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A B S T R A C T   

This paper investigated the microstructure and fatigue behavior of PM-HIPed Inconel 625. The microstructure 
was composed of γ phase and (Mo, Nb) carbonitrides located mostly on prior particle boundaries. Despite the 
presence of these carbonitrides, the samples showed good tensile properties with high elongation. Two different 
surface conditions, pickled and machined, were used for high cycle fatigue testing under a four-point bending 
test. The results indicated that pickled samples had 6% lower fatigue strength (at 106 cycles) with three times 
higher standard deviation compared to the machined ones. Fatigue failure mechanisms were found to be 
dependent on surface conditions and showed different failure modes due to non-metallic oxide inclusions and 
surface defects in samples with machined and pickled surfaces, respectively. The effect of type, size, and location 
of defects, multiplicity of crack initiations, as well as surface roughness were analyzed and discussed.   

1. Introduction 

Inconel 625 is a nickel based solid solution strengthening superalloy, 
which is largely strengthened by Mo and Nb elements [1]. The alloy 
shows a combination of good yield, tensile and creep strengths. In 
addition, it has a strong resistance to high temperature corrosion under 
harsh environments. This material also shows high resistance to thermal 
fatigue and excellent weldability. All these characteristics make Inconel 
625 an excellent choice for aerospace, nuclear, and maritime industries 
[2,3]. 

The conventional methods of Inconel 625 production include 
manufacturing heat-treated wrought, cast, and hot-rolled material [3,4]. 
However, Ni-based superalloys are admittedly difficult to machine into 
complex shapes and designs, resulting in high machining costs. More-
over, serious problems including elemental segregation and formation of 
undesirable phases (like laves and freckles) may occur during casting of 
large sized ingots [5]. To overcome these challenges, various near-net 
shape technologies such as powder metallurgy (PM) combined with 
hot isostatic pressing (HIP) [6,7] and recently, a variety of additive 
manufacturing (AM) technologies, including laser powder bed fusion 
(LPBF) [8–14], electron beam powder bed fusion (EB-PBF) [10], and 
laser rapid manufacturing (LRM) [15], have been developed. 

Although AM manufactured materials have displayed promising 
mechanical properties, they often rely on post-processing operations 
such as HIP to diminish process-induced defects [8–10,16]. The 
advantage of PM-HIP manufacturing compared to the conventional 
production routes and AM techniques is the ability to produce texture 
free near-net shape components with isotropic mechanical properties 
[5]. PM-HIP technology is known for producing high quality compo-
nents with complex geometries, without defects such as pores and 
macroscopic elemental segregations [5–7,17]. Moreover, Ni-based su-
peralloy has low stacking fault energy; hence, annealing twins can be 
formed when HIP and annealing heat treatment are applied. These 
annealing twinning boundaries can act as strengthening factors which 
further enhance the strength of the material [9]. 

On the other hand, powder based materials are sensitive to the at-
omization gas and other types of gas exposure during manufacturing 
process, and it has been reported that PM-HIP produced Inconel 625 has 
a microstructure composed of undesirable precipitates on prior particle 
boundaries (PPBs) [5,18]. The presence of the precipitates on PPBs can 
lead to a higher yield and tensile strength but lower ductility and frac-
ture toughness [5,19]. These precipitates can improve the mechanical 
and creep properties by hindering grain growth during the HIP process 
and restricting grain boundary sliding. They can be classified into 
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different categories including oxides, carbides, nitrides, and carboni-
trides. The selected powder atomization route could strongly influence 
the type, fraction and size of the precipitates on the PPBs [5,18]. 

Fatigue properties are dependent on the presence of the precipitates. 
Avery et al. [20] reported fatigue crack initiations from brittle and 
irregularly shaped carbides in hot-rolled and annealed Inconel 625, 
while in the solid-state additive manufactured ones surface crack initi-
ation was observed. In other study on the Inconel 718 manufactured by 
LPBF + HIP + heat treatment, the fatigue fractures were observed to 
originate from TiN inclusions, defects, and grain boundaries [21]. As a 
result, PPBs precipitates could play an important role in fatigue prop-
erties of HIPed samples; therefore, it is important to evaluate if and how 
these precipitates influence the crack initiation stage and hence influ-
ence the fatigue life. 

The main disadvantage of the PM-HIP route is that the powder has to 
be enclosed in a metallic capsule during the HIP cycle. After the HIP 
cycle, the typical method of removing the capsule involves using an 
acid-leaching bath (a pickling process involving one or two steps) [22]. 
This pickling process can introduce surface roughness to the final 
product, necessitating the optimization of this step. Some studies have 
been done to clarify the influence of surface topography on the micro-
structure and mechanical properties of HIPed Ni-based superalloys [22, 
23] and Ti–6Al–4V [24,25]. However, the influence of the pickling step 
on fatigue failure mechanisms and fatigue life of the HIPed products 
remains unclear. Gaining an understanding of this phenomenon could 
enable the prediction of fatigue performance for pickled materials and 
determine the machining process required for various applications. To 
address this, a four-point bending test can serve as an effective method 
to evaluate the surface sensitivities of the samples under cyclic stress 
conditions [26]. 

In this paper, the objectives are as follows:  

(i) To identify precipitates and inclusions in PM-HIPed samples and 
assess their impact on fatigue performance.  

(ii) To investigate the influence of surface conditions and evaluate 
the necessity of post-machining or a secondary pickling process 
on fatigue properties in the high cycle regime, utilizing four-point 
bending fatigue tests. 

