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Abstract: To investigate the effect of solution treatment and aging process parameters on the microstructure and mechanical

properties of TB18 titanium alloy, process optimization research was conducted based on the mixed-level orthogonal experiment
design of factor levels. Results show that through range analysis, the significance order of process parameters is determined as

follows: solution cooling method>solution temperature>aging time>aging temperature>solution time. Considering the strength-

ductility matching and engineering application requirements, the benchmark parameters are selected as solution time of 1 h, solution
cooling method of air cooling (AC), aging temperature of 525 °C, and aging time of 4 h. Furthermore, the effects of solution
temperature in the range of 790—870 °C on the impact toughness and micro-fracture characteristics of the alloy were studied. The
results reveal that the larger the area of shear lip and fibrous zone, and the smaller the area of radiation zone, the better the toughness
of the alloy. With the increase in solution temperature, the length of secondary cracks on the fracture surface increases, the number of
dimples increases, and the toughness is enhanced. Based on the collaborative optimization of strength and toughness, the optimal heat
treatment process for TB18 alloy is determined as 870 °C/1 h, AC+525 °C/4 h, AC.
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1 Introduction

Against the backdrop of the continuous pursuit of high-
performance materials in aerospace and other high-end fields,
titanium alloys have become the unrivaled choice for key
structural materials due to their high specific strength,
excellent corrosion resistance, and superior high-temperature
performance. Among them, metastable f-type titanium alloys
have attracted considerable attention because of their unique
phase transformation behavior and microstructure evolution
mechanisms, which
comprehensive mechanical properties'

them  with
1-2]

endow exceptional

Solution and aging treatment are usually the core methods
to improve the mechanical properties of metastable £ titanium
alloys® ™
temperature range, the full dissolution of alloying elements

. By heating the f titanium alloy to a specific
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into the S phase is accelerative, forming a supersaturated solid
solution and laying the foundation for precipitation during
subsequent aging. Then, the aging is adopted to precisely
control the type, size, morphology, and distribution of
precipitates in the supersaturated solid solution by
manipulating temperature and time, thereby achieving the
expected mechanical properties .
structure, a solution treatment was conducted on the hot-rolled
Ti-Al-Mo-V-Cr-Nb alloys, followed by aging at 525 °C™. The
results showed that the o+ f rolled alloy exhibits a tensile
strength of 1550 MPa and ductility of 6.5% after aging, with
o/f interface strengthening as the main strengthening mode.

To obtain fine grain

Uniformly distributed fine f grains and microscale primary o

phases facilitate better coordination of deformation, thereby

1 5

improving ductility. Naydenkin et al" investigated the effects

of aging treatment on the microstructure and mechanical
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properties of Ti-15V-3Cr-3Al1-3Sn-1Zr-1Mo alloy produced
by rotary swaging. It was found that the tensile strength is
increased from 800 MPa to 1550 MPa while maintaining
ductility of approximately 4% after aging at 420 °C for 10 h.
When the aging temperature increases to 450 °C, the strength
is decreased due to the aggregation of lamellar a/a” phase and
reduced internal stress in the f phase.

The combination of thermomechanical processing and heat
treatment effectively regulates the microstructure of the f
titanium alloys, thereby enhancing the mechanical pro-
perties!"* !
complicated by the interactive effects of multiple factors, such

. However, heat treatment processes are often

as heating temperature, holding time, and cooling method.
Moreover, due to the inconsistent number of values across
multiple factors, an in-depth understanding of the quantitative
relationships between process parameters and microstructural
evolution remains lacking, making it difficult to accurately
predict and adjust the mechanical properties of f titanium
alloys*'¥. Besides, the large-sized as-forged } titanium alloys
exhibit non-uniform distribution of the temperature between
the surface and core during aging due to size effect, leading to
microstructural and property discrepancies, and thus severely
affecting material reliability and safety in service!”.
Additionally, the stability of toughness and the synergistic
optimization mechanism among strength, plasticity, and
toughness under complex service environments still require
further clarification* ",

Distinct from conventional a+/ titanium alloys that tend to
develop property gradients in large-scale components, the
newly developed metastable f titanium alloy, TBIS,
characterized by a high content of f-stabilizing elements, is
capable of maintaining uniform distribution of mechanical
properties in thick-section parts. As a precipitation-streng-
thened alloy, the mechanical properties of TB18 alloy largely
depend on the size, morphology, and volume fraction of the «
precipitated phase during aging®. After solution treatment,
the alloy presents an equiaxed f-grain microstructure, while
during aging, secondary o phase precipitates uniformly in a
lamellar configuration within the J matrix. The size
uniformity of these precipitates exerts a critical influence on
achieving the optimal strength-toughness balance. Contrary to
the dispersion strengthening mechanism of a phases in
traditional titanium alloys, the precipitation strengthening
effect in TB18 stems from fine a lamellae precipitated within
the f matrix. This unique strengthening mechanism enables
the alloy to retain superior fatigue resistance even at a high
strength level of 1300 MPa. Despite the fact that TB18
titanium alloy possesses superior overall performance with
both high strength and high toughness in the f-annealed state,
its plasticity modulation remains challenging due to a
relatively low initial plasticity level. In metastable § titanium
alloys, retaining a small amount of equiaxed primary a phase
(@,) can effectively inhibit the occurrence of the  embrittle-
ment phenomenon while maintaining good plasticity. There-
fore, implementing solution and aging treatment for the TB18
titanium alloy, constructing diverse microstructures through

the precise control of aging temperature, combining mecha-
nical property testing and microstructural characterization,
and deeply exploring the action mechanism of process
parameters on microstructural evolution and plasticity regula-
tion are important research directions for achieving the
synergistic optimization of strength, toughness, and plasticity.

