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Abstract 

Hydrogen diffusion properties and hydrogen-induced ductility loss of an as-built 17-4PH stainless 

steel fabricated by the additive manufacturing (AM) process were investigated using hydrogen-

charged specimens exposed to high-pressure gaseous hydrogen and the results were compared with 

those of a conventionally manufactured 17-4PH steel under solution-treated (ST) and precipitation-

hardened (PH) conditions. Peak-aged (H900) and over-aged (H1150) steels were prepared for the PH 

conditions. The austenite fraction of the additively manufactured materials was at most three times 

higher than that of the ST material. Except for the H900 material, the saturated hydrogen content of 

both the additively manufactured and conventional materials was dominated by the austenite in the 

materials. Hydrogen trapping by Cu precipitation, not the austenite, was considered to be mainly 

responsible for the saturated hydrogen content of the H900 material. The hydrogen diffusivity for both 

the additively manufactured and ST materials also decreased with higher austenite fractions. In the 

uncharged situation, the reduction in area (RA) of the additively manufactured material was larger 

than that of the conventional materials. In the hydrogen-charged situation, the additively manufactured 

material had a lower relative reduction in area (RRA) compared to that of the ST material, although 

their tested tensile strengths were similar. The hydrogen-charged additively manufactured and ST 

materials had quasi-cleavage (QC) surfaces. Voids elongated in the direction perpendicular to the 

loading direction, which corresponded to the QC facets, were observed from the longitudinal cross 

sections of both the additively manufactured and ST materials, suggesting the contribution of 

hydrogen–dislocation interactions. 
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1. Introduction 

Global warming, which is known to be caused by the emission of carbon dioxide (CO2), is an 

urgent problem to be solved. Among the various attempts being made throughout the world to reduce 

CO2 emissions is a promising technology that involves the utilization of hydrogen energy. Because the 

ductility of many metals is degraded by hydrogen, the mechanisms of hydrogen embrittlement (HE) need 

to be understood, thereby enabling scientists and engineers to ensure the safety and durability of 

hydrogen-containing components on the basis of scientific evidence. Many studies on HE-related 

problems of practical importance have been conducted thus far [1–16], enabling reasonable materials-

selection [17,18] and strength-design [19–21] methods to be proposed in consideration of HE.  

Recently, the utilization of liquid hydrogen with an energy density higher than that of high-

pressure hydrogen gas has been actively investigated. The increased utilization of high-pressure 

hydrogen has increased the necessity for large components with complicated shapes. In the case of 

liquid hydrogen boil-off, it is necessary to collect data regarding HE in a wide temperature range. In 

addition, because the application of conventional wrought and rolled alloys in such components often 

leads to high machining costs, new technologies are needed to create such components at lower cost. 

For example, austenitic stainless steels are considered difficult-to-cut materials; therefore, creating large 

components with complicated shapes using wrought and rolled steels without increasing machining costs 

is difficult. Therefore, if cast and additively manufactured alloys are used for these components, they 

can be widely applied because a substantial reduction of the machining cost is expected. Additively 

manufactured alloys have more manufacturing parameters than cast alloys, and the additive 

manufacturing (AM) process has an advantage in that high-strength alloys with small defects can be 

developed under optimized manufacturing conditions. 

The AM technique is a process of joining materials layer upon layer, which is different from 

subtractive manufacturing methodologies. In the AM of metals, selective laser melting (SLM), direct 

energy deposition (DED), fused deposition modeling (FDM), and the binder jet (BJT) process are 

often used. The advantages of these methods include enabling the creation of three-dimensional 

components with complicated shapes that cannot be created by other machining processes. The 

methods can also express internal structures as well as at surfaces and create lattice structures and 

functional gradient materials. In each selected method, the manufacturing parameters must be 

optimized since they significantly affect the quality of the additively manufactured components [22]. 

At present, the parameters are mostly controlled to minimize the porosity ratio [23]. In its early days, 
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the AM process was mainly used for product prototypes; however, reduction of the manufacturing 

cost and improvements of the quality and throughput have expanded the application of the AM process 

to practical products, mainly in factories that produce small quantities of many different products. 

Accompanied by the expansion of the AM process, the strength properties of additively manufactured 

materials have become important. The strength properties of stainless steels [24–28], titanium alloys 

[29,30], nickel alloys [31], and aluminum alloys [32] fabricated by AM have been evaluated in past 

studies. The effect of the unique AM-induced microstructures on the strength properties has also been 

evaluated and is reported to improve the strength–ductility balance [27,28,33]. In addition, although 

numerous studies have covered the effect of hydrogen on the tensile properties of additively 

manufactured alloys, fundamental knowledge still needs to be accumulated. 

