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Section 1: Determination of alloy β-transus temperature
To establish the β‑transus temperature range of the alloy, a series of heat treatments were conducted between 990 °C and 1050 °C, followed by water quenching to provide a consistent baseline for microstructural analysis. The resulting microstructures are shown in Fig. S1. Between 1000 °C and 1010 °C, a distinct transformation occurs: prior‑β grains remain confined within the outline of the melt pool, their boundaries traced by remnant α laths, while the original α phase begins to dissolve and its lath structure gradually disappears. Upon further heating, nearly all α laths dissolve completely, and β grains grow beyond the initial melt‑pool boundaries. Based on these observations, the β‑transus temperature of Ti‑6.5Al‑3.5Mo‑1.5Zr‑0.3Si is inferred to be approximately 1005 °C.
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Fig. S1 Microstructure information of Ti-6.5Al-3.5Mo-1.5Zr-0.3Si alloy at various processing temperatures.
Section 2: Exploration of multi-scale microstructure strengthening process
To investigate microstructural evolution under rapid thermal processing (RTP), temperatures of 1010 °C and 1020 °C were selected. Given the stringent control required for reproducible rapid heating and cooling cycles, a custom‑built RTP device was employed (Fig. S2). At 1010 °C (Fig. S3a), a 20‑minute hold left α laths at β grain boundaries incompletely transformed. Extending the hold to 30 min achieved full dissolution but also triggered β grain boundary migration and coarsening. In contrast, at 1020 °C, a near-complete dissolution of the α laths was achieved in as little as 5 min (Fig. S3b). Given this result, a hold time of 5 min at this temperature was selected as a viable solution treatment parameter for refining the α phase. Extending the hold time at this temperature to 8 min further promoted epitaxial recrystallization via grain boundary migration, which actively refined the grain structure. Beyond this point, a 10 min hold induced rapid boundary migration and significant β‑grain coarsening. Based on this enhanced microstructure, the 8 min treatment was ultimately chosen as the final RTP parameter set.
In summary, a heat treatment process was developed to produce an ultrafine acicular α' martensite structure while restricting β grain growth, that is, solution treatment at 1020 °C for 8 min, followed by water quenching. The quantitative information of microstructure and microvoids in the AM-RTP alloy are presented in Fig. S4.
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Fig. S2 Schematic diagram of RTP process equipment: (a) Preparation stage: During the initial furnace heating stage, the sample is fixed on the fixture and then exposed to the ambient temperature outside the furnace. (b) Heating stage: using an automated manipulator, the sample is inserted into the 1020 °C zone and maintained there for 8 min. (c) Quenching process: After heating is completed, the sample was rapidly quenched by automated manipulator lowering it into the circulating water bath beneath the furnace.
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Fig. S3 Microstructure evolution of Ti-6.5Al-3.5Mo-1.5Zr-0.3Si alloy under different holding times at (a) 1010 °C and (b) 1020 °C
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Fig. S4 Quantitative characteristics of the microstructure after AM-RTP: (a) prior β grain size, (b) α lamella length, (c) α lamella thickness, (d) microvoid size.


Section 3 Tensile fracture analysis
The tensile fracture surfaces are presented in Fig. S5. At ambient temperature, macroscopic failure occurs primarily through brittle intergranular fracture (Fig. S5a1). While higher-magnification imaging reveals fine dimples within the grains (Fig. S5a2), the overall fracture mode remains macroscopically brittle. This morphology aligns with, and directly accounts for, the very limited failure elongation measured during room‑temperature tensile testing. The fracture mechanism transforms fundamentally at 500 °C, where thermal activation promotes a dimpled fracture surface with notably coarser features (Figs. S5 b1 and b2). This microstructural shift corresponds to a marked increase in fracture elongation, reflecting the alloy’s enhanced ductility at elevated temperature. In both temperature regimes, fracture surfaces exhibit intergranular characteristics. Longitudinal sections along the loading axis (Figs. S5a3 and S5b3) further confirm that grain boundaries serve as the predominant sites for crack nucleation.
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Fig. S5 Typical surface morphology of tensile failure at (a) 25 ℃ and (b) 500 ℃, (1) macroscopic morphology, (2) high-magnification morphology, (3) nucleation characteristics of grain boundary cracks along the loading direction in the longitudinal section.