The solution and aging treatment of TB18 titanium alloy
involves multiple key parameters such as solution
temperature, solution time, solution cooling method, aging
temperature, and aging time, with significant differences in
the number of levels among these parameters. The influence
of parameter variation on the microstructure and mechanical
properties is complex. If the single-factor test method is
adopted, it not only fails to reflect the synergistic effects
among multiple factors, but also requires full-combination
tests, which involves an extremely large number of tests and is
inefficient, making it difficult to quickly screen out key
influencing factors. However, the mixed orthogonal test
method can target multi-factor systems with different numbers
of levels. By reasonably designing the orthogonal array, it can
significantly reduce the number of tests while effectively
analyzing the main effects and interaction effects of each
factor, which is particularly suitable for optimizing the process
of alloys like TB18 that are affected by multiple parameters.
Based on this conclusion, this study first optimized the
solution and aging process of TB18 alloy through the mixed
orthogonal test. On the one hand, it efficiently determined the
significance order of the influence of each parameter on
strength and plasticity, and screened out the benchmark
process with excellent comprehensive strength and plasticity.
On the other hand, based on the orthogonal optimization
results, it focused on key parameters and conducted in-depth
research on their influence laws on impact toughness, thereby
revealing the toughness regulation mechanism and influencing
factors under different conditions.

2 Experiment

2.1 Orthogonal experiment design of solution and aging
treatment

Vacuum consumable melting was adopted to prepare the
fS-type TB18 titanium alloy with a nominal composition of Ti-
4A1-5Mo-5V-5Cr-1Nb. The ingot was remelted three times to
ensure uniform composition and impurity removal, and then it
was processed into a bar of @400 mm through multiple
forging operations in the f region and a+f dual-phase region.

Five test parameters were selected: solution temperature
(A), solution holding time (B), solution cooling mode (C),
aging temperature (D), and aging time (E). Among them,
solution temperature (A), a critical parameter for f-type tita-
nium alloys, directly governs the dissolution extent of the S
phase and grain size. Solution holding time (B) affects the
homogenization level of alloying elements within the f phase,
that s,
dissolution of alloying elements and mitigates compositional

sufficient holding duration ensures complete

segregation, while excessively prolonged duration may induce
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coarsening of £ grains. Different solution cooling modes (C)
influence the retention degree of the S phase through
variations in cooling rates, thereby modulating the nucleation
driving force of the a phase during aging. Aging temperature
(D) and aging time (E) collectively decide the size, morphol-
ogy, and distribution of a precipitates. Aging temperature
directly influences atomic diffusion kinetics, while aging time
dictates the volume fraction of precipitates. Insufficient preci-
pitation may occur with short aging duration whereas exces-
sive duration can lead to coarsening. Therefore, they are core
parameters for tailoring the strength-plasticity balance. Fur-
thermore, based on existing studies!**" and preliminary expe-
riments, this study incorporated varying numbers of levels for
each parameter. The selection of solution temperature was
primarily rooted in the phase transformation characteristics of
TBI18 titanium alloy, specifically the a+/ dual-phase region
and f single-phase region. Prior research has demonstrated
that aging near 525 °C facilitates the precipitation of secon-
dary a phases with a more uniform distribution. Therefore, a
narrow range of aging temperatures is initially adopted, which
will be extended to 450—575 °C in subsequent experiments to
validate the impact of aging temperature on morphology of a
phase and toughness of alloy. Specifically, A had 6 levels, B
had 3 levels, C had 3 levels, D had 4 levels, and E had 3
levels. The mixed orthogonal test factors and levels are shown
in Table 1. The orthogonal test scheme is presented in Table 2,
with a total of 25 heat treatment tests conducted. Then, the
samples were subjected to solution and aging treatment via a
box resistance furnace. They were heated to the set temper-
ature and held for the corresponding time, followed by
cooling according to specified cooling mode.
2.2 Characterization method

The samples with a size of 10 mmx10 mmx15 mm were
subjected to rough grinding, fine grinding, rough polishing,
and fine polishing, followed by etching with Kroll’s reagent
(5 mL HF+13 mL HNO,+82 mL H,0). The microstructure
was observed using a ZEISS optical microscope (OM) and a
JEOL IT700 field emission scanning electron microscope
(SEM). For tensile property testing, three samples were taken
for each test. After heat treatment, samples were machined
into standard rod-shaped tensile samples with a gauge length
of 25 mm and a diameter of 5 mm. The length and direction of
the tensile samples were parallel to the axis of the sample

piece. Room-temperature tensile tests were performed on a
Zwick/Roell Z100 universal tensile testing machine at a
tensile rate of 0.25 mm/s. The average values of tensile
strength, yield strength, elongation after fracture, and
reduction of area from the three samples in each test group
were calculated as the results.