The present study deals with a precipitation-hardened martensitic stainless steel, 17-4PH, 

because the conventional 17-4PH steel is known to be severely embrittled by hydrogen [38] and a 

review paper of additively manufactured 17-4PH steel has been published [39]. According to the 

existing literature, additively manufactured steel tends to have a higher tensile strength and lower 

ductility than conventional steel. The elevated tensile strength is attributed to fine microstructures 

formed via the rapid melting and solidification process, and the reduced ductility is attributed to 

porosity. On the other hand, in some cases, a large amount of metastable phases of retained austenite 

exist in the additively manufactured steel in relation to the mechanical stability of austenite phases due 

to the residual thermal stress during the manufacturing process and the transformation-induced 

plasticity (TRIP) effect of these metastable retained austenite phases improves the ductility of the 

additively manufactured steel [39–41]. Although there are various reports on the tensile properties and 

microstructures of 17-4PH steel with the AM process in the absence of hydrogen, research on the HE 

of the steel is limited [42]. Thus, the present study prepared an as-built additively manufactured 17-

4PH steel without any heat treatment as the first step to determining the HE of additively manufactured 

materials. The hydrogen-induced ductility loss of the steel, which provides fundamental data for 

discussing the hydrogen compatibility of materials, were determined and the similarity and difference 

in the experimental results between the additively manufactured and conventional materials were 

compared. In addition, because this study evaluated the degree of HE with hydrogen-charged 

specimens, the saturated hydrogen concentrations in the materials need to be confirmed by hydrogen 

charging and negligible hydrogen desorption during tensile tests. Thus, these hydrogen diffusion 

properties were also determined. 

 

2. Materials and methods 

2.1 Additively manufactured material 

The powder material was Matsuura Stainless 630, mainly composed of 16.3 Cr, 4.0 Ni, and 4.0 

Cu in wt.%, with the balance being Fe. This material corresponds to 17-4PH steel. The powder size 
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ranged from 10 to 45 μm and the average size was 24 μm. A metal 3D printer (Lumex Avance-25, 

Matsuura Machinery Corp.) was used for the process and the additively manufactured material was 

fabricated via the SLM method. The AM conditions were as follows: laser power 200 W, spot size 

0.15 mm, scanning rate 800 mm/s, hatching pitch 0.08 mm, and laminating pitch 0.05 mm. 

Figure 1 depicts the geometry of the raw materials and the laminating directions. On a base 

plate of 130×130 mm, raw materials with a longitudinal direction corresponding to the x direction 

(AM-x) and z direction (AM-z) were manufactured. Two raw materials of AM-x and six raw materials 

of AM-z were manufactured from one plate. The raw materials were tested under as-built conditions 

without any heat treatment as the first step to accumulating fundamental data on the additively 

manufactured material. The densities of AM-x and AM-z were 7.75 and 7.71 g/cm3, respectively, 

which were slightly lower than that of the conventional 17-4PH steel (7.81 g/cm3). The density was 

determined via the Archimedes method. 

 

 

Fig. 1 Laminating directions and raw AM materials. 

 

2.2 Conventional material 

Table 1 shows the chemical compositions of conventional 17-4PH steels for comparison with 

the additively manufactured material. Table 2 shows the heat treatment conditions. Two conventional 

materials were used in this study. One of them was a round-bar and the other was a plate, which were 

referred to as SUS630-R and SUS630-P, respectively. The chemical compositions of the materials 

were similar and satisfied the Japanese Industrial Standards (JIS) requirements. Solution-treated (ST) 

and precipitation-hardened (PH) materials were prepared. Due to preparation difficulties using the 

stock of conventional materials, the ST and PH materials were manufactured from SUS630-R and 

SUS630-P, respectively. The ST material was referred to as ST-R. In the PH material, peak-aged and 

over-aged materials were prepared, referred to as H900-P and H1150-P, respectively. H900-P and 

H1150-P were used only for microstructural and hydrogen analyses. A slight difference in the 

chemical compositions between the additively manufactured and conventional steels was observed. 

Although a slight difference in Cu contents can affect the distribution of Cu precipitates contributing 
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to precipitation hardening, this study used an as-built additively manufactured 17-4PH steel without 

any heat treatment; therefore, the slight difference in the chemical composition is considered to hardly 

affect the experimental results. 

