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1.0 INTRODUCTION 

Nickel-base superalloys represent the predominant class of high-temperature metallic alloys, 

particularly suited for applications that require reliable performance under extreme temperature 

and stress conditions [1–6]. HAYNES 214 (Alloy 214) is an austenitic nickel-base superalloy 

engineered to endure oxidative environments at temperatures above 1000 °C and under high 

pressure conditions up to 10000 psi. The applications of this alloy encompass gas turbine 

components such as honeycomb seals and combustor parts, industrial heating equipment parts 

like refractory anchors and fixtures in furnaces, and catalytic converter internals [7–12]. 

Specifically, Alloy 214 offers significant advantages in high-pressure and high-temperature 

oxygen environments such as those encountered rocket engines [13,14]. However, fabrication of 

parts/components with Alloy 214 has proven to be challenging due to geometrical complexity 

when using conventional manufacturing methods, such as subtractive processes [15]. 

Considering this challenge, additive manufacturing (AM) processes such as laser powder bed 

fusion (L-PBF) can be considered as acceptable alternatives for fabrication of complex 

geometries with nickel-base superalloys [16–21]. Beside numerous advantages of L-PBF (such 

as design freedom, customization, intricate geometries, rapid prototyping, and reduced material 

waste), the parts fabricated by this technique in their as-built state exhibit various volumetric 

defects  and surface anomalies (unmelted and partially melted powders, spatters and surface 

valleys), which adversely affect their mechanical performance [22–26].  

 

There are numerous studies in the literature on the effects of post-processing methods including 

heat treatment (HT) and hot isostatic pressing (HIP) applied to L-PBF fabricated nickel-base 

superalloys, including IN718 [27–29], IN625 [30–32], HAYNES 282 [33–35], and Alloy 214 

[7,36]. However, regarding application of surface enhancement by surface post-treatments 

(SPTs), only a few studies have been carried out on L-PBF fabricated nickel-base superalloys 

[37,38]. Lee et al. [39] investigated the effects of different SPTs of sand blasting, drag finishing, 

turning, and grinding on the surface texture and fatigue behavior of L-PBF fabricated IN 718. 

The results revealed that the arithmetic average roughness (Ra) of 4.35 μm in as-built state was 

considerably diminished to 3.14, 2.71, 1.08, and 0.37 after applying sand blasting, drag finishing, 

turning, and grinding, respectively. Accordingly, all SPTs led to enhancement in fatigue 
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resistance with G causing the most improvement. In another study, Jiang et al. [40] surveyed the 

effect of electro-chemical polishing (ECP) on the surface texture of  L-PBF fabricated Hastelloy 

X. It was reported that the surface roughness for the as-built condition, approximately 10.23 µm 

in terms of Raa, was reduced to about 7.3, 4.7, 4.1, 3.4, and 1.9 µm after applying ECP with a 

mixture of choline chloride and ethylene etchant for 1, 2, 3, 4, and 5 minutes, respectively. In the 

study performed by Ahmad et al., influences of various SPTs including abrasive flow machining 

(AFM), machining (M), shot peening (SP), vapormatt (VM), dry electropolishing (DE), chemical 

milling (CM), chemical-mechanical polishing (CMP), ECP, and laser polishing (LP) on 

variations of surface quality as well as fatigue behavior of L-PBF HAYNES 282 were 

investigated. The results indicated that surface roughness of as-built condition with about 6.2 μm 

in terms of areal arithmetical mean height (Sa) decreased down to 5.1, 5, 2.2, 4.6, 0.3, 0.6, and 

0.5 after performing SP, VM, DE, CMP, ECP, AFM, and LP treatments respectively. In addition, 

notable improvement in fatigue lives at lower strain amplitudes ≤0.003 mm/mm was obtained 

after applying mechanical surface treatments. It should be noted that, to the best of the authors’ 

knowledge, this is the first paper to study the effects of various SPTs on the fatigue behavior of 

L-PBF Alloy 214. 