2.3 Impact test

The oscilloscopic impact test was conducted using an
MHLC-7000WY (oscilloscopic) drop-weight impact testing
machine. The impact blank samples with a size of 10 mmx
10 mmx55 mm were subjected to heat treatment with solution
temperatures of 790, 810, 840, and 870 °C for 1 h, followed
by air cooling (AC) and aging at 525 °C for 2 h. For the
samples solution treated at 870 °C, aging was performed at
450, 490, 525, and 575 °C for 4 h, followed by AC, separately.
After heat
conducted. The impact fracture morphology was observed

treatment, oscilloscopic impact tests were

using SEM to analyze the fracture characteristics.
3 Results and Discussion

3.1 Analysis of mixed-level orthogonal experiment result

Tensile strength R, yield strength R, ,, elongation after
fracture A, and reduction of area Z were chosen as the test
indices for this experiment. The experimental results are
presented in Table 3, with the calculations given in Eq. (1-4).

iy = 2y (D

k,= K 2
= @)
n

r= 3)

R; = max (kj,l Kok

w k)~ min (K kakek,) (@)

AL
where 7 is the number of experiments; m is the number of
levels of the factor; y,,, represents the result of the ith
experiment at the /th level of factor j with i=1, 2, ..., n; k;,
denotes the sum of all corresponding experimental results
when factor j is at the /th level (=1, 2, ..., m); IEN is the average
result when factor j is at the /th level; r is the number of times
each level appears in the experiments; R; is the range of
factor j.

The results of the orthogonal experiment are calculated and
analyzed using the range analysis method for orthogonal
experiments, and the results are shown in Table 4. The range R

Table 1 Factor level of orthogonal test

Factor
Level Solution temperature, A/°C  Solution time, B/h Solution cooling method, C ~ Aging temperature, D/°C Aging time, E/h
1 760 1 AC 520 2
2 790 2 WwQ 525 4
3 810 4 FC 530 6
4 840 - - 535 -
5 870 - - - -
6 900 - - - -

Note: WQ means water quenching and FC means furnace cooling.
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Table 2 Orthogonal test scheme

Solution Solution Solution cooling Aging Aging
No. Heat treatment
temperature, A/°C time, B/h method, C temperature, D/°C time, E/h
1 760 1 AC 520 2 760 °C/1 h, AC+520 °C/2 h, AC
2 760 1 AC 535 6 760 °C/1 h, AC+535 °C/6 h, AC
3 760 2 wQ 525 4 760 °C/2 h, WQ+525 °C/4 h, AC
4 760 4 FC 530 6 760 °C/4 h, FC+530 °C/6 h, AC
5 790 1 AC 525 6 790 °C/1 h, AC+525 °C/6 h, AC
6 790 1 WwQ 530 4 790 °C/1 h, WQ+530 °C/4 h, AC
7 790 2 FC 520 2 790 °C/2 h, FC+520 °C/2 h, AC
8 790 4 wQ 535 2 790 °C/4 h, WQ+535 °C/6 h, AC
9 810 1 FC 530 4 810 °C/1 h, FC+530 °C/4 h, AC
10 810 2 AC 525 2 810 °C/2 h, AC+525 °C/2 h, AC
11 810 2 wQ 535 4 810 °C/2 h, WQ+535 °C/4 h, AC
12 810 4 WwQ 520 6 810 °C/4 h, WQ+520 °C/6 h, AC
13 840 1 FC 520 2 840 °C/1 h, FC+520 °C/2 h, AC
14 840 2 AC 530 6 840 °C/2 h, AC+530 °C/6 h, AC
15 840 4 AC 535 4 840 °C/4 h, AC+535 °C/4 h, AC
16 840 4 wQ 525 2 840 °C/4 h, WQ+525 °C/2 h, AC
17 870 1 wQ 530 2 870 °C/1 h, WQ+530 °C/2 h, AC
18 870 1 wQ 535 2 870 °C/1 h, WQ+535 °C/2 h, AC
19 870 2 AC 525 4 870 °C/2 h, AC+525 °C/4 h, AC
20 870 2 FC 535 6 870 °C/2 h, FC+535 °C/6 h, AC
21 870 4 AC 520 4 870 °C/4 h, AC+520 °C/4 h, AC
22 900 1 FC 525 4 900 °C/1 h, FC+525 °C/4 h, AC
23 900 2 wQ 530 2 900 °C/2 h, WQ+530 °C/2 h, AC
24 900 2 AC 535 4 900 °C/2 h, AC+535 °C/4 h, AC
25 900 4 AC 520 6 900 °C/4 h, AC+520 °C/6 h, AC

reflects the magnitude of the influence of each factor on the
test indices in the experiment. A larger range indicates that the
factor has a greater influence on the test index and is usually a
primary factor, while a smaller range indicates a smaller
influence and is usually a secondary factor. As can be seen
from Table 4, among all indicators, C yields the largest R
values except for Z: R, is 223.0, R, is 234.1, 4 is 6.8, and Z
is 15.6, which is slightly lower than 16.0. Since the cooling
rate directly determines the stability of the supersaturated
solid solution after solution treatment, it exerts the most direct
regulatory effect on the morphology, volume fraction, and
distribution of the a phase, and further regulates the strength
and plasticity of the alloy, thus having the most significant
impact.