 

Table 1 Chemical composition of conventional materials [wt.%] 

Material C Si Mn P S Cu Ni Cr Nb 

SUS630-R 0.04 0.31 0.87 0.034 0.004 3.3 4.24 15.57 0.34 

SUS630-P 0.04 0.34 0.86 0.034 0.006 3.3 4.26 15.65 0.24 

JIS 

requirements 
≤ 0.07 ≤ 1 ≤ 1 

≤ 

0.040 

≤ 

0.030 
3–5 3–5 

15–

17.5 

0.15–

0.45 

 

Table 2 Heat-treatment conditions of conventional materials 

Symbol Solution treatment Aging treatment 

ST-R 

1040°C for 1 h, followed by 

water quenching with salt bath 

－ 

H900-P 480°C for 2 h, followed by air cooling with salt bath 

H1150-P 620°C for 4 h, followed by air cooling with salt bath 

 

2.3 Specimens 

Figure 2 shows the shape and dimensions of the slow strain-rate tensile (SSRT) specimen. A 

rectangular specimen with a square cross section of 4 mm × 4 mm and a gauge length of 30 mm was 

used. Three rectangular specimens were machined from one raw additively manufactured material via 

electron discharge machining (EDM). After the EDM, the specimen surface was polished by using 

emery papers from #180 to #2000. A cubic-like specimen with a length of one side of 5 mm was used 

for measuring the hydrogen content, whereas a cylindrical specimen with a diameter of 8 mm and a  

 

 

Fig. 2 Shape and dimensions (in mm) of SSRT specimen. 
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length of 8 mm was used for measuring the hydrogen diffusivity. The cylindrical specimen was 

sampled to satisfy that the length direction of the cylindrical specimen was parallel to the longitudinal 

direction of the raw material. As with the SSRT specimen, the surfaces of these specimens were 

finished by polishing with emery papers from #180 to #2000. The SSRT test of ST-R was performed 

using a round-bar specimen with a diameter of 6 mm and a gauge length of 30 mm, which was the 

same geometry as that used in our previous study [38]. 

 

2.4 Microstructural analyses 

The existence of fine microstructures and a higher fraction of metastable retained austenite 

phases have been reported in additively manufactured 17-4PH steels [39,41]. The microstructures 

were analyzed by means of scanning electron microscopy–electron backscattered diffraction (SEM–

EBSD; SEM: JSM-7001F, JEOL; EBSD: OIM, AMETEK) under an acceleration voltage of 20 kV 

and a step size of 0.25 μm. In addition, it was predicted that the metastable austenite phases 

significantly affect the HE and hydrogen diffusion properties [14]. Thus, the fraction of austenite 

phases was quantified via X-ray diffraction (XRD; RINT-RAPID II, Rigaku) with a cobalt tube at 40 

kV and 30 mA. The X-ray detector was a two-dimensional imaging plate and the diameter of a 

collimator was 300 μm. To reduce the effect of the crystal orientation, angles of φ and ω were rotated 

at 1°/s and 2°/s (25°–35°) during 30 min, respectively. The additively manufactured materials (AM-x 

and AM-z) were measured twice and the austenite fractions were determined by Rietveld analysis. 

 

2.5 Hydrogen charging and measurements of hydrogen content and diffusivity 

Some of the specimens were charged in hydrogen gas at 100 MPa and 270°C for 200 h. The 

charging conditions were selected to obtain saturated hydrogen concentrations in all of the specimens. 

The hydrogen diffusivity of the conventional 17-4PH steel at 270°C is reported to be 5 × 10–10 m2/s at 

minimum [38]. The hydrogen diffusivity and the charging time are denoted by D and t, respectively. 

When the value of √𝐷𝑡 is larger than the half length of a specimen, the specimen approximately 

reaches a uniform hydrogen distribution. When D was 5 × 10−10 m2/s and t was 200 h, the value of 

√𝐷𝑡  was 19 mm, which is higher than the half length of all the specimens used in this study, 

suggesting that the hydrogen concentration of all the specimens reached the saturated condition by the 

present hydrogen charging. The hydrogen analysis was conducted by means of gas chromatography–

mass spectroscopy (GC–MS; GTF-20A, J-SCIENCE). The saturated hydrogen content was 

determined by measurement under a rising temperature, otherwise known as thermal desorption 

analysis (TDA). The heating rate was 100°C/h and the evaluated temperature ranged from room 

temperature up to 600°C. The hydrogen diffusivity was determined by fitting the solution of a 

diffusion equation to the residual hydrogen content, CHR, measured at various constant temperatures, 

and is called the desorption method [43–45]. 
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32

𝜋2
∙ 𝐴 ∙ {∑

exp [−
(2𝑛 + 1)2𝜋2𝐷𝑡R

𝑧2 ]

(2𝑛 + 1)2

∞

𝑛=0

} ∙ { ∑
exp [−

𝐷𝛽𝑚
2 𝑡R

𝑟2 ]

𝛽𝑚
2

∞

𝑚=1

}          (1) 

 

where A is the value related to the saturated hydrogen content, D is the hydrogen diffusivity, r is the 

specimen radius, z is the specimen thickness, βm is the root of the zero-order Bessel function, and tR is 

the holding time in GC–MS. Figure 3 illustrates an example of the fitting of Eq. (1) to CHR via the 

least-squares method. Since the experimental data included the hydrogen content during a rapid 

heating process before reaching a constant temperature, the fitting was performed by excluding the 

data during the process. Thus, the strict solution of Eq. (1) is not A, but is instead the saturated 

hydrogen content, CHS; however, the determined A value is not necessarily consistent with the value 

of CHS. 