2. Materials and methods 

The chemical composition of Inconel 625 in this study is displayed in 
Table 1. The powder was produced using vacuum melting and gas at-
omization process with Nitrogen gas. The powders were sieved to 
maximum powder diameter of 500 μm. The filled capsule (low-carbon 
steel) was subjected to a standard HIP cycle for 3 h under temperature 
and pressure of 1150 ◦C and 100 MPa, respectively. Afterwards, the as- 
HIPed material was solution annealed at 1160 ◦C for 4 h followed by air 
cooling. Eventually, the capsule was removed by submerging it in 10 ±
5% sulfuric acid at 87 ± 5 ◦C for at least 12 h. 

Samples for microstructural investigations were cut out, mounted, 
ground and polished down to 1 μm using SiC abrasive paper and dia-
mond suspensions. Then, they were electro-etched (Struers LectroPol-5) 
at 15 V for 25 s using perchloric acid to reveal the microstructure and 
grain boundaries. Microstructure characterization of powder and HIPed 
Inconel 625 were carried out using light optical microscope (LOM) 
(Leica DM6 M) and scanning electron microscope (SEM) (JSM-7900F). 
The average grain size was measured using LOM images and intercept 
procedure. Phase analysis was performed using SEM equipped with 
energy dispersive X-ray spectroscopy (EDS) (JSM-7900F with X-MaxN 

EDX detector) and X-ray diffraction (XRD) analysis (PANalytical X’Pert 
Pro diffractometer). The XRD patterns of the samples were generated by 
Co Kα radiation in the Bragg-Brentano set up, with a 2θ range from 20◦

to 160◦, step size of 0.013◦, and a step time of 1200 s with the voltage 
and current of 45 kV and 20 mA, respectively. The XRD detector mode 
was scanning area detector (2D) mode which did continuous scans 
through the total active area (14 mm × 14 mm) corresponding to about 
3.3◦ opening angle. This led to shortening the total scan time to about 
14 h. 

Tensile tests, hardness measurements, and high cycle fatigue tests 
were carried out. For tensile tests, samples were prepared based on 
ASTM E8M standard with a gauge length and gauge diameter of 30 and 
6 mm, respectively. Instron 8501 was used to perform the tensile tests 
with an initial strain rate of 2.5 × 10− 4 1/s at room temperature. 
Hardness measurements were carried out by hardness Vickers in-
dentations (LECO V-100-C2 Harness Tester) using an applied load of 
1000 and 25 gf. 

Rectangular beam samples were cut from top and bottom parts of 
HIPed component for four-point bending fatigue test. Two types of fa-
tigue samples were prepared with either as-pickled surface (indicated as 
pickled sample) or machined after pickling step (indicated as machined 
sample). 20 samples for each condition with dimensions of 9 × 25 × 160 
mm3 were tested in air without any temperature or moisture control. 
High cycle fatigue testing was performed by four-point bending fatigue 
tests (Instron 8800) under a stress ratio (R) of 0.1 and a frequency of 10 
Hz. Tests were performed to the ultimate number of load cycles of 106. 
Fig. 1 displays the schematic of the four-point bending test and the 
testing machine used in this experiment. 

Fatigue strength data and S–N diagrams were determined for both 
types of pickled and machined samples. The fatigue strength was ob-
tained by employing the staircase method using 11 samples to achieve 
106 cycles reliability according to the method discussed in Ref. [27]. 
Eventually, fractography of failed samples was performed using SEM 
equipped with EDS to investigate the surface characteristics and fracture 
mechanisms. 

To characterize the surface morphologies of the machined and 
pickled surfaces, 3D surface images were performed and the surface 
roughness was defined by Sa, Sz, and Ssk values using optical 
profilometry (Contour GT-K, Bruker) prior and after fatigue testing. The 
mean values of eight scanned surfaces with area of 3 × 3 mm2 for five 
random samples of each surface condition were collected prior testing. 
After the fatigue test, roughness measurements were carried out on five 
failed pickled samples close to the fracture area. 

Finite Element Analysis (FEA) was conducted to numerically simu-
late the stress distribution of the sample under four-point bending test 
and calculate the sample volume under the 95% maximum stress. The 
numerical simulation process was carried out using Abaqus and 
involved several steps of defining sample geometry and material, 
element and mesh division, contact and boundary conditions, and 
loading condition. 

3. Results 

3.1. Microstructure 

The X-ray patterns of the powder and HIPed sample display 
diffraction peaks of the γ phase, and peaks identified as M(C,N) (car-
bonitrides) (Fig. 2). The latter was observed in both the powder and 
HIPed sample, and had the same lattice structure (space group Fm-3 m) 
as MC (carbides) [2,28]. The intensity of carbonitride peaks was higher 

Table 1 
Chemical composition of the studied Inconel 625 (wt.%).  

Ni Cr Mo Co Nb Al Ti C Si Mn Fe P S Cu 

Balance 21.45 9.22 0.01 3.73 0.21 0.01 0.01 0.10 0.23 2.62 0.005 0.003 0.02  
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and the width was smaller in the HIPed material, indicating that they 
have increased in size and total amount compared to the powder. 

The morphology and particle size distributions of the powder is 
shown in Fig. 3. The powder had a nearly spherical shape with diverse 
particle sizes. The particle size distribution was achieved using calcu-
lation of powder mass after each sieving step. The particle size is plotted 
as the cumulative particle mass distribution (black line) and the relative 
mass distribution (red bar chart). From the cumulative mass distribution 
curve, d10, d50, and d90 were calculated to 9, 52, and 157 μm, 
respectively. 