 

In this study, under NASA’s Rapid and Analysis Manufacturing Propulsion Technology 

(RAMPT) project [41], effects of different SPTs on surface texture and fatigue behavior of L-

PBF Alloy 214 were investigated. Various subtractive SPTs including CM, DE, AFM, ECP, 

CMP, and M were applied to study the variations of the surface texture, microstructure and 

uniaxial fatigue behavior under fully reversed strain-controlled condition at four different strain 

amplitudes of 0.005, 0.004, 0.003, and 0.0025 mm/mm. The insights gained regarding the 

relationship between structural and mechanical properties for different SPTs can help establish 

guidelines for selecting the most effective process to enhance the performance of L-PBF Alloy 

214, especially for critical aerospace applications. 
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2.0 EXPERIMENTAL PROCEDURE 

2.1 Fabrication and Processing Conditions 

Cylindrical specimens were fabricated using Praxair TruForm Alloy 214 powder, with an 

average particle size of 43.1 µm (D10 = 18.2 µm, D50 = 30.2 µm, and D90 = 48.1 µm). The 

powder's chemical composition is presented in Table 1. The specimens were produced in a 

vertical orientation in accordance with the ASTM E606 [42] for strain-controlled fatigue testing. 

The specimens were manufactured using an EOS M400–4 system with laser power set at 200 W, 

scanning speed of 1000 mm/s, and layer thickness of 40 μm. Design geometry and dimensions of 

fatigue test specimens are shown in Figure 1(a). 

 
Table 1. Chemical composition of Alloy 214 powder. 

Element Ni Cr Al Fe Co Si Mn O C Y S B P 

Wt. (%) Bal. 15.79 4.19 2.48 0.12 0.04 0.02 0.02 0.01 0.01 0.001 <0.001 <0.005 

 

 

 

 
Figure 1. (a) Fatigue test specimens’ design with corresponding geometry and dimensions, and (b) thermal post-

processing steps, including SR, HIP, and ST. 

 

After the fatigue specimens were removed from the build plate, they underwent a standard heat 

treatment [43], including stress relief (SR), HIP and solution treatment (ST) as shown in Figure 

1(b). SR was conducted at 1065 °C for 1.5 hours and furnace cooled (FC) at the rate of 8 °C/min. 

Following that, the specimens went through HIP at 1163°C and 100 MPa pressure for 3.5 hours 

and FC at 10°C/min. Finally, ST was completed at 1100°C for 2 hours and rapidly argon 



 

10 

quenched (AQ) at the rate of 20°C/min. It should be noted that X-ray computed tomography 

(XCT) was used for specimens’ gages defect analysis and porosity measurement after applying 

HT and HIP. The analysis revealed no volumetric defects in the scanned volume (as depicted in 

Figure 2).  

 

 

Figure 2. Comparison of the distribution of volumetric defects in as-built state and after applying HT+HP. 

 

2.2 Surace Post-Treatments 

Different subtractive SPTs including CM, DE, AFM, ECP, CMP, and M were applied on the 

specimens, and a total of seven conditions were considered with untreated as-built condition 

(UT) state as baseline. CM uses baths of temperature-regulated etching chemicals to remove 

surface material and form new surface patterns [44]. DE is an electrochemical surface finishing 

technique that removes microscale peaks from metal surfaces by solid electrolyte beads instead 

of liquid baths [45]. ECP is a reverse electroplating process that uses an electric current in an 

electrolyte to dissolve metal from the surface of a workpiece, eliminating surface 

anomalies/imperfections to achieve a smooth finish. This method is particularly suitable for 

intricate shapes or complex components where mechanical polishing poses challenges [46]. 

CMP, often referred to as tumble finishing, is an economical method that concurrently polishes, 

deburrs, and smoothens a large number of parts by tumbling them in a barrel filled with abrasive 

media, and chemical agents to generate friction and then produce a smooth surface [47]. AFM is 

a surface finishing technique that uses a high pressure viscous medium back and forth through 
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the workpiece to planarize, deburr, and polish rough surfaces or, more often, interior surfaces or 

difficult-to-reach places [48]. It should be noted that for the specimens subjected to SPTs, 

oversized specimens with radius increase of 0.5 mm were used, necessitating material removal 

without changes to the size of the specimens. 