 

 

Fig. 3 Schematic illustration of hydrogen diffusivity determination via the desorption method. 

 

2.6 SSRT tests and observation of fracture morphologies 

SSRT tests of uncharged and H-charged specimens were performed with a tensile tester (Autograph 

AG-X, Shimadzu) at an initial strain rate of 5 × 10−5 s−1 in air at room temperature. After the SSRT tests, 

fractures and outer surfaces of the specimens were observed via SEM (SU1510, Hitachi). Longitudinal 

cross sections were cut from some of the specimens, after which void formation was observed by 

optical microscopy. 

 

3. Results 

3.1 Microstructures analyzed by optical microscopy and SEM–EBSD 
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Figure 4 shows the optical microscopy images of AM-x and AM-z. According to the images, 

only a few porosities were detected and their maximum size was ~15 μm. The porosity ratio, d, can 

be calculated using the density of the additively manufactured and conventional steels as follows: 

 

𝑑 = 1 −
𝜌AM

𝜌C
          (2) 

 

where ρAM is the density of the additively manufactured material and ρC is the density of the 

conventional material. Because the densities of AM-x, AM-z, and the conventional material were 7.75, 

7.71, and 7.81 g/cm2, respectively, the porosity ratios of AM-x and AM-z were calculated to be 0.0078 

(0.78%) and 0.013 (1.3%), respectively. 

 

 

Fig. 4(a) Optical microscope images of AM-x and AM-z. 

 

Figure 5 shows the inverse pole figure (IPF) and phase maps of AM-x, AM-z, ST-R, and 

H1150-P. The average grain sizes and corresponding standard deviations are shown in the figure. It is 

known that the additively manufactured material has finer microstructures than the conventional 

materials [39]. Although the microstructural morphology of AM-x and AM-z was not dependent on 

the lamination direction, these average grain sizes were smaller than those of ST-R and H1150-P, 

demonstrating that the microstructures of the additively manufactured materials were finer than those 

of the conventional ones as well as those reported in the literature. Regarding austenite phases, whereas 

the austenite fractions determined from the phase maps were nearly zero for AM-x and AM-z, those 

of ST-R and H1150P determined from the phase maps were 5.4% and 15.4%, respectively. These 

values will be compared with those determined by XRD. 

 

3.2 Austenitic content determined by XRD 

Figure 5 shows the X-ray diffraction patterns of the additively manufactured (AM-x, AM-z) 

and conventional (ST-R, H900-P, H1150-P) materials. Austenite fractions of the materials are also 

provided in the figure. There was no substantial difference in the austenite fractions between ST-R and 

H900-R, which was around 7%. Compared to this, an austenite fraction of more than 20% was detected 
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from H1150-P. The austenite fractions of ST-R and H1150-P determined from the phase maps were 

5.4% and 15.4%, which are slightly lower than those determined by XRD. The large austenite fraction 

of H1150-P is mainly attributed to the reversed austenite phases produced by the PH treatment [46]. 

 

 

Fig. 5 Inverse pole figure (IPF) and phase maps of additively manufactured and conventional 

materials analyzed by SEM/EBSD. 

 

On the other hand, an austenite fraction of around 27% was detected from AM-x, which was 

higher than that of H1150-P. Regarding AM-z, there was a larger scatter in the austenite fraction and 
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its values ranged from 10.2% to 20.8%. It has been reported that additively manufactured materials 

have a high fraction of metastable residual austenite phases in relation to the residual thermal stress 

during the manufacturing process and its fraction varies according to the AM conditions [39,41]. The 

high fraction of austenite phases in AM-x and the difference in the austenite fraction between AM-x 

and AM-z are potentially explained by this mechanism, although the reason for the larger scatter of 

the austenite fraction of AM-z has not been clarified. In addition, the austenite fractions of AM-x and 

AM-z determined by SEM-EBSD were nearly zero—considerably lower than those determined by 

XRD. This discrepancy is attributed to a problem related to step size, suggesting that the austenite 

phases of the additively manufactured materials were finer than those of the conventional ones. 

Therefore, further studies with a smaller step size are needed to identify the distribution and 

morphology of the austenite phases of the additively manufactured materials. 