The microstructure of the HIPed sample in etched condition is dis-
played in Figs. 4 and 5. Observations revealed presence of PPBs and 
some twin boundaries. No pores were observed in the microstructure, 
which could indicate a fully dense material produced during HIP pro-
cess. Additionally, the microstructure displayed a grain distribution 
with an average size of 19 ± 11 μm. This number was determined based 
on the equivalent circle diameter of the grains. SEM micrograph of the 
HIPed sample showed network of precipitates mostly along the PPBs, 

Fig. 1. (a) Schematic of the four-point bending test showing rollers and the sample, and (b) experimental set-up used in this study.  

Fig. 2. The X-ray diffraction pattern of Inconel 625 in powder and 
HIPed sample. 

Fig. 3. (a) SEM micrograph and (b) particle size distribution of IN625 powder in the present study.  

Fig. 4. LOM image of the microstructure of etched HIPed sample revealing 
presence of PPBs. 
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and a few distributed inside the grains (Fig. 5). EDS analysis identified 
these precipitates as (Mo, Nb) carbonitrides (Fig. 6). Further quantita-
tive EDS results showed that carbonitrides located on the PPBs were rich 
in N and Nb compared to those located inside the grains, which had 
comparably higher concentrations of Mo and C, and in fact, the C con-
centration was higher than the N content. Due to difficulty and uncer-
tainty of identification of light elements like N and C, several point 
analyses conducted using various accelerating voltages (ranging from 5 
to 20 V) to produce as reliable as possible results. The observation of 
higher N content on the PPBs could be attributed to the fact that the 
surface of the powder was more exposed to the Nitrogen during the 
atomization step. In addition, some non-metallic oxides (Al-rich) were 
detected mostly on the PPBs in the microstructure; however, the size of 
these oxides was in order of <100 nm and was less frequent than the 
carbonitrides. 

During the HIP process, the interface between the PM material and 
the capsule was subjected to solid state diffusion. Fig. 7 shows the 
chemical composition and hardness of the surface layer (with 25 gf load) 
at different distances from the surface. In the machined sample, no 
gradient in the chemical composition was observed (Fig. 7a) which 
confirmed that interface was completely removed by the machining 
process after pickling. Conversely, in the pickled sample, the alloy ele-
ments in the Inconel substrate displayed decreasing concentration to-
wards the surface, while Fe showed an opposite behavior (Fig. 7b). 
These changes became stable after about 80 μm from the surface layer. 
At the surface, the concentration of Cr and Mo was 10 wt% and 3 wt% 
respectively, which gave a pitting resistance equivalent number (PREN) 
of 20 compared to the bulk value of 52. 

Additionally, line profiles displayed some sharp changes in Ni, Nb, 
and Mo contents which were due to the presence of (Mo, Nb) carbides 

and carbonitrides in the microstructure. At the distance of 40–70 μm 
from the surface in the pickled sample, a region rich of the precipitates 
was visible. This region was mostly characterized by (Mo, Nb) carbides 
which was likely a result of carbon diffusion across the interface [23]. 
Hardness measurements were carried out at the distances of 30, 80 and 
150 μm from the surface. The machined material had an increased 
hardness at the surface compared to the subsurface which was a result of 
the machining operation. The pickled sample showed an opposite trend 
with an increased hardness in the subsurface region. It is likely that the 
hardness increase can be related to the formation of (Mo, Nb) carbides in 
the subsurface region. Due to the very low load used for the testing (25 
gf), the measured hardness values were high compared to the average 
value of the sample bulk (245 ± 10 HV measured with 1kgf). This 
phenomenon, known as the indentation size effect in the literature, 
decreased the certainty of the results of the measurement [29]. 

3.2. Mechanical properties 

Tensile properties of the HIPed samples were investigated, and the 
results showed yield strength, tensile strength, elongation (% El), and 
reduction of area (% RA) of 437 ± 12 MPa, 943 ± 11 MPa, 49 ± 1%, and 
39 ± 2, respectively. Moreover, hardness measurement of the HIPed 
sample obtained the value of 245 ± 10 HV (1kgf). 

The numerically simulated stress distribution is displayed in Fig. 8. 
As expected, the bottom surface of the sample, which was subjected to 
the tensile stresses during cyclic bending, showed the highest stresses. 
The numerical results of stress analysis were in good agreement with the 
analytically calculated ones. In addition, the stress distribution provided 
a measure of the volume of the sample under maximum stress at which 
fatigue crack initiation could occur with a high probability. As a result, a 

Fig. 5. Formation of precipitates along the PPBs and inside the grains in the etched sample observed with SEM at (a) low and (b) high magnifications.  

Fig. 6. EDS analysis of the precipitates along the PPBs in the etched sample.  
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volume of about 419 mm3 at the bottom of the sample was calculated to 
be subjected to 95% of the maximum stress. 

Fatigue strength was estimated for samples with machined and 
pickled surfaces under four-point bending test through statistical anal-
ysis based on the staircase method and using the formula discussed in 
Ref. [27], and the results are reported in Table 2. The stress increment 
(10 and 20 MPa for machined and pickled samples, respectively) was 

checked to be in the range of half to twice the standard deviation to 
satisfy the requirements of the method [27]. S–N curves of samples with 
machined and pickled surfaces are displayed in Fig. 9. The circles 
represent the run-out samples without failure at N = 106 cycles. The 
measured data from the pickled samples showed a scattered behavior 
with larger standard deviation in the result: 23 MPa compared to 8 MPa 
for the samples with machined surfaces. 

