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Abstract: This study investigates the mechanical behavior of additively manufactured (AM) 17- 10 

4 PH (AISI 630) stainless steels and compares behavior to traditionally produced wrought coun- 11 

terparts. The goal of this study is to understand the key parameters influencing AM 17-4 PH 12 

steel fatigue life under ULCF conditions and to develop simple predictive models for fatigue- 13 

life estimation in AM 17-4 steel components. In this study, both AM and traditionally produced 14 

(wrought) material samples are fatigue tested under fully reversed (R=-1) strain controlled (2– 15 

4% strain) loading and characterized using micro-hardness, x-ray diffraction, and fractography 16 

methods. Results indicate decreased fatigue life for AM specimens as compared to wrought 17- 17 

4 PH specimens due to fabrication porosity and un-melted particle defect regions which pro- 18 

vide a mechanism for internal fracture initiation. Heat treatment processes performed in this 19 

work, to both the AM and wrought specimens had no observable effect on ULCF behavior. 20 

Result comparisons with an existing fatigue prediction model (the Coffin-Manson universal 21 

slopes equation) demonstrated consistent over-prediction of fatigue life at applied strain am- 22 

plitudes greater than 3%, likely due to inherent AM fabrication defects. An alternative empirical 23 

ULCF capacity equation is proposed herein to aid future fatigue estimations in AM 17-4 PH 24 

stainless steel components. 25 

Keywords: ultra low-cycle fatigue, metal additive manufacturing, selective laser melting 26 

 27 

1. Introduction 28 

Current approaches to the seismic resistant design of steel structures rely on duc- 29 

tile energy dissipation mechanisms that are only optimized at a crude level due to the 30 

economics and limitations of traditional fabrication technologies (e.g. eccentrically 31 

braced frame links, reduced beam-section moment connections, etc.). Researchers of- 32 

ten seek better control and optimization within these ductile mechanisms to improve 33 

global seismic performance and create economic savings throughout the structural 34 

system. Additive manufacturing (AM) through selective laser melting (SLM) of metal 35 

powders is a novel fabrication solution for seismic structural fuse components having 36 

optimized geometries too complex for traditional fabrication methods, including cast- 37 

ing.  38 

One potential drawback of AM SLM is the creation of material voids during fab- 39 

rication, caused by un-melted particles and gas entrapment, which can negatively af- 40 

fect mechanical performance [1–8]. Figure 1 shows an illustration of the SLM fabrica- 41 

tion procedure, where metal powders are deposited and then melted in layers to form 42 

three-dimensional parts. While some research on the mechanical behavior of AM 43 

metal parts under monotonic loading, high-cycle fatigue (HCF) and low-cycle fatigue 44 
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(LCF) have been conducted [2,9–13], little is understood about the mechanical perfor- 45 

mance under ultra low-cycle fatigue (ULCF) conditions (Nf < 100 cycles) such as those 46 

produced during design-level seismic events. Ultra low-cycle fatigue (ULCF) driven 47 

fractures are a common performance limitation of existing seismic systems and im- 48 

proved understanding of ULCF behavior in AM metal materials may help future de- 49 

velopments in seismic fuse geometry optimization. 50 

 51 

Figure 1. Selective laser melting additive manufacturing process illustration 52 

Because AM SLM components are created by melting sequential particle layers, 53 

material build orientation can lead to anisotropic behavior and the formation of inter- 54 

nal voids. Research by Yadollahi et. al [14], identified voids resembling both a slit and 55 

a sphere within AM SLM metals resulting from un-melted particles and gas entrap- 56 

ment respectively. Internal material void formations oriented perpendicular to the in- 57 

tended loading direction have been shown to exhibit lower mechanical performance 58 

than void formations oriented parallel to the loading direction [1,2,10]. Additionally, 59 

sequential powder melting can form elongated grains in the build direction, deflect- 60 

ing crack propagation when loaded parallel to the build orientation, prolonging the 61 

time to failure [11,15].  62 

Heat treatment has been shown to affect the strength and HCF performance of 63 

AM SLM metal parts. Several studies have successfully used solution annealing and 64 

peak-age heat treatment (Condition A and H900) to achieve comparable yield and 65 

ultimate strengths in AM 17-4 PH steels compared to wrought counterparts [9,11,14]. 66 