 

 

Fig. 6 X-ray diffraction patterns and austenite fractions of additively manufactured and conventional 

materials determined by XRD. 

 

3.3 Hydrogen uptake 

Table 3 summarizes the hydrogen content, CH, of the additively manufactured and conventional 

materials after hydrogen charging at 100 MPa and 270°C for 200 h. The hydrogen content corresponds 

to the saturated hydrogen content, CHS, at 100 MPa and 270°C. Measurements were done twice for 

AM-x and AM-z. The values of CHS for AM-z showed a large scatter as well as the austenite fractions. 

This is because the saturated hydrogen content of AM-z was dominated by the austenite fraction. The 

CHS values differed between the materials and its descending order by content was AM-x > H1150-P 

> H900-P > AM-z > ST-R. 
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Table 3 Saturated H content of additively manufactured and conventional materials. 

Symbol CHS [wt.ppm] 

AM-x 33.7– 33.9 

AM-z 12.7–17.5 

ST-R 2.4 

H900-P 17.4 

H1150-P 24.8 

 

Figure 7 shows the relationship between the saturated hydrogen content and the austenite 

fractions. The average values of the saturated hydrogen content and austenite fractions were used for 

AM-x and AM-z. Except for H900-P, the saturated hydrogen content of the additively manufactured 

and conventional materials was dominated by the austenite contained in the materials. Since the 

saturated hydrogen content of austenite is approximately two orders of magnitude larger than that of 

martensite, the difference in the saturated hydrogen content between the materials, except for H900-

P, is mainly attributed to their different austenite fractions. As for H900-P, there is a significant 

hydrogen trapping effect of fine Cu precipitates formed by the PH treatment [38]. This hydrogen 

trapping effect is considered to be responsible for H900-P having a hydrogen content around eight 

times larger than that of ST-R, despite their similar austenite fractions. 

 

3.4 Hydrogen diffusivity 

The hydrogen diffusivity of the additively manufactured materials was compared with that of 

the conventional materials. Figure 8 shows the Arrhenius plots of the additively manufactured 

materials, together with literature data of conventional materials for 17-4PH (ST and PH) and 300-

series austenitic stainless steels [12,38]. The ST in the literature is the same as ST-R. The solid lines 

in the figure are approximations obtained by fitting Eq. (3) to the experimental data with the least-

squares method: 

 

𝐷 = 𝐷0 exp (−
𝐸D

𝑅𝑇
)          (3) 

 

where D0 is a constant that is not dependent on the temperature, ED is the activation energy of hydrogen 

diffusion, R is the gas constant, and T is the absolute temperature. The ED values of AM-z and ST-R 

were nearly equal, and slightly higher than that of AM-x. The diffusivity of AM-z was higher than 

that of AM-x. These values were one order of magnitude lower than that of ST-R and similar to that 
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of the PH materials, the diffusivity of which is closely related to the fine Cu precipitates [38]. Since 

the additively manufactured materials (AM-x and AM-z) and ST-R were not subjected to the PH 

treatment, the difference in diffusivity values between the additively manufactured material and ST-

R is attributed to another mechanism. 

 

 

Fig. 7 Relationship between the saturated hydrogen content and austenite fraction of additively 

manufactured and conventional materials. 

 

 

Fig. 8 Arrhenius plots of AM-x and AM-z hydrogen diffusivity, together with literature data [12,38]. 

 

Figure 9 shows the relationship between the diffusivity at 150°C, D150, and the austenite fraction 

of AM-x, AM-z, and ST-R. Based on the determined hydrogen diffusivities, the diffusivities at 150°C 



 

 

Submitted to Engineering Failure Analysis 

13 

 

are shown in Fig. 9. Regardless of the material types, the hydrogen diffusivity became higher with a 

decrease in the austenite fraction, suggesting that the lower hydrogen diffusivities of AM-x and AM-

z compared to that of ST-R were mainly attributed to their different austenite fractions. A similar 

tendency was observed from the hydrogen diffusivity of a cold-rolled Type 304 steel [47]. 

 

 

Fig. 9 Relationship between hydrogen diffusivity and austenite fraction. 