 

2.3 Surface Characterization 

To characterize surface texture, an optical microscope, Keyence VK-X1000, was used. The 

instrument operates on focus variation method and a pixel size of 1.3 µm was utilized for this 

analysis. Prior to surface characterization, the specimens were cleaned and sonicated using 

isopropanol. Different surface roughness parameters including arithmetical Mean Height (Sa), 

Maximum Valley Depth (Sv), Maximum Height (Sz), Maximum Peak Height (Sp), areal 

functional parameters including core roughness depth (Sk), and reduced valley depth (Svk), were 

evaluated according to ISO 25178–2:2021 standard [49], using a Gaussian S-filter with a cutoff 

wavelength (λc) of 0.8 mm. In addition, surface morphologies were observed by scanning 

electron microscopy (SEM) using a Zeiss Crossbeam 550 microscope.  

 

2.4 Microstructural Characterization 

Near surface microstructural characterization was performed using a Zeiss Crossbeam 550 

scanning electron microscope equipped with electron backscatter diffraction (EBSD). Specimens 

were sectioned perpendicular to the build direction, mounted and polished using sandpapers with 

grit size ranging from 240 to 1000 as well as ChemoMet and vibratory polisher for fine 

polishing. At 20 kV voltage and 3 nA current, EBSD analysis was conducted using a working 

distance lower than 15 mm. The mounted samples were tilted at 70 degrees. Before performing 

fractography, the fracture surfaces were cut, cleaned, and sonicated with isopropanol. 

 

2.5 Fatigue Testing 

Following ASTM E606 standard [42], fully reversed (Rε = −1), uniaxial, strain-controlled fatigue 

tests were conducted using a triangular waveform on a servo-hydraulic MTS fatigue machine. 

Specimens were tested at four different strain amplitudes: 0.0025, 0.003, 0.004, and 0.005 

mm/mm. At each strain amplitude and each surface treatment condition, three specimens were 

tested. All of the fatigue tests were carried out by IMR Test Labs.  



 

12 

3.0 RESULTS AND DISCUSSIONS 

3.1 Surface Texture 

In Figure , the surface morphologies of specimens after applying different SPTs along with UT 

state are depicted, as taken by a camera (Figure (a)), optical microscope (Figure (b)), and SEM 

(Figure (c)) at various magnification scales. The UT as-built surface condition contains spatters, 

partially melted and unmelted powders. Considering chemical SPTs, CM efficiently eliminates 

most surface anomalies while some irregular valleys remain, showing a limited capacity to fully 

modify surface characteristics. Similarly, CMP results in a more modified surface than CM, 

although some small micro-notches and surface waviness remained. In contrast, DE and ECP 

significantly minimize surface valleys, resulting in smoother and shinier surfaces. At increased 

magnification (Figure (c)), the DE configuration exhibits some remained dried slurry from the 

electrolytes on the surface. Also, the ECP treated surface shows a distinctive etched 

microstructure with interwoven patterns, indicating preferential electrochemical material 

removal at the grain boundaries as weaker regions of material which were more affected by 

corrosion than grains. Regarding the mechanical SPTs, AFM and M produce the most uniform 

surface conditions, with no surface anomalies. These surfaces have shallow, directional polishing 

or machining marks and minimal remained roughness/waviness. It can be seen that while all 

SPTs significantly modify the surface conditions, their success in enhancing surface morphology 

is highly reliant on the nature of each treatment. 
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Figure 3. (a) Surface appearance of the specimens taken with camera, as well as surface textures in all conditions at 

different magnifications captured by (b) optical microscope and (c) SEM. 
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The 3D surface topography maps together with the corresponding areal surface roughness 

parameter values for all conditions are illustrated in Error! Reference source not found.. The 

surface height maps over 2 × 2 mm² areas as shown in Error! Reference source not found.(a), 

reveal pronounced differences in surface morphology depending on the applied treatment. The 

UT specimen shows high densities of peaks (due to presence of unmelted and partially melted 

feedstock) and deep valleys, indicating a high amount of surface anomalies associated with the 

as-built state; while, modified morphologies are observed after applying SPTs. After applying 

CM and CMP, most of the peaks were removed and some localized valleys remained reflected 

by moderated red distributions. In DE configuration, residual surface waviness still can be seen. 

Nonetheless, ECP, AFM, and M produce comparatively flattened and uniform surfaces with 

negligible height variation, indicating successful surface augmentation.  