Section 4 Fatigue fracture analysis and statistics
Fatigue cracks at ambient temperature consistently originated from AM-induced microvoids, as illustrated in Fig. S6a. Statistical analysis confirmed that all fatigue cracks in specimens tested at room temperature initiated at these microvoids (Table S1). The fracture surfaces exhibited distinct shear lips, suggesting rapid and unstable crack propagation. This indicates that while microvoids shortened the crack initiation stage, this phase still dominated the overall fatigue life, with crack progression occurring over a relatively brief period. At elevated temperatures, even as shear lip features become less pronounced, fatigue cracks predominantly nucleate at micropores (Fig. S6b), which remains a key factor limiting high‑temperature fatigue resistance. In some specimens, surface oxidation led to interfacial strain incompatibility, resulting in stress concentration and direct crack initiation from the surface (Table S1). Notably, these cracks showed no connection to subsurface micropores, representing a distinct high‑temperature failure mechanism.
[image: ]
Fig. S6 Typical surface morphology of fatigue failure at (a) 25℃ and (b) 500℃.
Samples exhibiting short fatigue lives at ambient temperature, specifically those fractured at 950 MPa, 1050 MPa, and 1100 MPa, consistently revealed crack initiation from surface microvoids, as shown in Fig. S7. Although the crack initiation stage typically occupies the majority of fatigue life, microvoids located at the specimen edge act as potent initiation sites that significantly accelerate this process, leading to failure after a reduced number of cycles.
Table S1 Statistics of fatigue failure fracture surface characteristics σf0.1: Maximum stress, Nf: The number of cycles for loading failed samples, Tem.: Test temperature, S: Distance from the crack initiation site to the specimen edge, XFe-max: Maximum Feret diameter of the microviods, area: Microvoids area.
	σf0.1, MPa
	Nf, cycles
	Tem. ℃
	S, μm
	XFe-max, μm
	area, µm2

	1100
	1,019,700
	25
	417.71
	18.32
	129.61

	950
	20,500
	25
	0
	20.32
	151.7

	1000
	6,280,200
	25
	100.34
	9.88
	52.25

	1000
	3,515,900
	25
	474.62
	10.59
	80.98

	1100
	1,369,300
	25
	282.70
	12
	116.76

	950
	529,600
	25
	31.18
	4.55
	8.86

	1100
	19,200
	25
	0
	83
	3329.38

	1000
	832,500
	25
	272.30
	23.9
	214.10

	1050
	3,284,800
	25
	405.91
	13.37
	124.78

	1000
	1,766,600
	25
	271.69
	 27.98 
	190.81

	1050
	17,900
	25
	0
	23.51
	193.79

	1050
	24,700
	25
	0
	33.22
	384.14

	1050
	1,259,100
	25
	315.76
	22.83
	294.54

	800
	62,700
	500
	36.47
	48.43
	805.28

	700
	9,342,300
	500
	278.27
	13.47
	129.89

	800
	99,200
	500
	291.65
	14.95
	125.69

	775
	100,400
	500
	0
	-
	-

	725
	1,169,800
	500
	368.97
	35.92
	366.97

	725
	1,105,300
	500
	0
	-
	-

	750
	1,170,500
	500
	0
	-
	-

	750
	3,645,700
	500
	996.11
	19.94
	185.70


[image: ]
Fig. S7 Fracture morphology at the fatigue crack initiation position of the short-life test sample at ambient temperature.


Section 5 The source of data in Fig. 2 and Fig. 3
Table S2 Reference fatigue life data of Ti-6.5Al-3.5Mo-1.5Zr-0.3Si at 500 ℃ for Fig. 2c
	Process
	Nf, cycles
	σf0.1, MPa
	Ref.
	Process
	Nf, cycles
	σf0.1, MPa
	Ref.