 

3.5 Tensile properties 

3.5.1 Uncharged additively manufactured materials 

Figure 10 shows the nominal (engineering) stress and stroke relationships of the uncharged and 

H-charged specimens of AM-x and AM-z. Tests of AM-x and AM-z were conducted twice for the H-

charged specimens, and the values of reduction in area (RA) and relative RA (RRA) are also indicated 

in the figure. Nominal strains were conveniently calculated by dividing the stroke by the gage length, 

enabling a comparison with the results in Fig. 11. Figure 11 shows the nominal stress and strain 

relationships of the uncharged and H-charged specimens of ST-R, H900-R, H1025-R, and H1150-R, 

most of which were obtained from Ref. [38]. The ST treatment of H1025-R was implemented at 

1040oC for 1 h, followed by water-quenching and the PH treatment was introduced at 550oC, followed 

by air-cooling. For the rectangular specimens, whereas the uncharged specimens failed after reaching 

the maximum stress, which means tensile strength (TS), accompanied by nonuniform deformation, 

the H-charged specimens failed before reaching the maximum stress. For the round-bar specimen, the 

uncharged and H-charged specimens except for H900-R exposed to 100 MPa H2 gas failed after the 

maximum stress. The hydrogen effect on the tensile ductility is discussed in Section 3.5.2; the tensile 

ductility of the uncharged specimens is discussed here. 
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Fig. 10 Nominal stress and stroke curves of uncharged and H-charged rectangular specimens of AM-

x (a) and AM-z (b). 

 

 

Fig. 11 Nominal stress and strain curves of uncharged and H-charged round-bar specimens of ST-R 

(a), H900-R (b), H1025-R (c), and H1150-R (d) [38]. 
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Figures 12(a) compares the RA values for the uncharged specimens of AM-x and AM-z with 

those for various conventional materials. The TS and RA of ST-R were 1134 MPa and 0.673, 

respectively. Whereas the TS of ST-R was similar to that of AM-x and AM-z, the RA of ST-R was 

slightly lower than that of AM-x and AM-z. The RA values for AM-x and AM-z were also equal to 

or higher than those of the conventional materials. Compared with conventional materials, additively 

manufactured materials have been reported to generally show a higher tensile strength because of the 

fine microstructures and lower ductility resulting from the existence of porosities [39]. However, the 

porosity fraction of AM-x and AM-z was nearly zero, as known from Fig. 4; therefore, the RA values 

of the additively manufactured materials were considered to be not affected by such porosities.  

 

3.5.2 H-charged additively manufactured materials 

As understood from Fig. 10, the ductility of AM-x and AM-z was degraded by hydrogen. Figure 

12(b) the RA values for the H-charged specimens of AM-x and AM-z with those for various 

conventional materials. The detailed of this figure will be discussed in Section 4.2. Figure 12(c) 

compares the RRA values of AM-x and AM-z with those of various conventional materials [38]. The 

average RRA of AM-x was lower than that of AM-z. In general, the RRA became lower with an 

increase in TS. The RRA values of the conventional materials showed such a tendency, regardless of 

the heat-treatment conditions. Focusing on AM-x and AM-z, these RRA values were lower than those 

of ST-R and H1025-R with a TS value similar to that of AM-x and AM-z; the ductility loss of the 

additively manufactured materials was more significant than that of the conventional materials. 

 

3.6 Fracture morphologies 

3.6.1 Uncharged materials 

Figure 13(a) shows low-magnified SEM images of the uncharged and H-charged specimens of 

the additively manufactured materials. The fracture surfaces consisted of the normal stress fracture 

region at the center and the shear stress fracture region near the surface, representing an ordinary cup 

and cone fracture. Figure 13(b) shows the high-magnified SEM images of AM-x, AM-z, and ST-R. 

Although the fracture surfaces on the normal stress fracture region of both the additively manufactured 

and conventional materials were covered with dimples, the size and number of the voids in the 

additively manufactured materials were smaller and larger, respectively, than those in the conventional 

materials. As shown in Fig. 5, the microstructure of the additively manufactured materials was finer 

than that of the conventional materials and is therefore deemed to be related to the void size. 

 

3.6.2 H-charged materials 

Regarding the H-charged specimens, unlike the uncharged specimens, the shear stress fracture 

region was observed only at one part near the specimen surface. From the nominal stress and stroke 
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Fig. 12 Relationship between RA, RRA, and TS of uncharged and H-charged, additively manufactured 

and conventional materials [38]. 

 

relationships in Fig. 10, the H-charged specimens failed before reaching the maximum stress; therefore, 

we considered that the fracture occurred by a different mechanism from the formation and growth of 

voids due to triaxial stress. Figures 13(a-1-3) and 13(a-2-3) show the side surfaces of the uncharged 

and H-charged specimens of AM-x. The observations were conducted from the directions shown by 

the arrows in Figs. 13(a-1-1) and 13(a-2-1). Many surface cracks were observed only in the H-charged 

specimen. Since there was no hydrogen at the surface of the H-charged specimen, these cracks were 
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Fig. 13 Fracture surface morphologies and crack initiation behaviors of outer surfaces of uncharged 

and H-charged, additively manufactured (AM-x, AM-z), and conventional (ST-R) materials at (a) low 

magnification and (b) high magnification. 