 

The quantitative examination of areal surface roughness characteristics further elaborates these 

observations as presented in Error! Reference source not found.(b) – (g). The UT specimen 

exhibits the highest roughness values among all height parameters with Sa ≈ 4.5 µm, Sv ≈ 27.9 

µm, Sp ≈ 43.6 µm, and Sz ≈ 70.3 µm, indicating the presence of pronounced surface anomalies 

during the L-PBF process. On the other hand, applying SPTs leads to a considerable reduction in 

all roughness parameters. CM, CMP, and DE conditions show a decrease in all roughness 

metrics with Sa ≈ 1.5–2 µm, Sv ≈ 7.5–8.5 µm, Sp ≈ 9–13 µm, and Sz ≈ 17–21 µm, indicating 

acceptable smoothing of surface roughness. AFM, M, and ECP showed the most significant 

surface roughness modification respectively, achieving Sa values of approximately 0.4–0.7 µm 

and Sv, Sp, and Sz values in the ranges of 2–3 µm (only ECP showed higher Sv value around 7 

µm), 3–6 µm, and 5–10 µm, respectively. In addition to height-based roughness parameters, 

similar trends were also observed for functional surface parameters of Sk and Svk. CM, CMP, and 

DE conditions exhibit relatively higher Sk and Svk values, attributed to the presence of some 

remaining valleys and waviness as well as localized chemical etching effects. In contrast, ECP, 

M, and AFM treated specimens show considerably lower Sk and Svk values, indicating effective 

removal of both core roughness, peaks and valleys, and surface waviness. Considering roughness 

measurement results, as depicted in Figure 4(h), it can be seen that AFM had the highest 

influence for surface texture enhancement followed by M, ECP, CMP, CM, and DE respectively.  
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Figure 4. (a) 3D surface topography maps of all conditions obtained within a 2 × 2 mm² area. Surface roughness 

values in terms of (b) Sa, (c) Sv, (d) Sp, (e) Sz, (f) Sk and (g) Svk parameters for all sets. (h) Comparison of efficiency 

of applied SPTs for surface texture modification compared to the as-built surface considering all roughness 

parameters. 
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3.2 Microstructure 

Near-surface microstructural characterization for all conditions was carried out by EBSD-

obtained inverse pole figure (IPF) and kernel average misorientation (KAM) maps as illustrated 

in 5. The EBSD scans were acquired from the radial plane, i.e., perpendicular to the build 

direction, covering an area of approximately 230 × 200 µm² underneath the top surface layer. No 

specific microstructural changes such as grain refinement were observed compared to the UT 

specimen in both IPF and KAM maps. The microstructure of UT and chemically treated 

conditions, including CM, DE, and ECP, exhibit well-defined and equiaxed grain structures with 

sharp grain boundaries in the IPF maps. Correspondingly, the KAM maps for these conditions 

show uniformly low misorientation values across the analyzed depth, indicating negligible 

accumulation of dislocations and confirming that these treatments preserve the heat-treated grain 

structure with minimal plastic deformation. However, the corresponding IPF maps of 

mechanically assisted SPTs of AFM, M, and CMP, display minor grain distortion limited to the 

shallow surface layer, with the underneath microstructure remaining largely unaffected. These 

sets show slightly elevated KAM values localized at the immediate treated surface. The KAM 

maps reveal high misorientation concentrated within the top ~5–10 µm, followed by a rapid 

reduction in KAM values with increasing depth. These elevated KAM values indicate localized 

plastic deformation due to surface-to-surface mechanical contacts of a material removal tool (in 

M) or particles (in AFM and CMP) to the specimen’s surface.  
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Figure 5. IPF and Kam maps of the microstructural characterization results obtained from EBSD for all conditions. 

 

3.3 Fatigue Behavior 

The fatigue testing laboratory reported some challenges during testing. It was reported that the 

temperature of the specimens rose (reaching approximately 40-60 ᵒC in certain cases) under 

strain-control conditions during testing at the initially considered frequency of 10 Hz. This was 

particularly noted at strain amplitudes of εa = 0.003-0.005 mm/mm, prompting the use of lower 

frequencies to mitigate any temperature variations. Following a series of trials at frequencies of 

5, 3, and 1 Hz, the laboratory conducted fatigue tests on specimens to confirm that no 

temperature increase occurred during testing. It should be noted that while the temperature 

increased to approximately 30-40 ᵒC for εa = 0.0025 mm/mm, a loading frequency of 0.5 and 1 