According to the calculation results, the primary and
secondary influencing factors for the four test indices are
ranked in descending order of range as follows: for R , C>E>
D>A>B; for R,,, C>E>A>D>B; for 4, C>A>E>D>B; for Z, A
>C>E>D>B. It can be seen that factor C is the most important
factor affecting each index, and the order of influence of the
other four factors on the indices is A>E>D>B. For strength, it
mainly relies on the strengthening effect of the secondary a
(o) phase precipitated during aging. The aging time (E)

directly affects the volume fraction of o. The excessively long
time tends to cause coarsening, while the excessively short
time leads to insufficient precipitation, which may be the
reason why the influence of aging time (E) is greater than that
of aging temperature (D). The solution temperature (A) affects
the driving force of a, precipitation by changing the saturation
degree of the f phase, but its influence is weaker than that of
aging time (E). Plasticity is more related to grain size, o,
phase content, and o, morphology. The solution temperature
(A) determines the content of the o, phase. Solution treatment
in the dual-phase region usually retains more o, inhibiting
embrittlement, and thus enhancing the influence of solution
temperature (A) on plasticity. The cooling method (C) affects
plasticity through the morphology of a. For example, the
coarse o, formed by FC can better accommodate deformation,
but its influence on Z is weaker than that of solution
temperature (A).

Fig. 1 shows the relationships between factors and evalua-
tion indices. It can be seen that the optimal level combinations
of each factor for the four indices are as follows: A,B,C,D,E,
for R, A,BCD,E, for R,,, ABCDE, for 4, and
AB,C.DE, for Z. Among them, the optimal factor level
combinations corresponding to R and R, are the same,
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Table 3 Results of orthogonal test

Factor

Mechanical properties

No. Solution Solution Solution cooling Aging Aging R/ R,/ A% 2%
temperature, A/°C time, B/h method, C temperature, D/°C time, E/h MPa MPa
1 760 1 AC 520 2 1398 1334 7.5 20
2 760 1 AC 535 6 1355 1301 9.7 22
3 760 2 WwQ 525 4 1398 1334 8.9 20
4 760 4 FC 530 6 971 911 22.6 51
5 790 1 AC 525 6 1437 1370 9.6 18
6 790 1 wQ 530 4 1397 1332 8.1 16
7 790 2 FC 520 2 1026 948 18.3 42
8 790 4 wQ 535 2 1306 1249 13.7 26
9 810 1 FC 530 4 1206 1109 12.1 22
10 810 2 AC 525 2 1219 1150 10.3 19
11 810 2 WwQ 535 4 1311 1235 7.4 11
12 810 4 wQ 520 6 1357 1272 8.6 13
13 840 1 FC 520 2 1103 1016 16.1 34
14 840 2 AC 530 6 1323 1240 8.2 14
15 840 4 AC 535 4 1302 1224 9.2 14
16 840 4 WwQ 525 2 1190 1101 8.8 18
17 870 1 WwQ 530 2 1286 1198 9.4 16
18 870 1 wQ 535 2 1286 1199 9.7 14
19 870 2 AC 525 4 1328 1255 8.7 13
20 870 2 FC 535 6 1169 1073 124 20
21 870 4 AC 520 4 1336 1265 8.4 12
22 900 1 FC 525 4 1189 1105 10.1 16
23 900 2 WwQ 530 2 1227 1137 8.8 13
24 900 2 AC 535 4 1295 1208 7.1 11
25 900 4 AC 520 6 1344 1264 6.3 9

while those corresponding to 4 and Z are different, that is,
there are two distinct optimal factor level combinations for
different indices. Considering the strength and plasticity of the
material comprehensively, the optimal factor level
combination should be A,B,C,,D,.E,,.

3.2 Effect of factors on mechanical properties

According to the analysis of the orthogonal experiment,
factor C is found to be the most significant factor, while the
influence order of the other four factors on the indexes is
A>E>D>B. Therefore, samples with different levels of factors
C and A were selected for microstructure observation
according to the influence degree of the factors on the
mechanical properties.