Fracture surface analysis was performed on the failed samples with 
machined and pickled surfaces. The typical elliptical shape of the final 
failure is displayed in Figs. 10a and 11a. For the machined samples, the 
majority of failures happened due to non-metallic oxide inclusions 
located near the surface (Figs. 10b and 10c). All the inclusions could be 
traced back to the metallurgical process. As shown in Fig. 10c, these 
inclusions consist of a mixed Al–Ca–O composition, which is typical of 
residuals from the slag material. Despite the observations performed on 
the polished surface, no carbonitrides were found on the fracture 

Fig. 7. Chemical composition and hardness gradient as a function of distance from the surface in (a) machined and (b) pickled samples.  

Fig. 8. (a) Stress distribution of the sample under four-point bending test under amplitude and mean stresses (σa and σm) of 250 and 306 MPa, respectively. (b) The 
plot shows stress distribution along the sample height (Y axis). 

Table 2 
Fatigue properties of Inconel 625 estimated using staircase method in high cycle 
fatigue testing.  

Condition Fatigue strength at 106 cycles 
(MPa) 

Standard deviation 
(MPa) 

Machined 
surface 

260 8 

Pickled surface 245 23  

F. Javadzadeh Kalahroudi et al.                                                                                                                                                                                                             



Materials Science & Engineering A 886 (2023) 145671

6

surfaces as initiation points. 
Pickled samples revealed failures mostly from surface defects with 

multiple initiation points as is shown in Figs. 11 and 12. 
To have better understanding of the role of pickling process on the 

formation of the crack initiation points, the interaction of the fracture 
surface and pickled surface was studied. The pickling process was effi-
cient and no traces of the capsule could be detected on the samples. 
However, as Fig. 13 shows, there are many distributed pits with different 
sizes on the pickled surface. These pits seemed to serve as surface defects 
on the fracture surface (Fig. 13b). As it is obvious in Fig. 13c, the pits 
could easily act as stress concentrations and be critical locations for 
crack initiation. 

To measure the size of defects at the crack initiations of the samples, 
the square root of the area (

̅̅̅̅̅̅̅̅̅̅
Area

√
) was calculated. The defect area 

(inclusion or surface defect) was assumed as the area of an ellipse with 
major and minor axis corresponding to the maximum and minimum 
lengths of the defect as obtained from the SEM images of the fracture 
surfaces. As there were multiple initiation points in pickled samples, all 
the critical surface defects were considered in the measurements. The 

cumulated probability of the defects size distribution is displayed in 
Fig. 14a. According to the curve, at 50% probability, the inclusions and 
surface defects size were calculated to be about 27 and 39 μm in 
machined and pickled samples, respectively. 

Stress intensity factors (SIFs) of the inclusions at the fatigue initiation 
points were calculated to clarify the effect of stress and inclusion size. 
Using the inclusion size, which was introduced and calculated in the 
previous paragraph, and the stress range, ΔKinclusion could be calculated 
using the Murakami’s equations: 

ΔKinclusion,s = 0.65Δσ
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

π
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Areainclusion,s

√√

(1)  

ΔKinclusion,i = 0.5Δσ
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

π
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Areainclusion,i

√√

(2)  

where Δσ = σmax − σmin, and s and i stands for surface and internal in-
clusion, respectively [30,31]. 

The relationship between ΔKinclusion and fatigue life is displayed in 
Fig. 14b. The calculated values of the SIF showed a decreasing trend as 
fatigue life increased. Most of the samples had ΔK values in the range of 
2–5 MPa m1/2, but two data points showed high SIFs above 8 MPa m1/2. 
The fracture surface of these samples revealed agglomeration of many 
inclusions, so it was impossible to find the exact inclusion initiated the 
crack. Here, the size of whole agglomerate was used, which resulted in 
overestimated values. 

The observed surface defects in the pickled samples were considered 
as elliptical shaped defects, and their SIFs were calculated using 
different equations: (i) using Eq. (1) and the area of the surface defects as 
introduced for the inclusions, (ii) using Eq. (1) and the area of the sur-
face defects estimated as 

̅̅̅̅̅̅̅̅̅̅
Area

√
≈

̅̅̅̅̅̅
10

√
a [34,35], and (iii) using Eq. (3) 

as follows: 

ΔK = YΔσ
̅̅̅̅̅̅̅̅̅
a/Q

√
(Eq. 3)  

where Δσ = σmax − σmin and a, Q, and Y represent the depth of the defect, 
the shape parameter, and the geometric factor, respectively [36]. Only 
five of the pickled samples had measurable defects; however, as 
mentioned before, multiple surface defects initiated the crack in the 
pickled samples; hence, the maximum a value for each sample was 
considered. The Q value was calculated by knowing a/2c ratio (2c 

Fig. 9. S–N curves of HIPed samples with machined and pickled surfaces 
(Circles indicate run-out samples at N = 106 cycles). 

Fig. 10. (a) Fracture surface of a machined sample failed at 270 MPa after 861,000 cycles, (b) failure due to an inclusion (c) EDS revealed presence of Al, Ca and O in 
the inclusion. 
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represents the width of defect) and σ/σys 
[36]. The SIFs calculated using 

methods (i) and (iii) were almost similar and about 25% lower than the 
ones calculated by method (ii). Therefore, only the calculated values 
using method (iii) are displayed in Fig. 14b. The SIFs of the surface 
defects almost followed the same pattern as those of inclusions, and 
higher SIFs resulted in lower fatigue life. 

3.3. Surface morphology 

The average roughness values of five four-point bending test samples 
(selected randomly) with each surface condition were measured before 
fatigue tests and the results are plotted in Fig. 15a. The reported value of 
Sa represents the mean roughness evaluated over the complete 3D sur-
face which is a widely used index for evaluating surface roughness and 
calculated by Eq. (4). 

