facilitates the growth of ofine Within the Pwans matrix, thereby reducing hindrance
caused by afne/Pr interfaces on dislocations while simultaneously intensifying
interactions at ouam/Prrans interfaces. Consequently, the strength is effectively enhanced.
Notably, extending the forging holding time results in a slight decrease in strength.
This can be attributed to the reduction in the ofne/Pr interface due to the increase in

afine Size, which is unfavorable to strength. Furthermore, the most significant strength



fluctuation was observed when the o content in the microstructure is minimal,
indicating a strong correlation between the strength and the oach.
4.3 Effect of forging parameters on plasticity of TC21 forgings

The tensile fracture reveals that the area of cleavages facets and tear ridges with
low plasticity rises, while the area of dimples with high plasticity decreases as the
forging heating temperature increases (Fig. 5). Dimples consume much more plastic
deformation energy than cleavage facets and tear ridges, which implies that lower
forging heating temperatures result in a superior plasticity, as supported by the data
presented in Fig. 4. The analysis of microstructure evolution reveals a positive
correlation between plasticity and the volume fraction of oeq, while an inverse
relationship exists with the volume fraction of oun (Fig. 3). Increasing the forging
heating temperature leads to a decrease in plasticity alongside a reduction in the
volume fraction of aeq. This suggests that aeq has a more significant impact on
plasticity compared to arm. These findings are consistent with previous research [37,
38, 39], highlighting the dominant influence of 0.q on plasticity.

Furthermore, the grain orientation of oeq with a smaller aspect ratio is randomly
distributed, thereby activating multiple sliding systems and increasing the distance
over which dislocation slips occur [16]. This ability to undergo slip facilitates
adaptation to external stresses and enhances coordination in plastic deformation. In
contrast, o With a larger aspect ratio exhibits limited deformation coordination
capability during tensile fracture, reducing damage resistance. Consequently, the
aath/Prans interface acts as a stress concentration weak point that intensifies localized
plastic deformation and promotes crack initiation, resulting in more cleavage facets
and tear ridges typical of brittle fracture. Moreover, lower forging heating
temperatures promote the presence of smaller asne in the microstructure, facilitating
coordinated deformation and enhancing plasticity. However, due to its limited
quantity compared to oeq, the influence of asne On plasticity is considered insignificant.
As the forging heating temperature increases, plasticity decreases along with a
reduction in the ratio of aeq. This underscores the greater significance of 0eq Over am

and asine in determining the plasticity of TC21 forgings.



4.4 Effect of forging parameters on toughness of TC21 forgings

Previous studies have indicated that refining asne and increasing the proportion of
Olath and oeq can improve the toughness of titanium alloy [40]. Specifically, a smaller
size of aeq within the microstructure leads to a wider dislocation slip free range,
promoting the generation of multi-system slip, which helps in strain release and
delays crack initiation [41]. Moreover, cracks are more likely to bypass oeq with a
shorter path due to its smaller aspect ratio. In contrast, o has a lower slip free range
and is more susceptible to localized plastic strain, which exacerbates the formation of
microvoids and microcracks [42]. This observation is consistent with our impact
fracture analysis, which indicates a reduced crack initiation zone area at lower forging
heating temperatures. This effect is attributed to a higher aeq content, which
effectively inhibits crack initiation as illustrated in Fig. 7. In contrast, oum displays
heightened susceptibility to dislocation accumulation at the interface under external
loads, ultimately leading to substantial shear fracture. While this demands substantial
energy for crack initiation, it also accelerates premature specimen fracture (Fig. 9).
Furthermore, the higher aspect ratio of a.m necessitates longer crack paths for
propagation, thereby improving its resistance to crack propagation compared to Okq.
Reducing the afne size improves resistance to crack initiation by increasing the
number of interfaces that impede dislocation slip. Under impact conditions, twins in
arne effectively mitigate and distribute stress [18]. Further analysis reveals that
enlarging asine size leads to increased atomic spacing, dislocation, and total strain in
twins (Figs. 13a-13j). This is linked to reduced grain boundary area and heightened
dislocation density in grains due to larger asne dimensions. Consequently, the
formation and alteration of twin interfaces could trigger crack formation and the onset
of fracture. Furthermore, the presence of asine alters the direction of crack propagation,
leading to a greater consumption of energy for crack propagation. The coordinated
deformation and fracture of both o and asne intensify the consumption of impact
crack initiation energy compared to oeq, Significantly influencing overall impact

energy.



Fig. 13. (a) and (f) High resolution (HR) TEM and fast fourier transform (FFT) spot images of
twins within the Ofine in specimens A and B; (b) ,(c), (g) and (h) inverse FFT patterns and atoms
spacing of (a) and (f); (d-e) and (i-j) geometric phase analysis (GPA) of (a) and (f).