Fig. 2 shows the microstructure of as-forged TB18 alloy,
consisting of a f matrix and equiaxed o phases. Fig.3 shows
the microstructures after heat treatment at different levels of
factor C. According to Table 3, the order of tensile strength
and yield strength under different solution cooling methods is
AC>WQ>FC. Typically, a higher cooling rate results in a
greater degree of instantaneous supercooling, thereby
increasing the nucleation rate of the a phase™. At a solution

temperature of 790 °C, AC exhibits a relatively slow rate with

a moderate supercooling degree, which provides sufficient
nucleation driving force to promote homogeneous nucleation
of the a phase. This allows for the retention of a portion of the
a, phase while facilitating the precipitation of fine lamellar o
phase, yielding a significant strengthening effect. By contrast,
WQ induces excessive supercooling, which suppresses the
nucleation of the a phase and hinders the precipitation of
secondary phases, thus exhibiting a weaker strengthening
effect compared to AC. In comparison, FC proceeds at a slow
rate with minimal supercooling. During the slow cooling
process, the precipitated secondary phases absorb other solute
elements in the vicinity of nucleation sites, undergoing
coarsening and growth. This microstructural evolution
ultimately leads to lower strength.

However, the aging time for the alloy solution treated with
WQ (Fig.3c—3d) is 2 h shorter than that solution treated with
AC (Fig. 3a—3b), resulting in weaker aging strengthening
effects and lower strength for WQ compared to AC. The
differences in strength and plasticity are primarily related to
the coarsening of a, phase. Comparing the Fig.3b, 3d, and 3f,
significant coarsening can be found for a, phase, which
reduces dislocation slip resistance and weakens precipitation
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Table 4 Analysis of orthogonal test results

Evaluation index Mean value and range A B C D E Blank column
k, 1280.5 1295.2 1333.7 1227.3 1226.8 1196.3
k, 1291.5 1255.1 1306.4 1293.5 1306.9 1301.8
k, 1273.0 1258.0 1110.7 1235.0 1279.4 1322.1
R /MPa k, 1229.5 - - 1289.1 - -
ks 1281.0 - - - - -
kg 1263.8 - - - - -
R 62.0 40.1 223.0 66.2 80.1 125.8
k, 1220.0 1218.2 1261.1 1183.2 1148.0 1148.0
k, 1224.8 1175.6 1228.6 1219.2 1229.7 1204.4
k, 1191.5 1183.7 1027.0 1154.5 1204.4 1120.4
R, ,/MPa k, 1145.3 - - 1212.7 - -
ks 1198.0 - - - - -
kg 1178.5 - - - - -
R 79.5 42.6 234.1 64.7 81.7 84.0
k, 12.2 10.3 8.5 10.9 11.4 12.1
k, 12.4 10.0 9.3 9.4 8.9 9.9
ks 9.6 11.1 15.3 11.5 11.1 9.0
Al% k, 10.6 - - 9.9 - -
k, 9.7 - - - - -
kg 8.1 - - - - -
R 43 1.1 6.8 2.1 25 3.1
k, 28.3 19.8 15.2 21.7 22.4 24.7
k, 25.5 18.1 16.3 17.3 15.0 17.5
ky 16.3 20.4 30.8 22.0 21.0 15.3
ZI% k, 20.0 - - 16.9 - -
ky 18.8 - - - - -
kg 12.3 - - - - -
R 16.0 2.3 15.6 5.1 7.4 9.4

strengthening. Coarsened o, phase also tortuously extends
crack propagation paths, increasing crack resistance and
enhancing alloy ductility and fracture toughness. Therefore, as
a, coarsens, the strength decreases while plasticity increases™.

To analyze the influence of different solution temperatures
(A) on the optical

microstructures of TBI18 alloy after solution treatment at

the microstructure of the alloy,

790 and 870 °C were characterized. As shown in Fig.4a, when
the solution treatment temperature is lower than the phase
transition temperature and followed by aging treatment, since
the solution temperature falls within the temperature rarge of
the dual-phase region, the alloy structure is composed of fine
f grains and a small amount of equiaxed o, phase (Fig.4a and
Fig.5a), and the recrystallized § grains have fine corners with
discontinuous grain boundaries. After aging, the a, phase
precipitates in the form of fine lamellae (Fig. 5b). With the
increase in solution temperature, the volume fraction of o,
decreases, and the concentration of solute atoms in the
metastable f matrix increases. When the solution treatment
temperature is higher than the f-phase transition temperature,
and solution treatment is followed by aging treatment, as

shown in Fig. 4b, obvious grain boundaries are formed, and
the recrystallized S grains are coarsened. However, the
increase in solution temperature improves the solubility of
alloying elements in the S phase, making the supersaturated
solid solution more stable. After aging, the lamellar o, phase
precipitated from the metastable S matrix is formed
synchronously inside the grains and at the grain boundaries,
and it is uniformly distributed in the £ matrix. The lamellar «
phases usually maintain a specific crystallographic orienta-
tion relationship with the f matrix, since the atomic
arrangements of a and f phases are similar and can match well
during aging. After a phase nucleation, the growth rate in the
thickness direction is slower than that in the vertical direction,
B4, Although the S grains are
coarsened after solution treatment at 870 ° C, their yield
strength (1255 MPa) does not decrease excessively due to
grain coarsening, being only 115 MPa lower than that of the
alloy after solution treatment at 790 °C. In TB18 alloy, there
are significant differences in the formation mechanism,

thus forming lamellar a phase

morphology, and strengthening effect between the o, phase
and the o, phase. The o, phase is formed during hot working in
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Fig.1 Relationships between factor level and different evaluation indices: (a) R, ; (b) R ,; (¢) 4; (d) Z