	AM
	103860
	500
	[1]
	AM
	569689
	350
	[1]

	AM
	182597
	500
	
	AM
	442741
	300
	

	AM
	144006
	450
	
	AM
	641498
	300
	

	AM
	267052
	450
	
	AM
	877668
	250
	

	AM
	195191
	400
	
	AM
	994912
	250
	

	AM
	307200
	400
	
	AM
	1199186
	200
	

	AM
	281312
	350
	
	AM
	1281892
	200
	

	Forging
	16982
	600
	[2]
	Forging
	1077187
	505
	[2]

	Forging
	21577
	600
	
	Forging
	1544237
	505
	

	Forging
	28829
	600
	
	Forging
	1703139
	505
	

	Forging
	135787
	565
	
	Forging
	2993473
	505
	

	Forging
	194970
	565
	
	Forging
	4003238
	475
	

	Forging
	292146
	565
	
	Forging
	5595737
	475
	

	Forging
	351456
	565
	
	Forging
	6914966
	455
	

	Forging
	351456
	535
	
	Forging
	7674858
	455
	

	Forging
	555686
	535
	
	Forging
	10000000
	445
	

	Forging
	651812
	535
	
	
	
	
	

	Forging
	20266
	700
	[3]
	Forging
	544588
	475
	[3]

	Forging
	259590
	675
	
	Forging
	6792399
	450
	

	Forging
	2687131
	650
	
	Forging
	10000000
	450
	

	Forging
	10000000
	625
	
	Forging
	7808532
	425
	

	Forging
	10172
	650
	
	Forging
	10000000
	425
	

	Forging
	13915
	625
	
	Forging
	10000000
	400
	

	Forging
	1982949
	600
	
	Forging
	51147
	525
	

	Forging
	2202375
	575
	
	Forging
	93337
	500
	

	Forging
	10000000
	550
	
	Forging
	314257
	475
	

	Forging
	17935
	625
	
	Forging
	1173310
	450
	

	Forging
	18886
	625
	
	Forging
	481954
	425
	

	Forging
	20618
	500
	
	Forging
	4238913
	425
	

	Forging
	20813
	575
	
	Forging
	1338313
	400
	

	Forging
	142028
	575
	
	Forging
	3346031
	400
	

	Forging
	408220
	550
	
	Forging
	7735486
	375
	

	Forging
	10000000
	540
	
	Forging
	10000000
	375
	

	Forging
	62994
	525
	
	Forging
	10000000
	350
	

	Forging
	194283
	500
	
	
	
	
	




Table S3 Reference fatigue life data of various titanium alloys at 500 ℃ for Fig. 2d
	Material
	Nf, cycles
	σf0.1, MPa
	Ref.
	Material
	Nf, cycles
	σf0.1, MPa
	Ref.

	TA12A
	21706
	550
	[4]
	TA12A
	1955041
	430
	[4]