Sa =
1
A

∫ ∫

A
|Z(x, y)| dx dy (Eq. 4) 

There is a noticeable difference between roughness values of samples 
with pickled and machined surfaces. Moreover, 3D surface scanned 
images of samples with machined and pickled surfaces are displayed in 
Fig. 15b and c. Areas with very different depth and height (in blue and 
red colors) were identified on the pickled surface. 

To further investigate the correlation between the fatigue life and 
surface morphology in the pickled samples, the surface roughness pa-
rameters Sa, Sz, and Ssk were measured for the five pickled samples 
discussed in Fig. 14b. These parameters represent the average difference 
between the five highest peaks and five lowest valleys (Sz), and the 
degree of symmetry of the surface heights with respect to the mean plane 
(Ssk, skewness of the 3D surface texture). Mathematically, Sz and Ssk can 

Fig. 11. (a) Fracture surface of a pickled sample failed at 330 MPa after 299,000 cycles, (b) failure due to surface defects with multiple initiation points, (c) surface 
defect at high magnification. 

Fig. 12. Multiple initiation points in pickled samples (a) close to each other in sample failed at 310 MPa after 262,000 cycles and (b) far from each other in sample 
failed at 270 MPa after 936,000 cycles. Arrows and dashed lines indicate crack initiations and early stage of crack propagations, respectively. 
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Fig. 13. SEM images of (a) pickled surface full of pits, (b) formation of surface defects by pits, and (c) cracks initiating from pits on the pickled surface.  

Fig. 14. (a) Cumulative distribution of defects size in machined (inclusions) and pickled (surface defects) samples, and (b) comparison of SIFs. ΔKth is the average 
value extracted from Refs. [16,32,33]. 
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be evaluated as follows: 

Sz =

∑5

1
|Peak Heights| +

∑5

1
|Peak Depths|

5
(Eq. 5)  

Ssk =
1

Sq3

∫ ∫

A

⃒
⃒(Z(x, y))3⃒⃒ dx dy (Eq. 6) 

The sign of Ssk indicates the dominance of peaks (Ssk > 0) or valley 
structures (Ssk < 0). The values for roughness parameters are shown in 

Fig. 16, where the Sa (left lower scale), Sz (right lower scale, and Ssk (top 
diagram) are displayed as a function of number of cycles to failure. As 
Fig. 16 exhibits, there is a clear correlation between Ssk parameter and 
the fatigue life, which leads to the lowest fatigue life in the sample with 
the highest negative Ssk (the highest valley distribution), and the highest 
fatigue life in the sample with positive Ssk (the highest peak distribu-
tion). On the other hand, no noticeable relation between other rough-
ness parameters (Sa and Sz) and fatigue life was found. 

4. Discussion 

4.1. Observations on the PM-HIPed Inconel 625 

During HIP process, powder particles experience recrystallization 
and grain growth depending on their deformation extent. Inhomoge-
neous deformation occurs in a powder compact due to large size range of 
powder particles. The fine powder particles have larger contact areas 
than the coarse ones. So, during the densification process, the fine 
particles are anticipated to have significant deformation. Consequently, 
recrystallization is easier to start in the fine powder particles. 
Conversely, the coarse powder particles, which experience less defor-
mation, face challenges to initiate recrystallization [37]. As a result, the 
microstructure after HIP process (shown in Figs. 4 and 5a) consists of 
mostly recrystallized small grains and a few intact large powder particles 
with one or a few large grains. 

In the production of the HIPed Inconel 625, one of the main concerns 
is the formation of precipitates on the PPBs and their influence on the 
mechanical properties of the final component. Earlier investigations 
using different atomization gases have reported that nitrogen could give 
rise to a continuous network of: mainly oxycarbonitrides, as well as 
chromium oxide, silicon dioxide, and (Mo, Nb) carbides and nitrides 
precipitates along the PPBs [18]. The literature have reported several 
attempts to eliminate these types of precipitates on the PPBs and in 
particular oxides and different types of carbides in HIPed Ni-based su-
peralloys [38,39]. The results of the present study reveal oxide particles 
and carbonitrides rich in Nb and Mo on the PPBs and inside the grains in 
the polished cross-section samples. Nonetheless, tensile tests demon-
strate good tensile and yield strengths with high elongation, indicating 
that the presence of precipitates do not affect the ductility of the HIPed 
Inconel 625 material. 

To clarify the tensile properties, the tensile results of the present 
study are compared to other Inconel 625 samples produced by different 
manufacturing methods in the literature, and displayed in Table 3. 

Based on the tensile properties presented in Table 3, the present 
HIPed sample exhibits almost similar strength and ductility compared to 
wrought and hot rolled materials. On the other hand, the present study 
reveals better performance compared to ASTM B834 (specification for 

Fig. 15. (a) Average surface roughness of pickled and machined samples. (b 
and c) Optical profilometry scanning results of one sample from each sur-
face condition. 

Fig. 16. Influence of roughness parameters (Sa, Sz, and Ssk) on the fatigue life 
in the pickled samples. 

Table 3 
Tensile properties of Inconel 625 alloy produced by different manufacturing 
methods.  