Hz was employed. Furthermore, for the fatigue tests initiated at low strain amplitudes (0.0025 

and 0.003 mm/mm), after several hundred cycles, the force value was documented. Using this 
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value, force-controlled fatigue tests were performed. In addition, for the specimens treated with 

AFM, as the standardized dog bone geometry was modified in the AFM processing to an 

hourglass-shaped gage, attachment of an extensometer was very challenging (and impossible in 

some specimens). As a result, the stress experienced by the machined specimens during testing at 

the lower strain amplitudes of 0.003 and 0.0025 mm/mm were designated to calculate the stress 

amplitudes for testing the AFM specimens.  

 

The obtained strain-life (ε-N) results for all conditions are represented in Figure . The summary 

of fatigue test results is also represented in Appendix . It is important to highlight that all data 

presented is directly from the testing laboratory's reports. The observed inconsistency, especially 

for εa = 0.0025 and 0.003 mm/mm, can be attributed to testing issues and challenges employing 

different loading frequencies as well as possible temperature changes during testing. Figure (a) 

depicts the overall distribution of reversals to failure (2Nf) versus applied strain amplitudes and 

Figure (b)–5(e) indicate the fatigue life at different strain amplitudes of εa = 0.0025, 0.003, 

0.004, and 0.005 mm/mm, separately.  

 

At the lowest strain amplitude (εa = 0.0025 mm/mm), in which the elastic strain regime is 

dominant, the fatigue behavior shows strong dependency to the surface condition. The UT 

specimens exhibit the shortest fatigue lives which can be attributed due to the presence of highest 

surface roughness; particularly deep surface micro-notches that act as stress concentration zones 

and potential crack initiation sites. DE condition shows comparable fatigue lives to UT with 

slight life improvement only for one of the specimens. It should be noted that among all applied 

SPTs, DE had the least effect on surface roughness reduction. CM provided only limited 

improvement, while CMP and ECP result in relatively improved fatigue lives as surface 

irregularities and roughness were more reduced (compared to the DE). The highest fatigue lives 

at this strain level are achieved by mechanical SPTs of AFM and M conditions with lowest 

surface roughness values, which can be attributed to their superior surface planarization 

capability that effectively removes surface asperities and micro-notches acting as fatigue crack 

initiation sites. Thus indicating one to two orders of magnitude improvement compared to UT 

specimens, demonstrating the critical role of surface finish under elastic-dominated loading.  

 



 

19 

At an intermediate strain amplitude of εa = 0.003 mm/mm (Figure (c)), the beneficial effects of 

surface texture modification by applied SPTs remains evident but becomes less pronounced. 

While M, AFM, and ECP specimens still show higher fatigue lives. In this moderate strain level, 

the reduction in sensitivity to surface roughness is attributed to the increased contribution of 

plastic strain to the overall deformation, which decreases the dominance of surface-controlled 

crack initiation mechanisms.  

 

As the strain amplitude increases further to εa = 0.004 mm/mm (Figure (d)) the fatigue lives of 

all conditions converge more closely; while ECP and M still exhibit slightly higher fatigue 

performance in comparison with other conditions. At this strain level, fatigue damage is 

governed mainly by cyclic plastic deformation within the material bulk, promoting rapid crack 

imitation independent of surface texture.  

 

At the highest strain amplitude of εa = 0.005 mm/mm (Figure (e)), corresponding to a fully 

plastic strain regime, minimal differences in fatigue life can be observed among the various 

SPTs. The fatigue response is dominated by severe cyclic plasticity, leading to accelerated 

microcrack formation and propagation within the bulk material rather than at surface defects. 

Under these conditions, even specimens with highly refined surfaces (e.g., ECP and M) do not 

exhibit significant life improvement compared to the conditions with higher surface roughness 

values, as the crack initiation process is no longer surface-driven and its mostly influenced by 

bulk microstructural response which in this study the applied treatments did not show significant 

changes.  