	TA12A
	28263
	550
	
	TA12A
	2414715
	430
	

	TA12A
	36731
	550
	
	TA12A
	4778433
	430
	

	TA12A
	21502
	490
	
	TA12A
	5835558
	430
	

	TA12A
	36731
	490
	
	TA12A
	8178140
	430
	

	TA12A
	40822
	490
	
	TA12A
	54267
	410
	

	TA12A
	917913
	490
	
	TA12A
	1271922
	410
	

	TA12A
	3010717
	490
	
	TA12A
	8524502
	410
	

	TA12A
	39163
	470
	
	TA12A
	2197475
	390
	

	TA12A
	514538
	470
	
	TA12A
	2739858
	390
	

	TA12A
	1085621
	470
	
	TA12A
	7670330
	370
	

	TA12A
	4040256
	470
	
	TA12A
	8178140
	350
	

	TA12A
	4778433
	470
	
	TA12A
	8902301
	350
	

	TA15
	1147688
	600
	
	TA15
	6893276
	530
	

	TA15
	1577398
	600
	
	TA15
	7909212
	530
	

	TA15
	1844899
	600
	
	TA15
	9383316
	540
	

	TA15
	2021336
	600
	
	TA15
	9844329
	530
	

	TA15
	3307620
	600
	
	TA15
	10000000
	520
	

	TA15
	3606424
	600
	
	TA15
	2305912
	500
	

	TA15
	83374
	580
	
	TA15
	8481210
	500
	

	TA15
	846038
	580
	
	TA15
	10000000
	500
	

	TA15
	5766356
	580
	
	TA15
	3259242
	480
	

	TA15
	1719686
	560
	
	TA15
	4275178
	480
	

	TA15
	3005969
	560
	
	TA15
	3131182
	460
	

	TA15
	4417466
	560
	
	TA15
	5114677
	460
	

	TA15
	4528450
	560
	
	TA15
	6227369
	460
	

	TA15
	5496008
	560
	
	TA15
	5686674
	440
	

	TA15
	3401530
	550
	
	TA15
	6307050
	440
	

	TA15
	1719686
	530
	
	TA15
	8273469
	440
	

	TA15
	2704319
	530
	
	TA15
	4545525
	420
	

	Ti60
	24255
	600
	
	Ti60
	289174
	290
	

	Ti60
	28719
	600
	
	Ti60
	3387606
	290
	

	Ti60
	35557
	600
	
	Ti60
	8456817
	290
	

	Ti60
	22397
	575
	
	Ti60
	10000000
	290
	

	Ti60
	30561
	575
	
	Ti60
	10000000
	280
	

	Ti60
	38507
	575
	
	Ti60
	25046
	500
	

	Ti60
	558511
	550
	
	Ti60
	46381
	400
	

	Ti60
	673003
	550
	
	Ti60
	48150
	400
	

	Ti60
	951090
	550
	
	Ti60
	55551
	400
	

	Ti60
	1756761
	500
	
	Ti60
	61629
	400
	

	Ti60
	401559
	480
	
	Ti60
	77419
	350
	

	Ti60
	262383
	460
	
	Ti60
	85161
	350
	

	Ti60
	76294
	420
	
	Ti60
	806789
	350
	

	Ti60
	6896159
	400
	
	Ti60
	667892
	300
	

	Ti60
	604840
	380
	
	Ti60
	3975702
	300
	

	Ti60
	4011109
	380
	
	Ti60
	125541
	290
	

	Ti60
	5005854
	380
	
	Ti60
	134158
	290
	

	Ti60
	3941399
	360
	
	Ti60
	198107
	290
	

	Ti60
	9500281
	360
	
	Ti60
	2992012
	290
	

	Ti60
	10000000
	360
	
	Ti60
	10000000
	290
	

	Ti60
	1591465
	340
	
	Ti60
	81198
	280
	

	Ti60
	10000000
	340
	
	Ti60
	1691698
	280
	

	Ti60
	10000000
	320
	
	Ti60
	10000000
	280
	

	Ti60
	3703866
	300
	
	Ti60
	8029964
	270
	

	Ti60
	10000000
	300
	
	Ti60
	10000000
	270
	

	
	
	
	
	Ti60
	10000000
	260
	

	ZTA15
	8747
	600
	
	ZTA15
	679552
	430
	

	ZTA15
	9735
	570
	
	ZTA15
	2133964
	430
	

	ZTA15
	15685
	550
	
	ZTA15
	10000000
	430
	

	ZTA15
	23853
	550
	
	ZTA15
	79529
	415
	

	ZTA15
	32877
	550
	
	ZTA15
	249743
	415
	

	ZTA15
	53655
	550
	
	ZTA15
	1548286
	415
	

	ZTA15
	162474
	550
	
	ZTA15
	2909903
	415
	

	ZTA15
	302111
	550
	
	ZTA15
	295086
	400
	

	ZTA15
	26207
	500
	
	ZTA15
	2189445
	400
	

	ZTA15
	40284
	490
	
	ZTA15
	4579378
	400
	

	ZTA15
	252429
	490
	
	ZTA15
	5818940
	400
	

	ZTA15
	374160
	490
	
	ZTA15
	10000000
	400
	

	ZTA15
	554596
	490
	
	ZTA15
	258992
	385
	

	ZTA15
	648316
	490
	
	ZTA15
	10000000
	385
	

	ZTA15
	51079
	430
	
	ZTA15
	447802
	370
	

	ZTA15
	158696
	430
	
	ZTA15
	10000000
	370
	

	ZTA15
	320757
	430
	
	ZTA15
	10000000
	355
	





Table S4 Reference fatigue strength data of titanium alloys at 25 ℃ for Fig. 3a
	Material
	σUTS, MPa
	σf0.1, MPa
	Ref.
	Material
	σUTS, MPa
	σf0.1, MPa
	Ref.