Condition Yield strength, 
σ0.2 (MPa) 

Tensile strength, 
σUTS (MPa) 

%El %RA 

Present study 437 ± 12 943 ± 11 49 
± 1 

39 ±
2 

ASTM B834 414 827 30 – 
Hot rolled+annealed 

[3] 
472 935 57 – 

Wrought [33] 440 ± 27 899 ± 19 52 
± 3 

– 

Cast [15] 350 710 48 – 
As-HIPed [5] 702 986 12 11.7 

HIP + aged [18] 467 950 32 – 
LRM [15] 540 690 36 – 

LPBF + HIPed [33] 442 ± 6 933 ± 14 43 
± 4 

– 

EB-PBF [10] 321 731 56 –  
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pressure consolidated powder metallurgy nickel alloy, N06625 annealed 
condition), and better strength in comparison to cast alloy. The as-HIPed 
condition reported by Wang et al. [5] displays higher strength values, 
but much lower ductility and reduction of area compared to the present 
results. The low ductility of this as-HIPed sample is attributed to unde-
sirable PPB networks due to a high level of oxygen contamination of 
pre-alloyed powder and also presence of brittle (Nb, Ti)C-carbides [5]. 
On the other hand, the HIPed and aged sample studied by Sergi et al. 
[18] shows almost the same strengths as the present study but with 
lower ductility. The reason of this difference is associated with the 
amount of micro-segregated elements and oxygen content on the pow-
der surface, which as discussed, leads to different amount of PPBs in the 
material. Considering production route of LRM, the present results show 
lower yield strength, but significantly higher tensile strength and 
ductility. According to these comparisons, despite the presence of car-
bonitrides on the PPBs, due to clean powder with low amount of oxygen 
and micro-segregated elements, good mechanical properties with high 
elongation are achieved in this study. 

The estimated fatigue strengths of the present study and other studies 
of Inconel 625 produced by different manufacturing methods in the 
literature are reported in Table 4. The reported values from the litera-
ture were tested under uniaxial cyclic loading. In order to convert 
literature data with different stress R-ratios to R = 0.1 (indicated with * 
in Table 4), Smith-Watson-Topper correction is used [40,41]. In this 
correction, fatigue strengths (stress amplitudes, σa) and the stress ratios 
(R) are correlated to the equivalent fatigue strengths (stress amplitude, 
σar) under fully-reversed loading: 

σar =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σmax × σa

√
or σar = σa

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2
/(1 − R)

√
(Eq. 7) 

It could not be ignored that the fatigue properties of these materials 
are dependent on several factors including microstructure, grain size, 
defects, surface finishing, and the ultimate tested life. Additionally, it 
was reported that smooth or notched laboratory samples generally show 
higher fatigue strength in bending than in axial tension [42,43]. Fatigue 
properties are also effected by the technological volume dependence, i.e. 
they are reduced with increasing raw material size [42]. Nevertheless, 
comparing their performance can provide insight into the present ma-
terial’s fatigue behavior. 

Hot rolled and annealed sample with almost the same tensile prop-
erties (shown in Table 3) showed low fatigue strength, which is 
reasonable due to the 10 times higher tested ultimate fatigue life [3]. 
LPBF + annealed sample showed better fatigue strength even at longer 
fatigue life, which was mainly attributed to its resistance to crack 
initiation and propagation. During annealing, the microstructure was 
hardened, led to an increase in its elastic resistance. As a result, the 
sample had better accommodation to the defects and crack tip and 
higher propagation resistance [44]. To compare the fatigue strength of 
our study with LPBF-manufactured samples without further heat treat-
ments we should consider several facts: i) two times lower ultimate fa-
tigue life used in the present study, ii) bending mode used instead of 
uniaxial mode, iii) larger volume of tested samples under uniaxial 
testing than bending in this study, and iv) higher fatigue strength 

determined in the present study. The first three facts lead to lower fa-
tigue strength in uniaxial compared to bending fatigue testing; thus, 
considering the forth fact, we could figure out that the PM-HIPed sample 
have satisfactory fatigue performance. 

4.2. Observations on the different surface conditions 

According to the staircase results, pickled samples show 6% lower 
fatigue strength with three times higher standard deviation compared to 
the machined one (Table 2). This assessment in the fatigue strength of 
the pickled samples shows superior performance compared to studies by 
Bassini et al. on the bending properties of pickled Astroloy [22]. They 
have tested bending properties of HIPed samples in as-leached and 
machined conditions. The results have showed that as-leached samples 
had the yield and ultimate bending stresses of about 10% and 22.5% 
lower with respect to the machined samples, respectively. The ductility 
have been also reduced by 26% compared to the machined material. 
They have indicated that the acid pickling process have corroded the 
outmost layer with two preferential paths of PPBs and grain boundaries. 

The investigation of the fracture surfaces exhibits that both types of 
samples display features of cleavage-like fracture surfaces and river 
markers in the vicinity of initiation points [26]. Some faceted fracture 
surfaces are also noticed as a result of the crystallographic crack growth 
along the persistent slip bands. All these features are typical at the early 
stage of propagation (Stage I). Fatigue striations are observed farther 
from the crack initiation point at the stable crack propagation (Stage II). 
A mixture of fatigue striations and dimples are observed in the transition 
region and eventually, dimple-ductile fracture occurred in the final stage 
[3,46]. 

Observations have shown that several parameters can influence the 
fatigue behavior of the samples. Among these parameters, some of the 
most important ones include type, location, and size of defects, multi-
plicity of crack initiations as well as the surface roughness. 

4.2.1. Type of defects 
Under cyclic loading, local stress concentration can arise due to 

surface defects like scratches and surface roughness or microstructural 
heterogeneities including grain boundaries, twin boundaries, brittle and 
hard precipitates, favorably oriented grains, and inclusions in Ni-based 
superalloys [26,35,47–49]. These stress concentrations consequently 
lead to fatigue crack initiation. 