Fig.2 Microstructure of as-forged TB18 alloy

the a+f dual-phase region or solution treatment at a relatively
low temperature, presenting an equiaxed shape and mainly
distributed at the boundaries or inside the f grains. Its
existence can improve strength through dispersion strength-
ening and inhibiting the coarsening of S grains, while
retaining a certain degree of plasticity. The a, phase, on the
other hand, is formed during the aging process, precipitated
from the supersaturated f solid solution with a lamellar or
acicular morphology and distributed within the S grains. It
enhances strength through precipitation strengthening, and its
strengthening effect is closely related to its size and distri-
bution. More significant strengthening effects are exhibited by
fine while the
strengthening effect is weakened after coarsening. Under the
solution treatment condition of 870 °C, since the temperature

spherical or thin lamellar «_ phases,

is higher than the $-phase transition temperature, the a, phase
completely dissolves, resulting in the disappearance of its
dispersion strengthening effect. At the same time, the S grains
are coarsened, the number of grain boundaries is reduced, and
the grain boundary strengthening effect is weakened. How-
ever, due to the increase in solution temperature, the super-

saturation degree of the f phase increases, leading to more
uniform precipitation of the o, phase during aging. Therefore,
although there is a slight coarsening compared to the a_ phase
after solution treatment at 790 °C due to the higher temper-
ature, the continuous distribution of the lamellar a phase can
still provide strong precipitation strengthening, which partially
offsets the adverse effects of the dissolution of @, phase and
the coarsening of grains. As a result, the strength decreases
slightly and remains at a high level.

According to Table 3, the yield strength and tensile strength
decrease with the increase in solution temperature. This may
be related to the dissolution of o, phase and coarsening of o
phase during solution treatment. The volume fraction of a
phase decreases with the increase in solution temperature. The
hexagonal close-packed o, phase has higher deformation
resistance than the body-centered cubic S phase. Thus, the
strength decreases with the increase in temperature. When the
alloy is solution-treated at a relatively high temperature, the
phase transformation driving force is small, and the nucleation
driving force of a, phase is insufficient, which affects the
nucleation of a_ phase. Besides, the coarsening of ¢, phase is a
thermally activated process, and its coarsening rate depends
on the diffusion of solute atoms™'. The diffusion rate gets
higher as temperature increases, resulting in easy formation of
the large-sized a phase and leading to a decrease in plasticity.
In summary, the optimal heat treatment parameters for TB18
alloy are as follows: solution temperature of 790 °C, solution
holding time of 1 h, solution cooling mode of AC, aging
temperature of 525-530 °C, and aging time of 2—4 h.

3.3 Relationship between impact toughness and micro-

structure at different solution temperatures

As discussed in the previous section, the heat treatment
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Fig.3 Microstructures of TB18 alloy after different heat treatments: (a—b) 790 °C/1 h, AC+525 °C/6 h, AC; (c—d) 790 °C/1 h, WQ+530 °C/4 h,

AC; (e—f) 790 °C/2 h, FC+520 °C/2 h, AC

é,—CErain boundaries

1 OO_pm

Fig.4 OM images of TB18 alloy after different heat treatments: (a) 790 °C/1 h, AC+525 °C/6 h, AC; (b) 870 °C/2 h, AC+525 °C/4 h, AC

process parameters for the optimal strength-ductility
combination are the solution temperature of 790 °C, solution
holding time of 1 h, solution cooling mode of AC, aging
temperature of 525 — 530 ° C, and aging time of 2—4 h.
Considering the influence order of various factors on strength-
ductility during solution and aging treatment, the parameters
of solution holding time of 1 h, solution cooling mode of AC,
aging temperature of 525 °C, and aging time of 4 h were
selected to further investigate the effects of solution
temperature in the range of 790 — 870 ° C on the impact
toughness and micro-fracture characteristics of the alloy.

Table 5 shows the oscilloscopic impact test data at different
solution temperatures. With the increase in solution
temperature, the absorbed energy increases from 15 J to 24 J,
indicating that the impact toughness of the alloy is enhanced
with the increase in solution temperature. The initiation
energy is 4 J at 790 and 870 °C and 3 J at 810 and 840 °C,
suggesting that the solution temperature has a weak effect on
the difficult degree of crack initiation. However, the
propagation energy increases from 11 J to 20 J with the

increase in solution temperature, showing an increase rate of
81.8%, which is the main contributor to the increase in
absorbed energy. This indicates that the energy dissipation
during crack propagation is the core mechanism, by which the
solution temperature regulates toughness.