These improvements are due to the fine chromium-nickel-copper precipitation in the 67 

AM steel, which prevent dislocation movement and increase hardness, yield, and ul- 68 

timate strength [9,11,14]; however, heat treated samples often have higher amounts 69 

of martensite, a stronger and more brittle material phase than austenite, which can 70 

result in a low elongation-to-failure [9,11] possibly affecting ULCF performance under 71 

large inelastic strains. Because retained austenite in non-heat-treated samples can im- 72 

prove material fracture toughness due to strain-martensite phase transformation 73 

[16,17], it is unclear how heat treatment will affect the ULCF behavior of 17-4 PH 74 

stainless steels. In [14], Yadollahi et. al. investigated the HCF behavior of heat treated 75 

(solution annealing and peak aging) and non-heat treated AM 17-4 PH samples, and 76 

found the non-heat treated samples outperformed the heat-treated samples. While 77 

multiple studies have investigated the fatigue strength of AM parts in HCF and LCF 78 

regimes, investigations into ULCF behavior of 17-4 PH steels are lacking. 79 

 Understanding the mechanical performance of AM 17-4 PH steel components in 80 

ULCF is needed for the development of optimized energy dissipative components 81 

subjected to large repeated strains (such as yielding dampers and structural fuse ele- 82 

ments in buildings during seismic loading) [18]. ULCF fracture processes are funda- 83 

mentally different than those in the HCF regime as they form through a process of 84 

micro-void growth and coalescence during material yielding [19–23]. Komotori et al. 85 

[21] studied the effect of low ductility metal (cast iron) grain size under ULCF, where 86 

internal fractures were driven by micro-void coalescence via detachment of the matrix 87 
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from the interstitial carbon inclusions. Additionally, the strain-magnitude and ratio 88 

of the ULCF loading can alter internal void shape formation leading to flattened void 89 

shapes and increased stress concentrations at void boundaries, resulting in shortened 90 

fatigue life [19,22]. 91 

 This work aims to improve the understanding of AM 17-4 PH stainless steels 92 

during ULCF loading and develop predictive tools for estimating ULCF life in struc- 93 

tural components subject to inelastic strains. Ductile fracture behavior from tensile 94 

testing will provide a performance baseline, with strain controlled (2 – 4% strain am- 95 

plitude) fatigue testing used to characterize cyclic performance parameters. Micro- 96 

hardness, x-ray diffraction (XRD), and scanning electron microscopy (SEM) are used 97 

to study phase composition and fracture surface features. The following section de- 98 

scribes the detailed experimental procedure, including sample fabrication and testing 99 

approach. Next, results from the mechanical characterizations are described, and 100 

ULCF prediction approaches for AM 17-4 PH steels are proposed. Following, conclu- 101 

sions regarding AM 17-4 PH stainless steel behavior in ULCF are presented. 102 

2. Sample fabrication, Mechanical Testing and Material Characterization Proce- 103 

dures 104 

A total of nine AM samples were fabricated by the National Institute of Stand- 105 

ards and Technology (NIST) and a private industry partner using an EOSINT M270 106 

direct metal laser-sintering system using EOS standard fabrication parameters which 107 

deposit material in 20 m thick layers in a checkerboard pattern (providing rotation 108 

between layers). Current high costs associated with AM metal fabrication prohibited 109 

the testing of multiple replicate specimens. The chemical composition of the metal 110 

powder used to fabricate the specimens is shown in Table 1. Half of the samples were 111 

subjected to a heat treatment (650°C for 1h), as recommended by EOS, while the other 112 

half were left in the “as-built” condition. To limit surface roughness effects resulting 113 

from AM fabrication, and to provide a consistent surface condition with the wrought 114 

materials, all AM specimens were machined to ASTM sample specifications as shown 115 

in Figure 2 after being heat treated. Wrought samples were machined from a hot- 116 

rolled 17-4 PH steel plate. A set of wrought samples were tested as-received (W-AR), 117 

while another set of wrought samples were heat treated at 650°C for 4 hours and 118 

cooled overnight in the furnace. 119 

Table 1: Metal powder chemical composition. 120 

 
Cr  

(wt%) 