 

deemed to originate from the interior of the specimen and eventually reach the surface. According to 

our previous study [38], the fracture surface of H900-R was mainly covered with cleavage (C) facets, 

but that of H1150-R was covered with a mixture of quasi-cleavage (QC) and intergranular (IG) facets. 
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In the present study, the fracture surfaces of AM-x, AM-z, and ST-R were covered with QC facets and 

no C or IG facets were detected from these materials. 

 

4. Discussion 

4.1 Possible mechanism of HE for additively manufactured material 

     The crack growth behavior of the conventional materials with PH treatment (H900 and H1150) 

was observed in detail in our previous study [38]. The effects of the hydrogen content and TS on the 

fracture surface morphologies of the materials were investigated using H-charged specimens exposed 

to hydrogen gas under various hydrogen gas pressures, resulting in the detection of an H-induced C 

fracture and H-induced IG fracture in H900-R and H1150-R, respectively. These fracture 

morphologies were also observed in cryogenic impact tests where hydrogen–dislocation interactions 

were minor; therefore, the previous study concluded that these morphologies were mainly attributed 

to the hydrogen-enhanced decohesion (HEDE) mechanism [48,49]. The reason why the H-induced IG 

fracture occurred in H1150-R is considered to be related to a reduced IG strength due to hydrogen 

trapped at the IG precipitates. On the other hand, the IG precipitates were hardly detected and a large 

amount of hydrogen was present in H900-R (~10 wt.ppm [38]) compared with Cr–Mo steels (~1 

wt.ppm [45]). The lattice hydrogen content of a BCC iron at 100 MPa and 25°C was around 0.01 

wt.ppm [50] and the hydrogen content of H900-R was 103 times larger than this lattice hydrogen 

content. These situations are deemed to cause the H-induced C fracture of H900-R, although this 

fracture is rare in martensite steels compared to the H-induced IG fracture.  

Although the fracture surfaces of AM-x and AM-z were finer than that of ST-R, they were fully 

covered with QC facets, which were also observed in some parts of the fracture surfaces of the H-

charged specimen of H1150-R [38]. Figure 14 shows the longitudinal cross sections of the uncharged 

and H-charged specimens of AM-x. The longitudinal cross section of the H-charged specimen of 

H1150-R was used as a reference. In AM-x, the voids of the uncharged specimen were elongated in 

the direction parallel to the loading direction, whereas the voids of the H-charged specimen were 

elongated in the direction perpendicular to the loading direction. This void growth behavior of the H-

charged specimen was also observed in the H-charged specimen of H1150-R. As shown in Fig. 14(d), 

the void of the H-charged specimen of AM-x grew in grains surrounded by martensite, which 

corresponded to the QC facets (Fig. 13(b-2-3)). In the case of H1150-R, the voids of the H-charged 

specimen grew in grains and near grain boundaries, as shown in Fig. 14(e), which corresponded to the 

QC or IG facets, respectively. Voids elongated in the direction perpendicular to the loading direction 

have been observed in a H-charged carbon steel [51,52]. In those studies [51,52], the voids grew at a 

smaller plastic strain than that needed for the uncharged specimen. In addition, localized plastic 

deformation by hydrogen enhanced the growth and coalescence of the voids [53,54]. More detailed 

observations were conducted for QC facets produced in martensite steels, revealing that the localized 
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slip deformation by hydrogen formed cracks along the slip planes in laths and cracks as a result of 

dislocation pile-ups in lath and block boundaries, leading to the formation of QC facets [55,56]. These 

observations suggest that hydrogen–dislocation interactions played an important role in the formation of 

the QC facets in AM-x, AM-z, and ST-R, although the size of the QC facets was not the same between 

these steels in relation to the fineness of the microstructures. 

 

 

Fig. 14 Voids observed in longitudinal cross sections of uncharged and H-charged specimens of 

AM-x and a H-charged specimen of H1150-R. 

 

4.2 Possible causes of the lower RAA of additively manufactured materials and RA in the 

presence of hydrogen  

From the above discussion, the HE mechanism of AM-x and AM-z is considered to be the same 

as that of ST-R. In this section, possible causes for the lower RAA of additively manufactured materials 

are discussed. Figure 15 represents the relationship between the RRA and austenite fraction of AM-x, 

AM-z, and ST-R. Although the RRA value decreased with an increase in the saturated hydrogen content, 

the saturated hydrogen content was related to the austenite fraction; as a result, the RRA value also 

decreased with a decrease in the austenite fraction. This observation implies that higher austenite phases 

and hydrogen contents of the additively manufactured materials are possible causes. In the presence of 

hydrogen, the steels containing metastable austenite phases show a remarkable degradation by hydrogen. 