Fig.6 shows the overall fracture morphologies of the TB18
alloy solution treated at different temperatures. The marked
areas 1, 2, and 3 are the three characteristic regions of the
fracture, which are the shear lip zone, the fibrous zone, and
the radial zone, respectively. It can be clearly seen that the
area fraction of each region in the fractures at different
solution temperatures is different. Statistical analysis of the
impact fracture surfaces at different solution temperatures in
Fig. 6 was performed using Image-Pro Plus image analysis
software. It is found that as the solution temperature increases
from 790 °C to 870 °C, the area fraction of the shear lip
region increases from 5% to 12%, and the area fraction of the
fibrous region increases from 30% to 45%. The impact energy
is higher when the areas of the shear lip zone and fibrous zone
are larger and the radial zone area is smaller. The radial zone



Gao Huixian et al. / Rare Metal Materials and Engineering, 2026, 55(4):841-855 849

Fig.5 Microstructures of TB18 alloy solution treated at different temperatures: (a—b) 790 °C/1 h, AC+525 °C/6 h, AC; (c—d) 870 °C/2 h, AC+

525°C/4h, AC

Table 5 Results of oscilloscopic impact test for TB18 alloy

solution treated at different temperatures

Solution Absorbed Initiation Propagation
temperature/°C energy, /] energy, W/J  energy, W /]
790 15 11 4
810 20 17 3
840 21 18 3
870 24 20 4

is a typical feature of brittle fracture, and its area fraction
decreases from 65% (at 790 °C) to 43% (at 870 °C), indicat-

ing that high-temperature solution treatment significantly
decreases the proportion of brittle fracture. Combined with the
observation of the microstructure, due to the uniform
distribution of the lamellar o, phase after solution treatment
at 870 °C, the crack propagation path changes from radial
straight propagation to tortuous propagation, which inhibits
the formation of the radial zone.

Changes in the main crack direction are usually
accompanied by the generation of secondary cracks. Fig. 7
shows the morphologies of secondary cracks observed on the
fracture surfaces of the TB18 alloy solution treated at different

Fig.6 Impact fracture morphologies of TB18 alloy solution treated at different temperatures: (a) 790 °C; (b) 810 °C; (c) 840 °C; (d) 870 °C
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Fig.7 Secondary cracks on fracture surface of TB18 alloy solution treated at different temperatures: (a) 790 °C; (b) 810 °C; (c) 840 °C; (d) 870 °C

temperatures, as indicated by the yellow arrows. It can be seen
that with the increase in solution temperature, the length of
secondary cracks in the impact fractures gradually increases.
After solution treatment at 870 °C, the a_ phase precipitated
during aging is uniformly distributed in a lamellar form within
the coarse f grains. There is a significant difference in
mechanical properties at the interface between the a, phase
and the f phase. Under impact loading, the lamellar a phase,
acting as a hard phase, causes stress concentration at its
interface with the f phase. When the local stress exceeds the
critical fracture strength of the material, secondary cracks will
be initiated between the a, phase layers near the main crack or
in the S phase matrix to release the concentrated stress. In the
alloy solution treated at 790 °C, the fine § grains restrict the
extension of cracks, and the stress concentration cannot
accumulate enough energy required for the nucleation of
secondary cracks, resulting in short and few secondary cracks.
The higher the solution temperature, the more sufficient the
space provided by the coarse f grains for the growth of
secondary cracks, enabling the secondary cracks to extend
along the continuous distribution direction of the lamellar a
phase and further consume the impact energy. In addition, in
samples with low impact energy, a large number of quasi-
cleavage planes were observed, as shown in Fig.8a. With the
increase in solution temperature, the number of dimples in the
fracture morphology increases. As shown in Fig. 8, after
solution treatment at 790 °C, a small amount of equiaxed a,
phase is retained in the structure. As a hard phase, the
interface between the @, phase and the S phase tends to
become a nucleation site for micro-voids. Due to the small
size and dispersed distribution of the a;, phase, the nucleation
of micro-voids is dense but the growth space is restricted, thus
forming shallow and dense dimples. Under stress, the micro-

voids grow rapidly and coalesce, with insufficient plastic
deformation and little energy consumption. After solution
treatment at 870 °C, the a, phase completely dissolves, and
the lamellar o, phase is uniformly distributed in the coarse S
grains. At this time, micro-voids are mainly nucleated at the
interface between the a; phase and the f phase, and the coarse
f grains provide sufficient space for the growth of micro-
voids. On the one hand, the continuity of the lamellar o, phase
makes the nucleation of micro-voids more uniform; on the
other hand, the S phase matrix can undergo large plastic
deformation under impact loading, which promotes the ductile
tearing of the matrix during the growth of micro-voids. The
growth of micro-voids needs to overcome the plastic
deformation resistance of the f phase. Under impact loading,
the lamellar a, phase can coordinate the plastic deformation of
the f phase through its own slip, enabling the material to
accumulate greater plastic deformation before fracture,
eventually forming deeper dimples and enhancing the
toughness of the material.