Ni 

(wt%) 

Cu 

(wt%) 

Mn 

(wt%) 

Si  

(wt%) 
Mo (wt%) 

Nb  

(wt%) 

C  

(wt%) 

Nominal 

Values 
15 - 17.5 3 - 5 3 – 5 Max. 1 Max. 1 Max. 0.5 0.15 – 0.45 Max 0.07 
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 121 

Figure 2. Specimen dimensions and micro-hardness test measurements from gauge and grip 122 

locations. 123 

Displacement controlled tensile ductile fracture and ULCF tests were performed 124 

in accordance with ASTM E606/E606M-12 [24] using a Walter+Bai Servohydraulic Bi- 125 

axial Fatigue Testing Machine. The experimental set-up is shown in Figure 3. In all 126 

ULCF testing, specimens were subjected to strain-controlled fully reversed (R= -1) 127 

uni-axial cyclic strains at constant strain-amplitudes (/2) of 0.02, 0.03 and 0.04 re- 128 

spectively. All AM specimens were fabricated in the horizontal build orientation and 129 

loaded perpendicular to the layer build direction as shown in Figure 4. 130 

To help identify the ULCF mechanisms leading to fracture, each sample was in- 131 

vestigated using SEM, micro-hardness testing, and XRD. All SEM images were taken 132 

using a Tescan Vega 3 SEM. Vicker’s micro-hardness surface testing was performed 133 

using a Pace Technologies (model HV-1000Z) micro-hardness tester, applying a load 134 

of 0.098N (100-gf) over a dwell time of 15 seconds. Multiple micro-hardness measure- 135 

ments were taken from a quadrant of the gage and grip area of each sample (see Fig- 136 

ure 2). X-ray diffraction (XRD) measurements from the grip cross-section of each fa- 137 

tigue specimen were taken using a PANalytical X’Pert MRD diffractometer with Cu 138 

Kα1 radiation (λ=1.540598 Å) at an operating voltage and current of 45kV and 40mA, 139 

respectively. Additionaly, metallographic investigations of the specimen surfaces 140 

were conducted following polishing and etching with Fry’s reagent to reveal the mi- 141 

crostructure. 142 

 143 

Figure 3. Experimental set-up. 144 
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 145 

Figure 4. Illustration of specimen build direction relative to the applied loading direction. 146 

3. Results and Discussion 147 

3.1. Effect of Heat Treatment Processes on Tensile Behavior 148 

Because post-yield material behavior can control ULCF crack initiation (i.e. void 149 

initiation, growth, and coalescence), understanding post-yield mechanical behavior 150 

in the heat-treated and non-heat-treated AM specimens may provide insight into ma- 151 

terial ULCF performance. Results from monotonic tensile testing indicate that heat 152 

treatment following the AM SLM fabrication process results in reduced ductility and 153 

early initiation of yield. Table 2 shows the tensile mechanical properties for the AM 154 

and wrought specimens, showing a nearly 19% reduction in yield stress and 19% de- 155 

crease in fracture strain between the AM as-built (AM-AB) and AM heat-treated (AM- 156 

HT) specimens. Post-yield tensile behavior indicates that the heat treatment increases 157 

the ultimate tensile strength (UTS) leading to a larger strain-hardening ratio for the 158 

AM materials. From Table 2, the UTS of the AM-HT specimens increased by nearly 159 