In the case of solution-treated austenitic stainless steels, the RRA values are closely related to nickel-

equivalent values as an indicator of austenite stability, being lower than a smaller nickel-equivalent 
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value [12,14]. As shown in Fig. 14(d), the void of the H-charged specimen of AM-x was surrounded 

by martensite. Furthermore, additional XRD analysis was performed and then, the austenite fractions 

for the uncharged specimen of AM-x after the SSRT test were 4% at the uniform deformation region 

and zero at the local deformation region near the fracture surface, indicating that the austenite phases 

of the additively manufactured materials were metastable as reported in existing literatures [39–41]. 

These experimental results suggest that strain-induced martensite transformations of austenite 

containing a large amount of hydrogen occurred around voids during tensile deformation and then, 

caused a supersaturated hydrogen condition in the martensite, leading to the H-induced ductility loss. 

Regarding the higher hydrogen contents, as shown in Fig. 11, the ductility loss of H900-R, H1025-R, 

and H1150-R was evaluated using the specimens with different hydrogen contents, revealing that the 

RRA values decreased with increasing hydrogen content. Because the hydrogen contents of AM-x and 

AM-z were greater than that of ST, these higher hydrogen contents might have enhanced the lower RRA 

of the additively manufactured material. 

 

 

Fig. 15 Relationship between RRA and austenite fraction of AM-x, AM-z, and ST-R. 

 

Finally, we used a relative property such as RRA to determine the degree of HE; however, it is 

important to also consider the absolute property from a performance/design perspective. As shown in 

Fig. 12(b), RAH, of AM-x and AM-z with those for various conventional materials. Although the RAH 

values of AM-x and AM-z were lower than those of ST and H1025-R with similar TS values, the 

differences became smaller than in the case of the comparison based on RRA because the RAU values 

of the additively manufactured materials were greater than those of the conventional ones. If even 

higher RAU values of the additively manufactured materials are attained to optimize manufacturing 

parameters, the RAH values might be greater than those of ST and H1025-R, despite their lower RRA 
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values. In this situation, the additively manufactured materials would be better suited for hydrogen 

service, suggesting that the absolute property warrants the same attention as the relative property. 

 

4. Conclusions 

To acquire fundamental data for discussing the hydrogen compatibility of materials, this study 

investigated the hydrogen diffusion properties and hydrogen-induced ductility loss of a precipitation-

hardened martensitic stainless steel (17-4PH) produced by additive manufacturing (AM). The results 

obtained from the additively manufactured materials with as-built conditions were compared with 

those of conventional materials, namely solution-treated (ST) and precipitation-hardened (H900, 

H1150) specimens of conventional 17-4PH steels. The conclusions are summarized as follows: 

1. The austenite fractions of the additively manufactured materials were at most three times higher 

than that of the ST material. 

2. Except for H900, the saturated hydrogen content of the additively manufactured and conventional 

materials became larger with an increase in the austenite fraction. The reason for the H900 

exception is considered to be its saturated hydrogen content that was dominated by hydrogen 

trapping by fine Cu precipitates. 

3. For both the additively manufactured and conventional materials, the hydrogen diffusivity was 

also closely related to the austenite fraction, showing that the diffusivity was lower with a higher 

austenite fraction. 

4. The reduction in area (RA) of the uncharged additively manufactured materials was larger than 

that of the uncharged conventional ST and PH materials. Additionally, although the fracture 

surfaces of the additively manufactured and conventional materials were covered with dimples, 

the sizes of the voids in the additively manufactured materials were smaller than those in the 

conventional materials, suggesting a contribution of the fine microstructures of the additively 

manufactured materials. 

5. When comparing the relative RA (RRA) values between the additively manufactured and 

conventional materials with similar tensile strength, the RRA of the additively manufactured 

materials was lower than that of the conventional materials, revealing that the hydrogen-induced 

ductility loss of the additively manufactured materials was more significant. 

6. Although the fracture units differed between the additively manufactured and ST materials, their 

fracture surfaces were covered with quasi-cleavage (QC) facets. Voids elongated in the direction 

perpendicular to the loading direction corresponding with the QC facets were observed from 

longitudinal cross sections. Similar voids were observed in other steels and were considered to 

be formed in relation to localized slip deformations enhanced by hydrogen. 

7. Although the RRA value of the additively manufactured and ST materials decreased with 

increasing saturated hydrogen content, the saturated hydrogen content was also related to the 



 

 

Submitted to Engineering Failure Analysis 

22 

 

austenite fraction. Therefore, higher hydrogen contents and austenite phases of the additively 

manufactured materials are inferred to be possible causes of the lower RAA of the additively 

manufactured materials.  
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