In the present study, fractography observations reveal that more than 
90% of the machined samples failed due to presence of non-metallic 
oxide inclusions, which in the most of the cases are related to re-
siduals from the metallurgical process (Fig. 10c). These inclusion- 
induced initiation points are mainly individual and close to the sur-
face. High differences in elastic properties between the inclusions and 
the metallic matrix cause local stresses which promote the crack initi-
ation process [48]. 

On the other hand, more than 90% of the pickled samples have 
cracks nucleated from the surface defects with multiple initiation points 
(Figs. 11 and 12). It is worth mentioning that no failure is observed due 
to the presence of pores, which could confirm the capability of the HIP 
process to produce fully dense material. Additionally, despite the pres-
ence of carbonitrides on the PPBs, they are not identified as the crack 
initiation points at high cycle fatigue. 

The investigation on the pickled samples reveals that the diffusion of 
elements between the steel capsule and the Inconel material during the 
HIP process leads to depletion of the elements that enhances the 
corrosion resistance (Ni, Cr, Mo), and replaces them with Fe (Fig. 7b). 
This makes the material more receptive to corrosion and in particular to 
localized corrosion. It is also observed that the PREN decreases from 52 
in bulk to 20 at the surface. Hence, it is reasonable to assume that this is 
the reason for the high number of corrosion pits shown in Fig. 13a, 
which could serve as crack initiation points. This result highlights the 
need for post-processing step of the pickled surface with either applying 

Table 4 
Comparison of fatigue properties of Inconel 625 manufactured by different 
techniques. The reported values from the literature were tested under uniaxial 
cyclic loading. (Data indicated with * was converted from R = − 1).  

Manufacturing 
method 

Fatigue strength 
(MPa) 

Ultimate fatigue life 
(cycles) 

Reference 

Present study 260 106  

Hot 
rolling+annealing* 

163 107 [3] 

LPBF-as built 250 2 × 106 [44] 
LPBF + annealing 350 2 × 106 [44] 
LPBF + polishing 245 2 × 106 [45]  
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a post-machining or secondary pickling step using nitric acid and hy-
drofluoric acid. Nevertheless, the applied pickling process is rather 
efficient as there are no detectable Fe agglomerates on the surface. This 
indicates that the capsule has been completely removed from the sam-
ples [22]. 

4.2.2. Location of defects 
Almost all of the failures in the samples tested under four-point 

bending start from the surface, with both pickled and machined sur-
faces. This is expected since under bending loading there is a stress 
gradient, as FEA showed (Fig. 8), and the maximum stress occurs on the 
bottom surface subjected to the tensile stresses. During cyclic loading, 
severe stresses are concentrated at the surface defects, which could 
activate the slip system within the surface grains, and hence, lead to the 
formation of microcracks. The microcracks then grow and eventually 
cause fatigue failure [50]. 

The FEA of the stress distribution of samples could reveal the certain 
volume of the samples under the highest stress where fatigue crack 
initiation could take place. As a result, a volume of about 419 mm3 at the 
bottom of the sample is calculated to be subjected to 95% of the 
maximum stress. The fact that all the failures in both machined and 
pickled samples happened in this specific volume also approves this 
statement. Furthermore, the calculated 95% of the maximum stress is 
applied to a depth of 225 μm of the samples, which as shown in Fig. 14a, 
covers all the inclusions with different sizes. 

4.2.3. Size of defects 
Although very small inclusions are observed at the polished surface, 

the cumulative distribution of inclusion size plot displays that the crit-
ical inclusion size at 50% probability is about 27 μm. This suggests that 
the inspection of these inclusions could be more efficient on the fatigue 
fracture surfaces than on the polished surfaces. The inspections on the 
polished surface are conducted in two dimensions, and the measured 
maximum inclusion sizes are not always accurate, because the polished 
surface does not necessarily cut the largest section of inclusions. The 
inspection on the fatigue fracture surfaces is by nature three- 
dimensional, particularly in axial loading tests, which provides a 
much larger control volume. Moreover, the inspection precisely identify 
the most harmful defect that damages fatigue strength, whether it is an 
inclusion or precipitate [51]. 

The cumulative distribution of surface defects size indicates critical 
size of 39 μm with 50% failure probability. This implies that any un-
tested sample containing inclusions or surface defects larger than 27 and 
39 μm has a 50% chance of failing below 106 fatigue cycles, respectively. 
The size of the cabonitride inclusion observed on the PPBs and inside the 
grains are all in the sub-micrometer range and therefore do not act as 
crack initiation points. 

To illuminate the effect of defect size, a fatigue strength prediction 
model proposed by Murakami is used [34]: 

σw =A
(HV + 120)

(
̅̅̅̅̅̅̅̅̅
area

√
)

1 /

6
×

(
1 − R

2

)α

(Eq. 8)  

where HV, R and α represent hardness, stress ratio and material con-
stant, respectively, and A is a constant value based on surface or internal 
defect. Eq. (8) could be utilized to compare the results of the machined 
and pickled samples with regards to the obtained 50% average fatigue 
strength (Table 2), and defect size with 50% probability (Fig. 14a). 
Considering the same R value and almost the same hardness, Eq. (8) 
could be simplified to: 

σwmachined sample

σwpickled sample

=

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅areasurface defect
√ )1 /

6

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅areainclusion
√ )1 /

6
(Eq. 9) 

The ratios of the fatigue strengths (260 and 245 MPa) and the size of 
the defects (39 and 27 μm) are both calculated to be 1.06. Thus, the 

difference in fatigue strengths between the machined and pickled sam-
ples could be well explained by the difference in defects size distribu-
tions, even though the defects are of different origins. 