31% compared to the AM-AB specimens. This post-yield strain-hardening behavior 160 

differs from observations in the wrought materials, where heat treatment in the 161 

wrought (W-HT) samples results in a UTS reduction. It should be noted that the lower 162 

yield strength of the AM specimens will result in a slight increase in plastic strain 163 

demand; however, this plastic strain demand increase will be very small and will di- 164 

minish within the first few loading cycles due to strain hardening.   165 

Table 2. Tension and micro-hardness material characterization results. 166 

 

Sample Description 

Material 

Type 

Fracture 

Strain [εf] 

 

Yield Stress 

y (0.2%)] 

(MPa) 

Ultimate 

Stress u] 

(MPa) 

Vickers Hardness 

(HV) 

Grip Gage 

Wrought – as received W-AR 0.153 881 1060 335 356 

Wrought – heat treated W-HT 0.152 882 1017 356 333 

AM – as built AM-AB 0.190 630 1025 294 475 

AM – heat treated AM-HT 0.153 512 1495 432 535 

 167 

3.2. Results from Micro-hardness Investigations 168 

Micro-hardness testing throughout the specimen cross-sections suggests micro- 169 

structure and phase changes during loading for the AM-AB and AM-HT samples, 170 

specifically in martensite and austenite content. Figure 2 shows the micro-hardness 171 

measurement contours within the gauge and grip regions for the AM and wrought 172 

steel specimens (for both heat-treated and non-heat-treated conditions). Hardness 173 

measurement comparisons between the strained gauge region and unstrained grip 174 

region indicate increased strain hardening for the AM steel specimens (as compared 175 

to the wrought steel specimens). This AM steel increase in hardness is due to strain- 176 

induced martensite formation within the gage length during plastic deformation 177 

(having more austenite-to-martensite phase change). Grip and gauge region hardness 178 

measurements from the wrought samples were similar, suggesting an already mar- 179 

tensite dominated grain structure prior to loading. Hardness measurements between 180 

Specimen 
loading direction

Layer build 
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Additively 
manufactured 
specimen



Metals 2021, 11, x FOR PEER REVIEW 6 of 13 
 

 

the grip and gauge regions for the AM-AB samples increased by 51.2% while the AM- 181 

HT specimens increased by 29.5%. It is important to note however, that both micro- 182 

structure and material phase affect hardness. Rapid solidification during the AM steel 183 

fabrication process resulted in finer microstructural features as compared with those 184 

in the wrought steels and resulted in initial hardness values that were similar to those 185 

in the wrought steels (note the grip region hardness values in Table 2), even though 186 

the AM materials had increased austenite content.  187 

3.3. Results from XRD Phase Analysis 188 

Results from XRD analyses confirm microstructural phase differences between 189 

the AM and wrought steel specimens. Results from the XRD phase analysis show the 190 

presence of both martensite and austenite phases within the AM microstructure, and 191 

mostly martensite (near no presence of austenite phase) within the wrought steel mi- 192 

crostructure. Figure 5 shows the XRD spectra for the AM and wrought specimens, 193 

with the austenite peaks within the AM steels clearly visible. Also evident from Figure 194 

5, heat treatment slightly increased the austenite phase peak for the W-HT samples. 195 

Increased austenite phase for the AM-AB specimens explains the higher elongation to 196 

failure and lower material hardness within the grip area for the AM-HT specimens 197 

during monotonic tension testing. The heat treatment resulted in an increased mar- 198 

tensite phase, which helps explain the reduction in elongation at failure and the in- 199 

crease UTS shown in Table 2. Micrographs also shown in Figure 5 indicate a difference 200 

in microstructure. 201 

 202 

Figure 5. XRD spectra and micrograph from within the un-strained grip location. 203 

3.4. Observations from Fatigue Testing and Effect of Heat Treatment on ULCF Performance 204 

Table 3 shows the ULCF results for both the AM and wrought 17-4 PH stainless 205 

steel specimens (with and without heat treatment) and Figure 6 shows the resulting 206 

fatigue-life curves. From Table 3 (shown graphically in Figure 6) the wrought speci- 207 

mens consistently achieved a higher fatigue life when compared with the AM coun- 208 

terparts. For the high strain amplitude cycles, a fatigue-life reduction of nearly 65% 209 

on average was observed for the AM fabricated steel. At lower strain amplitudes (3% 210 

strain), the observed decrease in fatigue life due to AM fabrication was 62% on aver- 211 

age. For the lowest considered strain amplitude which entered into the LCF regime 212 