As shown in Fig. 9, the crack propagation paths are
observed in fractures with obvious tortuous changes in the
paths (Fig.9a—9c). At a solution temperature of 790 °C, since
the alloy is in the dual-phase region, the microstructure
contains a small amount of a, and @, During impact, cracks
can directly propagate through the relatively soft @, phase, as
shown in Fig.10a. In contrast, lamellar a, phase is harder, and
the coarser the lamellar o, the more difficult the crack
penetration. Therefore, cracks bypass the a_ phase, leading to
more tortuous propagation paths, consuming more energy, and
thus improving the toughness of the alloy. The kinking
deformation of lamellar o phase is circled by yellow dashed
lines in Fig. 11. Besides, cracks are usually accompanied by
the formation of holes, as shown in Fig.10b—10d.
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Fig.9 Crack propagation paths of impact fracture of TB18 alloy solution treated at different temperatures: (a) 790 °C; (b) 810 °C; (c) 840 °C;

(d) 870 °C

3.4 Relationship between impact toughness and

microstructure at different aging temperatures

To investigate the effect of precipitation behavior of o,
phase on impact toughness, the TB18 alloy solution treated at
870 ° C/1 h in the single-phase region was then aged at
different temperatures. Oscilloscopic impact tests were
conducted on the samples, and the results of absorbed energy,
crack initiation energy, and crack propagation energy are
shown in Table 6. With the increase in aging temperature, the

propagation energy decreases significantly, making the
initiation energy dominate. The impact absorbed energy also
decreases significantly first and then slightly increases with
the increase in aging temperature, as shown in Fig.12.

The microstructures of the samples aged at different
temperatures were observed via SEM. At an aging
temperature of 450 °C, the precipitation of secondary phase is
less obvious, with o, phases mainly precipitating along grain
boundaries and arranging in parallel. As the aging temperature
increases to 525 °C, a large number of o, phases are uniformly
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Fig.10 Cracks passing through a phase and formation of holes in TB18 alloy solution treated at different temperatures: (a) 790 °C; (b) 810 °C;
(c) 840 °C; (d) 870 °C

Fig.11 Plastic deformation around cracks in TB18 alloy solution treated at different temperatures: (a) 790 °C; (b) 810 °C; (c) 840 °C; (d) 870 °C

Table 6 Results of oscilloscopic impact test for TB18 alloy solution treated at 870 °C/1 h followed by aging at different temperatures

Aging temperature/°C Absorbed energy, /] Initiation energy, W/J Propagation energy, IV/J
450 60.3 26.9 334
490 21.5 17.8 3.7
525 22.1 20.3 1.8
570 343 25.7 8.6
and dispersedly precipitated and interweave with each other. becoming more ordered, forming secondary a, clusters with
When the aging temperature further rises, the thickness of the roughly the same internal orientation within f grains, as

precipitated lamellae o, increases, with the orientations shown in Fig.13.
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Fig.12 Variation in impact absorbed energy of TB18 alloy solu-
tion treated at 870 ° C/1 h followed by aging at different

temperatures

450 °C/4 h, AC 490 °C/4 h, AC

Observation of the fracture morphology and crack
propagation path of the samples aged at different temperatures
reveals that, compared to the solution-treated state alloy, the
impact crack initiation and propagation path is relatively
straight in the aged alloy. The morphologies of the fracture
surfaces in the samples aged at 490 and 525 ° C are the
smoothest, with the smallest shear lip area, indicating rapid
crack propagation, while the solution-treated samples exhibit
the largest number and size of dimples. In contrast, the aged
samples have shallower dimples and cleavage planes, and they
show characteristics of intergranular fracture, suggesting
lower energy consumption during crack propagation (Fig.14).
The optimal heat treatment process for comprehensive
strength-plasticity-toughness of TB18 alloy is 870 ° C/1 h,

525 °C/4h, AC 570 °C/4 h, AC

"

SToori

Fig.14 Impact fracture morphologies and crack propagation paths of TB18 alloy aged at different temperatures: (a, f, k, p) solution state;
(b, g,1,q) 450 °C; (c, h, m, r) 490 °C; (d, i, n, s) 525 °C; (e, j, 0, t) 570 °C
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AC+525°C/4 h, AC.
4 Conclusions

1) The influence order on the R, R,,,, 4, and Z of TB18
alloy is: solution cooling method>solution temperature>aging
time>aging temperature>solution holding time. The optimal
heat
ductility are as follows: solution temperature of 790 ° C,

treatment parameters for comprehensive strength-
solution holding time of 1 h, solution cooling method of AC,
aging temperature of 525-530 °C, and aging time of 2—4 h.

2) The tensile properties of TB18 alloy under different heat
treatments largely depend on the content, size, and
morphology of the a, phase. Therefore, the o, phase is a
critical factor affecting the strength and plasticity of TB18
alloy.

3) The area fraction of the shear lip zone, the fibrous
zone, and the radial zone in the fracture morphology of
TBI18 alloy directly reflects the toughness of the alloy.
Larger areas of the shear lip and fibrous zone with a smaller
radial zone indicate better toughness. Longer secondary crack
length and deeper dimples also signify better toughness.
Alloys with better toughness exhibit tortuous crack
propagation paths and intense plastic deformation around the
crack propagation path.

4) The influence of solution temperature on impact
toughness is significantly weaker than that of the aging
process for TB18 alloy, providing restricted guidance for
regulating and analyzing its impact toughness. In contrast,
the morphological distribution of the secondary phase
during aging has a more significant effect on performance.
The optimal heat treatment process for comprehensive
strength-plasticity-toughness of TB18 alloy is 870 ° C/1 h,
AC+525 °C/4 h, AC.
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