 

Overall, the influence of surface texture modification is masked by dominancy of the cyclic 

plastic regime in high strain amplitudes while the effects of surface condition are more 

pronounced under elastic or near-elastic strain conditions, where crack initiation can be highly 

affected by surface quality. The difference in the elastic and plastic regimes in the corresponding 

strain amplitudes can also be seen in hysteresis loops diagrams shown in Appendix . At the lower 

strain amplitudes (0.25% and 0.30%), the hysteresis loops indicate predominantly elastic 

deformation with limited energy dissipation per cycle. As the strain amplitude increases up to 
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0.40% and 0.50%, a noticeable widening of the hysteresis loops is observed, reflecting extensive 

plastic strain accumulation and elevated cyclic energy dissipation.  

 

Figure 6. The results of strain-life fatigue tests for all conditions at (a) four different strain amplitudes and separately 

for strain amplitudes of (b) 0.0025 mm/mm, (c) 0.003 mm/mm, (d) 0.004 mm/mm, and (f) 0.005 mm/mm. 
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Fractographs of L-PBF Alloy 214 specimens for all conditions are shown in Figure . Figure (a) 

presents representative low and high magnification SEM images of the fracture surfaces for 

failed specimens at εa = 0.0025 mm/mm. For all conditions, the fracture surfaces exhibited 

dominancy of surface crack initiations. As indicated by red arrows, fatigue crack initiation is 

observed at or near the surface of the specimens, confirming the surface-controlled nature of 

fatigue failure under the applied loading condition. Considering high strain amplitudes of εa = 

0.004 and 0.005 mm/mm (shown in Figure (b)), the pattern of fatigue failure due to the presence 

of plastic regime was changed and turned to relatively brittle fracture. Multiple surface crack 

sites with almost no clear dominant river marks as location of main crack initiation, especially at 

εa = 0.005 mm/mm (compared to the ones at εa = 0.0025 mm/mm) can be seen. In addition, 

remaining surface valleys after insufficient surface material removal by CM are shown by green 

arrows. It can be seen that due to high plastic strains, these surface valleys were elongated 

following the loading direction.  
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Figure 7. SEM fracture surfaces of failed specimens tested at strain amplitude of (a) εa = 0.0025 mm/mm and (b) εa 

= 0.004 and 0.005 mm/mm. In addition, red and green arrows demonstrate surface crack initiation and remained 

surface valleys, respectively. 
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4.0 CONCLUSIONS 

In this paper the effects of different surface post treatments (SPTs) on heated treated and HIP-ed 

L-PBF fabricated Alloy 214 specimens for investigating the surface texture enhancement and 

fatigue behavior improvement were studied. Six different SPTs including CM, DE, ECP, CMP, 

AFM, and M were applied on the specimens. According to the achieved results, the following 

conclusions can be drawn: 

 

1. All of the applied SPTs modified the surface texture (compared to the as-built state) 

efficiently but with different surface finish due to the differences in the nature of treatments. 

After applying CM and CMP, some surface valleys remained on the surface, while other SPTs 

effectively removed the surface valleys. Surface roughness measurement results revealed that 

AFM had the highest effect for surface texture enhancement followed by M, ECP, CMP, CM, 

and DE respectively. 

 

2. Overall, applied SPTs exhibit no effect of microstructural variations. Only treatments 

involved with mechanical contact including AFM, M, and CMP show slightly localized plastic 

deformation on the top surface with depth of ~5–10 µm. 

 

3. Fatigue behavior improvement was more pronounced in the lowest strain amplitude of εa 

= 0.0025 mm/mm, in which the elastic strain regime was dominant, and the fatigue behavior was 

dependent on the surface condition.  

 

4. In highest strain amplitude of εa = 0.005, fatigue lives of all conditions converged more 

closely, and the least improvement was obtained. In this strain amplitude, preliminary fatigue 

failure governed by plastic regime within the material bulk promot rapid crack imitation almost 

independent of surface condition. 

 

5. Considering fatigue test results at all strain amplitudes, M, AFM, and ECP showed the 

highest effects on fatigue behavior improvement respectively. Also, CM, CMP, and DE mostly 

show very low or moderate fatigue life enhancement.  
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Appendix A 

 

 

Figure 3. The hysteresis loops corresponding to different strain amplitudes demonstrating elastic and plastic regimes 

in the untreated and treated conditions. 
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Appendix B 

Table 2. A summary of strain-life fatigue results for various surface conditions at Rε = − 1. 