(resulting in fatigue lives greater than 100 cycles), fatigue performance of the AM and 213 

wrought specimens were similar.  214 

Reductions in ULCF performance for the AM 17-4 PH steel can be attributed to 215 

fabrication defects resulting from the powder SLM process. Scanning electron micros- 216 

copy investigations of the sample fracture surfaces found AM fabrication defects 217 

(likely due to gas entrapment and un-melted particles) of between 150 – 200 m as 218 

shown in Figure 7(a). Figure 7(b) shows a computerized tomography (CT) scan image 219 

of the unstrained AM-AB grip region having distributed void defects of up to 115 m 220 

(in volume equivalent sphere diameter). Material defects in the wrought specimen 221 

resulting from inclusions were measured to be between 20 – 30 m in size, as shown 222 
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in Figure 8. Because ULCF fracture processes initiate from internal void growth and 223 

linking, the larger internal defects observed in the AM samples could be expected to 224 

grow and coalesce into micro-cracks within fewer fatigue cycles than the wrought 225 

counterparts. At the lower applied strain ranges (around the 2% strain amplitude 226 

loading) data suggest that there may be a failure mechanism transition wherein AM 227 

fabrication defects play a reduced role in fracture formation (over other processes 228 

wherein conditions between the AM and wrought microstructure conditions are sim- 229 

ilar).  230 

Table 3: Ultra low-cycle fatigue test results. 231 

Material 

Type 

Specimen 

No. 

Strain Amplitude 

[/2] (%) 
Nf (cycles) 

W-AR 

1 2 384 

2 2 337 

3 3 79 

4 3 105 

5 4 35 

6 4 50 

W-HT 

7 2 575 

8 2 471 

9 3 118 

10 3 151 

11 4 41 

12 4 32 

AM-AB 

13 2 515 

14 3 47 

15 4 14 

16 4 15 

AM-HT 

17 2 462 

18 3 44 

19 3 37 

20 4 14 

21 4 12 

 232 

 233 

Figure 6. Fully reversed (R=-1) strain-life fatigue curves for 17-PH AM-AB, AM-HT, W-AR, 234 

and W-HT steels. 235 
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  236 

(a) (b) 

Figure 7. Voids due to un-melted metal powder in an AM-AB specimen: a) SEM fractograph, 237 

and b) CT scan of unstrained (grip location). 238 

 239 

Figure 8. Non-metallic inclusion in W-AR sample. Right: Backscattered electron image of the 240 

inclusion. 241 

Although heat treatment was shown to influence the tensile mechanical proper- 242 

ties of the AM specimens (yield, strain at fracture, etc.), results indicate a negligible 243 

influence on the fatigue performance within the ULCF regime. This result within the 244 

ULCF regime is interesting, as it differs from results obtained by Yadollahi et. al. [14] 245 

where heat-treated specimens having higher UTS outperformed AM-as-built samples 246 

in the LCF regime. The effect of heat treatment (and resulting martensite-phase influ- 247 

ence) on AM-HT 17-4 steel performance during high strain-amplitude ULCF loading 248 

is likely overshadowed by the internal void defect deformations which precipitate in- 249 

ternal micro-cracks.  With large (on the order of 100m) internal voids from fabrica- 250 

tion processes governing the ULCF fracture initiation behavior, improvement in ten- 251 

sile material properties from treatment processes likely do not result in an improve- 252 

ment in ULCF performance for AM metals. 253 

3.5. Observations of ULCF Initiation Mechanisms from Fractographic Investigations 254 

Fractographic investigations using scanning electron microscopy revealed mate- 255 

rial porosity, internal cracks, and un-melted pockets of metal powder in the AM SLM 256 