The SIFs of inclusions in machined samples (with the exception of 
two samples that exhibited extremely large agglomerated inclusions and 
high SIFs) and surface defects in pickled ones are calculated about 2–5 
and 4–6 MPa m1/2, respectively. In the case of pickled samples, the SIFs 
calculated with method (ii) are higher than two other methods, which 
could be due to the fact that the used estimation (

̅̅̅̅̅̅̅̅̅̅
Area

√
≈

̅̅̅̅̅̅
10

√
a) works 

more effectively for very shallow surface defects with 2c/a > 10 
(measured about 3.7 in the present study) [34]. However, the difference 
between the SIFs of the two surface conditions is not significant. 

The stress intensity factor threshold for long cracks (ΔKth) of Inconel 
625 for R = 0.1 is reported in the range of 6.8–11 MPa m1/2 [16,32,33]. 
As displayed in Fig. 14b, the ΔK values of the defects for many of the 
samples are calculated lower than ΔKth. It is well known that short 
cracks can grow at ΔK lower than ΔKth for long cracks. This shows that 
the initiation can be understood in terms of short crack propagation and 
that the propagation is strongly correlated to microstructural feature at 
the location of initiation [34]. 

4.2.4. Multiplicity of crack initiations 
The fracture surfaces of the pickled samples show multiple crack 

initiation points at different locations, as described before, and ratchet 
marks are observed at the merging point of these cracks (Fig. 12). These 
ratchet marks are evidences of multiple crack initiations propagating on 
different planes [52]. It is argued that coalescence of the different cracks 
increases the area and geometric factor of the crack, which in turn leads 
to a faster growth in the Paris region. This is in contrast to the machined 
samples where the dominant crack initiates from an individual initiation 
point (inclusion) and maintains stable crack growth (Fig. 10b). There-
fore, it could be proposed that the difference in fatigue behavior of 
machined and pickled samples could be also dependent on the presence 
of individual or multiple cracks both in initiation step and the propa-
gation step. 

Considering the pickled samples, the distance between crack initia-
tion points play a key role as well. As Fig. 14b indicates, pickled samples 
with almost the same ΔK values show scattered fatigue life and different 
resistance to fatigue failure. Detailed fracture surface observations 
reveal that in the two samples with longer life, multiple initiation points 
are located far apart from each other (Fig. 12b). As a result, smaller 
cracks combine with the dominant crack and maintain almost stable 
crack growth, without abrupt failure at the point of coalescence, as is the 
case for the three other samples with short lives [53]. These samples 
display multiple initiation points very close to each other (Fig. 12a). 

4.2.5. Surface roughness 
Surface roughness measurements exhibit about 15 times higher 

values in pickled samples in comparison to the machined one (Fig. 15a). 
It is worth mentioning that the results of surface roughness after pickling 
process are in good agreement with the measurements reported by 
Bassini et al. (4.43–5.25 μm) [22]. In addition, SEM observations of the 
fatigue fracture in the pickled samples indicate that pits play an over-
riding role in the crack initiation (as explained in section 4.2.1). Further, 
Fig. 13c illustrates how cracks could nucleate around a surface pit. As a 
result, because of the lower surface quality and higher surface roughness 
in the pickled samples, it is reasonable to assume that many stress 
concentrations appear on the pickled surface which could easily act as 
crack nucleation points. 

The results of roughness measurement after fatigue testing of the 
pickled surface show no clear relation between the roughness Sa and Sz 
values and the fatigue life (Fig. 16). Instead, the predicting power of the 
Ssk parameter is more significant, and the fatigue life appears to be 
correlated to the sign and value of the parameter. The sample with the 
largest negative Ssk and the highest valley distribution shows the lowest 
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fatigue life, and the highest fatigue life is observed in the sample with 
positive Ssk and more protrusions and shallower pits. This correlation 
between Ssk and fatigue performance is also reported for additive 
manufactured Inconel 718 [54]. It is worth mentioning that the effect of 
applied stress should not be ignored, since in the samples with almost 
the same Ssk and different fatigue lives, different applied stresses have 
the major influence. 

5. Conclusions 

Microstructure and high cycle fatigue behavior of PM-HIPed Inconel 
625 with two different surface conditions of machined and pickled were 
investigated. The main results of this study could be summarized as 
follows:  

o The PM-HIPed material exhibited precipitates associated with (Mo, 
Nb) carbonitrides on PPBs. Despite precipitation on the PPBs, the 
material showed good tensile properties comparable with wrought 
and hot rolled materials. The precipitates had a sub-micrometer size 
and did not have a direct effect on the high cycle fatigue properties of 
the material.  

o The pickled samples displayed 6% lower fatigue strength with three 
times higher standard deviation compared to the machined one.  

o Fatigue failure mechanisms were evidently dependent on the surface 
conditions, and showed different mechanisms of failure due to non- 
metallic oxide inclusions and surface defects in samples with 
machined and pickled surfaces, respectively.  

o Fracture surface analysis determined that the critical inclusion and 
surface defect size with a 50% probability of failure at an ultimate 
fatigue life of 106 cycles was approximately 27 and 39 μm, respec-
tively in machined and pickled samples. Based on Murakami’s pre-
diction model, the ratio of defects size showed good agreement with 
the ratio of obtained fatigue strengths.  

o Multiple fatigue initiation points close to each other were identified 
as the most detrimental failure reason in pickled samples.  

o The Ssk roughness parameter demonstrated a notable predictive 
capability compared to Sa and Sz parameters, and there appeared to 
be a correlation between the sign and magnitude of this parameter 
and the fatigue life. 
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