	Ti-4Al-2.5V-1.5Fe-0.25O
	1010
	685
	[5]
	Ti-6Al-4V
	956
	475
	[6]

	Ti-4Al-2.5V-1.5Fe-0.25O
	1100
	775
	
	Ti-6Al-4V
	1237
	340
	

	Ti-6.5Al-1Mo-1V-2Zr
	1119
	508
	[7]
	Ti-6Al-4V
	1050
	375
	

	Ti-6.5Al-1Mo-1V-2Zr
	875
	452
	
	Ti-6Al-4V
	1186
	340
	

	Ti-6.5Al-1Mo-1V-2Zr
	845
	344
	
	Ti-6Al-4V
	975
	400
	

	Ti-4Al-6Mo-2V-5Cr-2Zr
	1168
	630
	[8]
	Ti-6Al-4V
	1222
	453
	

	Ti-4Al-6Mo-2V-5Cr-2Zr
	1253
	685
	
	Ti-6Al-4V
	974
	453
	

	Ti-5Al-5Mo-5V-1Cr-1Fe
	1241
	855
	[9]
	Ti-6Al-4V
	1145
	475
	

	Ti-5Al-5Mo-5V-1Cr-1Fe
	1172
	810
	
	Ti-6Al-4V
	1228
	978
	[10]

	Ti-5Al-5Mo-5V-1Cr-1Fe
	1155
	795
	
	Ti-6Al-4V
	1179
	850
	

	Ti-5Al-5Mo-5V-1Cr-1Fe
	1126
	750
	
	Ti-6Al-4V
	977
	675
	

	Ti-5Al-5Mo-5V-1Cr-1Fe
	1286
	880
	
	Ti-6Al-4V
	1271
	475
	

	Ti-5Al-5Mo-5V-1Cr-1Fe
	1215
	880
	[11]
	Ti-6Al-4V
	1140
	179
	[12]

	Ti-5Al-5Mo-5V-1Cr-1Fe
	1199
	780
	
	Ti-6Al-4V
	980
	173
	

	Ti-5Al-5Mo-5V-1Cr-1Fe
	1141
	730
	
	Ti-6Al-4V
	940
	187
	

	Ti-5Al-5Mo-5V-1Cr-1Fe
	1133
	650
	
	Ti-6Al-4V
	880
	172
	

	Ti-15V-3Cr-3Al-3Sn
	1275
	655
	[13]
	Ti-6Al-4V
	889
	216
	[14]

	Ti-15V-3Cr-3Al-3Sn
	1613
	875
	
	Ti-6Al-4V
	880
	154
	

	Ti-15V-3Cr-3Al-3Sn
	1317
	780
	
	Ti-6Al-4V
	913
	187
	

	Ti-6.5A1-3.5Mo-1.5Zr-0.3Si
	781
	166
	[15]
	Ti-6Al-4V
	951
	404
	[16]

	Ti-6.5A1-3.5Mo-1.5Zr-0.3Si
	933
	166
	
	Ti-6Al-4V
	959
	452
	

	Ti-6.5A1-3.5Mo-1.5Zr-0.3Si
	935
	156
	
	Ti-6Al-4V
	1086
	600
	[17]

	Ti-6.5A1-3.5Mo-1.5Zr-0.3Si
	1238
	160
	[18]
	Ti-6Al-4V
	1075
	425
	

	Ti-6.5A1-3.5Mo-1.5Zr-0.3Si
	1315
	260
	
	Ti-6Al-4V
	1074
	420
	

	Ti-6.5A1-3.5Mo-1.5Zr-0.3Si
	1056
	510
	[19]
	IMI834
	1037
	521
	[20]

	Ti-6.5A1-3.5Mo-1.5Zr-0.3Si
	1098
	500
	
	IMI834
	1055
	559
	

	Ti-6.5A1-3.5Mo-1.5Zr-0.3Si
	1030
	682
	[21]
	TC4/TB8
	1054
	450
	[22]

	Ti-6.5A1-3.5Mo-1.5Zr-0.3Si
	960
	601
	[23]
	Ti-60
	1044
	320
	[24]

	Ti-6.5A1-3.5Mo-1.5Zr-0.3Si
	960
	717
	
	Ti-600
	1000
	475
	[25]