17-4 PH steel specimens, while a dimpled fracture surface typical of micro void coa- 257 

lescence during ductile fracture was observed in the wrought 17-4 PH specimens. Fig- 258 

ure 9 shows the fractographic images of the specimen fracture surfaces following fa- 259 

tigue cycles at 4% strain amplitude. In Figure 9, the AM-AB material shows elongated 260 

pockets containing un-melted metal particles while the AM-HT fracture surfaces con- 261 

tain a more textured surface, showing porosity, internal cracking, and semi-cleavage 262 

fracture characteristic of a brittle fracture. Note that fracture surface features are more 263 

50m

Unmelted steel powders 
within void defects

50m

250mX

Y
Z

Internal voids 
within material 
volume

W-AR: 4% Strain 

BSE image

Non-metallic inclusion

20 μm

10 μm



Metals 2021, 11, x FOR PEER REVIEW 9 of 13 
 

 

pronounced in the tensile specimens, as compared to the reversed cycle fatigue spec- 264 

imens. Figure 10 shows the tensile specimen fracture surface features with several 265 

pores observable in the AM-AB specimens, and internal cracking or decohesion due 266 

to poor melting observable in the AM-HT specimens. Also shown in Figure 10 is the 267 

internal cracking within the W-HT specimens. 268 

 269 

Figure 9. Fracture surface of sample subjected to fatigue testing at 4% strain. 270 

 271 

Figure 10. Sample fracture surface resulting from uni-directional tension test. 272 
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3.6. AM 17-4 PH Fatigue-Life Comparison with Existing LCF Prediction Models 273 

 Existing LCF prediction models often relate monotonic material properties 274 

(such as yield strength, fracture strain, elastic modulus, etc.) to cyclic material perfor- 275 

mance using assumed void growth mechanics and empirically derived strain-cycle 276 

relationships [19,25-28]. The Coffin-Manson equation (provided in Equation 1) [29,30] 277 

is one widely used LCF prediction model for steel materials that has provided prom- 278 

ising predictive results in many studies [31–33]; however, it is unclear if the monotonic 279 

properties in Equation 1 apply to ULCF prediction for AM steel materials having large 280 

fabrication void defects. Considering the coefficients in Equation 1 (’f, ’f, b, and c) to 281 

be those presented in Manson’s universal slopes equation [34] ( , 282 

f

A

f
R

 76.0
1

1
ln76.0

6.0






















 , b = -0.12,  and c = -0.6) provides a fatigue-life 283 

estimation equation based on material ultimate stress (u), fracture strain (f), and 284 

elastic modulus (E) as shown in Equation 2.  285 

 (1)
 286 

 (2)
 287 

Figure 11 compares the AM17-4 PH and wrought steel fatigue performance with 288 

that predicted in Equation 2 from the AM17-4 PH monotonic material properties. 289 

From Figure 11, the universal slopes equation over-predicts the AM steel fatigue life 290 

by between 119% and 213% on average at an applied strain amplitude of 3% and 4% 291 

respectively. In Figure 11, the Coffin-Manson fatigue life prediction more closely 292 

matches the fatigue performance of the wrought specimens having fewer internal 293 

fabrication voids.     294 

 
With the inaccuracies demonstrated by Equation 2, and given the scale of the 295 

observed AM material voids formed during fabrication (see again Figure 7), an 296 

empirical fatigue-life prediction approach is proposed herein. Equation 3, represents 297 

a power-law relationship between applied strain amplitude and the number of cycles 298 

for specimen failure (defined as complete fracture of the material cross-section) fit to 299 

the mean of the measured AM fatigue data gathered in this study. In Equation 3, the 300 

strain-based ULCF prediction requires only the input of applied strain-amplitude as 301 

is valid within the ULCF and LCF regimes.    302 

𝑁𝑓 = (
∆𝜀

2⁄

6.5
)
−5.15

 (3) 303 

 
To verify the predictive capabilities of Equation 3, two additional AM-HT 304 

specimens (designated V1 and V2) were fatigue tested at 3.5% strain amplitude under 305 