Condition Specimen Cross-

section 

area 

εa 

(mm/mm) 

Δεe/2 

(mm/mm) 

Δεp/2 

(mm/m

m) 

σa (MPa) 2Nf 

UT B6 31.014 0.003 0.002 0.000 512.752 18346 

B9 31.014 0.003 0.002 0.000 498.242 23776 

B2 30.851 0.003 0.002 0.000 485.907 34750 

B18 31.014 0.003 0.002 0.001 508.020 16064 

B14 30.901 0.003 0.003 0.000 505.907 13740 

B4 30.914 0.003 0.002 0.001 512.492 17952 

B15 30.801 0.004 0.002 0.002 474.606 41400 

B3 30.739 0.004 0.002 0.002 483.182 36068 

B12 30.801 0.004 0.002 0.002 479.570 46220 

B16 30.926 0.005 0.003 0.002 500.906 18860 

B1 30.739 0.005 0.003 0.002 495.440 27612 

B5 31.001 0.005 0.003 0.002 504.898 24152 

CM P110 34.043 0.003 0.002 0.000 472.698 75148 

P106 32.459 0.003 0.003 0.000 527.717 31530 

P83 32.434 0.004 0.002 0.002 504.354 34596 

P69 32.434 0.004 0.003 0.001 481.198 47184 

P35 33.208 0.004 0.002 0.002 492.661 37866 

P46 32.820 0.005 0.003 0.002 511.054 23192 

P86 32.949 0.005 0.002 0.003 504.357 19842 

DE P72 38.599 0.003 0.002 0.003 529.992 21948 

P1 38.879 0.003 0.002 0.003 504.014 22746 

P26 38.879 0.003 0.002 0.003 497.845 41124 

P38 38.879 0.003 0.002 0.003 532.873 23840 

P96 38.320 0.003 0.002 0.003 530.524 27316 

P65 39.301 0.004 0.002 0.004 479.509 36872 

P27 39.443 0.004 0.002 0.004 501.187 48090 

P75 39.160 0.004 0.002 0.004 494.497 44740 

P89 40.124 0.005 0.003 0.005 512.457 24724 

P40 39.697 0.005 0.003 0.005 511.418 24668 

ECP P42 32.140 0.003 0.002 0.003 497.483 40536 

P32 32.395 0.003 0.002 0.003 485.400 207292 

P22 30.989 0.003 0.002 0.002 491.863 67984 

P87 31.644 0.003 0.002 0.003 514.780 15828 

P73 31.631 0.003 0.002 0.003 517.960 25552 

P100 31.555 0.003 0.002 0.003 512.880 31988 
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P2 31.606 0.004 0.003 0.004 510.431 30456 

P105 31.695 0.004 0.003 0.004 498.442 35358 

P51 32.089 0.004 0.003 0.004 496.946 40086 

P62 30.914 0.005 0.003 0.005 546.070 20996 

CMP P59 30.539 0.003 0.002 0.003 484.226 144268 

P70 31.165 0.003 0.002 0.003 510.485 143332 

P102 30.664 0.003 0.002 0.002 514.432 448368 

P3 31.165 0.003 0.002 0.003 518.675 21432 

P76 30.539 0.003 0.003 0.003 539.982 23964 

P23 31.039 0.003 0.002 0.003 525.617 28944 

P93 31.240 0.004 0.002 0.004 501.441 33818 

P50 31.416 0.004 0.003 0.004 484.374 41156 

P36 30.914 0.005 0.003 0.005 512.561 25394 

P98 30.539 0.005 0.003 0.005 521.048 30084 

P104 30.789 0.005 0.003 0.005 512.010 26498 

M P99 31.290 0.003 0.002 0.000 492.662 140006 

P13 31.669 0.003 0.002 0.000 488.106 76064 

P12 31.454 0.003 0.002 0.000 492.134 166334 

P63 31.429 0.003 0.002 0.001 515.750 36160 

P21 31.454 0.003 0.003 0.000 526.950 45062 

P55 31.429 0.003 0.003 0.000 556.740 26602 

P28 31.442 0.004 0.002 0.002 495.699 42100 

P82 31.517 0.004 0.002 0.002 500.350 39810 

P4 31.265 0.004 0.003 0.001 504.315 33342 

P58 31.429 0.005 0.003 0.002 539.610 19630 

P24 31.695 0.005 0.003 0.002 534.177 20816 
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