To investigate the disparity in Kjc resulting from microstructural variations
induced by different forging parameters, we analyzed the fracture morphology of
specimens A and D during crack propagation rate (da/dN) testing, as illustrated in Fig.
14. Two distinct modes of crack propagation were identified on the fracture surfaces
of these specimens, as depicted in Figs. 14a to 14b. The dimensions of crack
propagation regions I and II in specimens A and D were measured using IPP 8.0
software, as documented in Table 2. The equivalent radii (R) of the areas projected
onto the plane perpendicular to the maximum principal stress are denoted as R; and Ry,
respectively. It is widely recognized that metals with high Kjc typically exhibit

superior fatigue resistance [43]. The stress intensity factors (4K) at the tips of zones I

and II were calculated using the equation [44, 45], AK =£on-><\/7z><R , where 4o
Vs

represents the stress range. Subsequently, based on the concept of linear elastic
fracture mechanics, the ASTM E647 standard provides an analytical expression for
the stress field strength factor [46]:
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where a=a/W, P is the applied load. The formula mentioned above is valid when P is
equal to either the maximum or minimum load value (with K being either Kya: or
Kwmin). It 1s crucial to emphasize that this formula is applicable only when a is greater
than or equal to 0.2. In our study, however, the a value varies between 0.33 and 0.67.
ABAQUS software was used to simulate the crack propagation paths of specimens A
and D under varying 4K. The results reveal a notable disparity in stress levels at the
crack tip between specimens D and A (Figs. 14 b and 14e). The difference in fracture
behavior between specimen A and specimen D can be attributed to the higher oeq
content in specimen A (Fig. 11). This higher content helps to reduce stress
concentration at the crack tip, resulting in a longer and faster crack propagation
process compared to specimen D. In specimen D, the crack propagation accelerated as
it moves from the interface of au.m with a large grain size into the next grain.

Table 2. Projection area and equivalent radius of the fracture surface after the Kjc test

Specimens S/ m? Su/ m? Ri/m Riy/m
A 2.25x10* 4.5x10% 0.845x102  1.197x1072
D 4.875x10%  1.875x10*  1.246x102  0.773x10?2

S, Max. Principal
( Avg : 75%)

(b) U. Magnitude

+2.288e+02 +1.719e-01
+2.096e+02 +1.576e-01
+1.905e+02 +1.432¢-01
+1.713e+02 +1.289¢-01
+1.521e+02 +1.146e-01
+1.330e+02 +1.003e-01
+1.138e+02 +8.594¢-02
ﬁ.ggg e+g: +7.162¢-02
+7. et + -
+5.628e+01 T30
+3.711e+01 +2.865e-02
179401 +1.432e-02
-1.230¢+00 +0.000e+00
(d) § S, Max. Principal ©
( Avg : 75%) U. Magnitude

+3.784¢+02 +2.162¢-01
+3.468¢+02 +1.982¢-01
+3.151e+02 +1.802e-01
+2.835e+02 +1.622¢-01
+2.518e+02 +1.442¢-01
+2.202e+02 +1.261e-01
+1.885e+02 +1.081e-01
+1.568¢+02 +9.010e-02
+1252e+02 +7.208¢-02
+9.354¢+01 +5.406e-02
+6.188¢+01 +3.604¢-02
+3.023¢+01 +1.802¢-02
-1.425e+00 +0.000e+00)

Fig. 14. (a-d) The macroscopic crack propagation path and fracture behavior of specimens A (a-c)
and D (d-) after da/dN test; (b) and (e) stress distribution near the crack tip; (f) and (e) the
distribution of the U displacement cloud map.



However, the crisscrossing asine significantly impede the crack, leading to a
non-periodic, oscillatory crack propagation process. This finding is consistent with the
analysis of Kjc, which indicate that the crack propagation in specimen D consumes a
greater amount of energy. Moreover, the presence of asne promotes the accumulation
and retention of dislocations at the crack tip, enhancing local deform-ability. This
effect leads to a wider region of deformation near the crack tip, causing blunting of
the crack tip and hindering further crack propagation (Fig. 12). Therefore, the size and
precipitation density of asne play a crucial role in influencing Kjc by indirectly

impacting the level of plastic deformation at the crack tip.
5. Conclusions

(1) The inadequate driving force of phase transition retains a portion of the
original equiaxial a phase (0eq) at lower forging heating temperatures, which affects
the content of 0eq in the trimodal microstructure. Prolonging the forging holding time
or raising the forging heating temperature enhances the content of ouam and fosters the
growth of asne. Nevertheless, this does not lead to an increase in oeq content.

(2) Increasing the forging heating temperature boosts strength by facilitating the
strengthening effect at the interfaces through abundant ou.n content. Conversely,
prolonging the forging duration adversely affects both plasticity and strength,
primarily attributed to the reduction in afine content. The analysis based on Hall-Petch
formula proves that o parameters significantly affect forging strength. However,
ductility is more affected by a.q content.

(3) The combined deformation and fracture of anm and osne play a significant
role in affecting initiation and propagation of impact cracks. Compared to Oeg, OQliath has
lower dislocation free energy and fracture energy, promoting localized plastic
deformation and shear fracture. The presence of afne further hinders dislocations,
leading to increased impact energy.

(4) Cracks tends to take shorter propagation paths bypass aeq with smaller aspect
ratios. However, the ai.m with a high aspect ratio and a small thickness leads to a

shorter slip distance, which increases the induced local plastic strain and promotes



crack propagation through ouam, ultimately affecting Kjc values. Furthermore, the dfine
also affects the size of the plastic deformation zone at the crack tip and plays a key
role in determining the deflection frequency and the local plastic deformation zone.
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