the same material characterization procedures described earlier. Figure 12 shows the 306 

resulting material response to the 3.5% strain amplitude cyclic loading, with 307 

specimens V1 and V2 completely fracturing during the 19th cycle and 24th cycle 308 

respectively. Note that from the proposed ULCF capacity curve in Equation 3 309 

provides a reasonable estimation of fatigue life, predicting 24 cycles for the AM17-4 310 

specimens subjected to an applied strain amplitude of 3.5%.
  

311 

While the number of AM samples considered in this study is a limitation (note 
312 

the AM steel specimens are currently rather expensive to produce), the ULCF predic-
313 

tive equation provided in Equation 3 does provide a baseline for future AM 17-4 PH 
314 

steel component design where large cyclic inelastic strains are expected. As an exam-
315 

ples, in the design of future seismic structural fuse geometries, Equation 3 will better 
316 

provide initial estimations for ULCF damage accumulation than current models and 
317 
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allow performance optimization through strain-amplitude control in AM compo-
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nents. Future investigations providing additional fatigue data points for AM 17-4 PH 
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steels will help refine the proposed Equation 3. 
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4. Conclusions 326 

This study compared the ULCF behavior of 17-4 PH stainless steel produced 327 

through SLM AM processes with traditionally material fabrication processes. In this 328 

study, AM-HT 17-4 PH, AM-AB 17-4 PH, and wrought 17-4 PH stainless steel speci- 329 

mens were investigated in ULCF under fully-reversed (R= -1) strain-controlled condi- 330 

tions to better understand mechanisms affecting ULCF performance. Additional ma- 331 

terial tensile characterization tests were conducted to investigate material tensile 332 

property relationships and ULCF behavior. To help identify ULCF mechanisms lead- 333 

ing to fracture, each sample was investigated using scanning electron microscopy, 334 

micro-hardness testing, computer tomography (CT) scanning, and XRD. A simple em- 335 

pirical model is developed to allow estimation of ULCF life in AM 17-4 PH compo- 336 

nents. The following conclusions are based on material testing observations and meas- 337 
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1. SLM AM fabrication processes result in un-melted particles and gas entrapment 339 

which can create internal material voids on the order of 100 to 200 m. 340 

2. Large internal void defects result in decreased ULCF performance for AM 17-4 341 

PH steel specimens as compared to the wrought steel counterparts, which have 342 
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inclusion defects of approximately 20 m. A decrease in fatigue life of between 343 

62% and 65% was observed at strain amplitudes of 3% and 4% respectively. 344 

3. Within the LCF regime (Nf >100, resulting from strain amplitudes near 2%), fa- 345 

tigue behavior of the AM and wrought steel specimens are similar.    346 

4. Post fabrication heat treatment processes done in this work have no observable 347 

effect on the ULCF or LCF behavior of AM 17-4 PH stainless steel materials. Alt- 348 

hough heat treatment processes were found to alter the AM material tensile 349 

properties (yield, strain hardening, etc.), the ULCF behavior of heat-treated and 350 

non-heat-treated AM 17-4 PH stainless steels were similar (likely due to the fa- 351 

tigue processes being governed by void/defect size).  352 

5. The existing Coffin-Manson universal slopes equation for LCF prediction over 353 

estimated the fatigue life of the AM specimens at applied strain amplitudes of 354 

3% and 4%. Fatigue-life predictions at the 3% and 4% strain amplitudes were 355 

over-estimated by 119% and 213% respectively.  356 

6. An empirical ULCF capacity equation for AM 17-4 PH stainless steel is proposed 357 

herein. Additional testing demonstrated good agreement with the proposed 358 

equation predictions (providing fatigue-life estimations within 10% on average 359 

between the two additional verification tests). Future ULCF testing would be 360 

beneficial in further refining the proposed empirical model. 361 
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