	Ti-6.5A1-3.5Mo-1.5Zr-0.3Si
	1000
	800
	[26]
	TC17
	1141
	629
	[27]

	Ti-6.5A1-3.5Mo-1.5Zr-0.3Si
	1057
	781
	[28]
	Ti-5553-0.36O
	1779
	1058
	[29]

	Ti-6.5A1-3.5Mo-1.5Zr-0.3Si
	1057
	796
	
	Ti-5553-0.22O
	1704
	900
	

	Ti-6.5A1-3.5Mo-1.5Zr-0.3Si
	1154
	675
	[30]
	Ti-8Al-1Mo-1V
	928
	400
	[31]

	Ti-6.5A1-3.5Mo-1.5Zr-0.3Si
	1154
	828
	
	Ti-5Al-7.5V
	1324
	720
	[32]

	Ti-6.5A1-3.5Mo-1.5Zr-0.3Si
	961
	167
	[15]
	Ti-10V-2Fe-3Al
	1065
	850
	[33]

	Ti-6.5A1-3.5Mo-1.5Zr-0.3Si
	951
	189
	
	Ti-10V-2Fe-3Al
	1085
	850
	

	Ti-6.5A1-3.5Mo-1.5Zr-0.3Si
	898
	233
	
	Ti-10V-2Fe-3Al
	1100
	850
	

	Ti-6.5A1-3.5Mo-1.5Zr-0.3Si
	1128
	896
	[34]
	Ti-10V-2Fe-3Al
	1330
	790
	

	Ti-6.5A1-3.5Mo-1.5Zr-0.3Si
	1179
	531
	
	Ti-10V-2Fe-3Al
	1317
	905
	

	Ti-6.5A1-3.5Mo-1.5Zr-0.3Si
	1430
	815
	[35]
	Ti-10V-2Fe-3Al
	1027
	825
	[36]

	Ti-6.5A1-3.5Mo-1.5Zr-0.3Si
	1320
	838
	
	Ti-6Al-2Zr-1Mo-1V
	967
	725
	[37]

	Ti-6.5A1-3.5Mo-1.5Zr-0.3Si
	1050
	810
	
	Ti-6Al-2Zr-1Mo-1V
	977
	500
	

	Ti-6.5A1-3.5Mo-1.5Zr-0.3Si
	1083
	450
	[38]
	
	
	
	

	Ti-6.5A1-3.5Mo-1.5Zr-0.3Si
	999
	395
	[26]
	
	
	
	

	Ti-6.5A1-3.5Mo-1.5Zr-0.3Si
	1132
	900
	[39]
	
	
	
	



Table S5 Reference fatigue strength data of various alloys at 500 ℃ for Fig. 3b
	Material
	σUTS, MPa
	σf0.1, MPa
	Ref.
	Material
	σUTS, MPa
	σf0.1, MPa
	Ref.

	2CrMo
	549
	338
	[40]
	Ti6242s
	722
	454
	[41]

	2CrMo
	568
	388
	[42]
	Ti6242s
	699
	485
	

	304L
	364
	148
	[43]
	QT-500
	352
	107
	[44]

	RuT-500
	196
	141
	[45]
	RuT-500
	252
	164
	[46]

	RuT-500
	300
	187
	
	RuT-500
	323
	205
	[47]

	RuT-500
	366
	207
	
	G42CrMo4
	633
	385
	[48]

	DD6
	1026
	599
	[4]
	G42CrMo4
	793
	410
	

	DD5
	1142
	502
	
	Ti60
	768
	525
	[49]

	FGH95
	1424
	570
	
	2.25Cr-1Mo
	501
	357
	[50]

	GH909
	1114
	608
	
	9Cr-1Mo
	556
	362
	[51]

	K4750
	763
	421
	
	18Cr-2Mo
	238
	207
	[52]

	Ti60
	651
	372
	
	42CrMo4
	760
	483
	[53]

	Ti60
	651
	367
	
	42CrMo4
	793
	481
	

	38MnVS6
	548
	422
	[54]
	GH4169
	1226
	635
	[55]

	38MnVS6
	567
	336
	
	Ti-6.5A1-3.5Mo-1.5Zr-0.3Si
	737
	536
	[56]

	38MnVS6
	552
	303
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