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ABSTRACT 

In support of an effort to develop a model for determining the lifetime of a diffusion bonded 
supercritical CO2 (sCO2) recuperators and solid particle to  sCO2 compact heat exchangers 
(CHX) in concentrated solar power applications, a commercially produced stainless steel alloy 
316L diffusion bonded block was characterized.  An extensive test program involving high-
temperature tensile, creep, low-cycle fatigue (LCF) and low-cycle fatigue with hold times (creep-
fatigue) was conducted at temperatures up to 700oC to enable applications up to the current 
code allowable application temperature of 649oC.    High-temperature tensile strength was found 
to be at the minimum of the wrought scatter band.  Conversely, analysis of the creep and fatigue 
data showed the diffusion bonded block performance was within the wrought scatter band of 316 
and 316H.  A modest reduction in cycle life was found with imposition of a tensile hold in the 
fatigue cycle which was less than predicted by current ASME ‘creep-fatigue’  interaction diagram.    
Post-test evaluations of tested samples show inhomogeneous distributions of damage and strain 
with samples failing near bond lines in an oval shape.  Limited creep tests on the starting sheets 
confirmed non-isotropic high-temperature strength to be the source of the ovality.  
Microstructural analysis suggest grain boundary features near bonds lines may contribute to 
preferential damage initiation.   Overall, the mechanical results showed good ductility and 
strength levels equivalent to 316/316H, so current lifetime design approaches based on ASME 
Section III Division 5 could be utilized for component design.  Component feature tests and cyclic 
operation of a test article is proposed to validate and improve component lifetime predictions for 
diffusion bonded heat exchangers and recuperators. 

INTRODUCTION 

Diffusion bonded (DB) compact heat exchangers (HX) are candidate components in both direct 
and indirect supercritical CO2 (sCO2) power cycle applications.  Their highly efficient 
performance, needed for recuperation and heat-exchange, can reduce the plant footprint and 
capital costs compared to more traditional HXs [1,2].  For Generation 3 (Gen 3) concentrating 
solar power (CSP) applications using solid particles as the heat-transfer media, a falling particle 
to sCO2 DB-CHX has been designed in the U.S. DOE Gen 3 Particle Power Plant (G3P3) on-
sun demonstration of a falling particle CSP system including thermal energy storage and power 
generation [3, 4].  To achieve high overall cycle efficiency for CSP and sCO2 power generation 
system, higher temperatures are desired.  Due to the high-temperature and cyclic loading 
anticipated for daily cycling of a future CSP powerplant, time dependent and cyclic damage 
mechanisms including creep, low cycle fatigue (LCF) and possible creep-fatigue interactions are 
considered for HX design.   

DB-HXs are designed to ASME Boiler & Pressure Vessel (B&PV) Code Section VIII which does 
not specify a design life.  Furthermore, the effect of the DB manufacturing on high-temperature 
performance is not well characterized.  Most studies of high-temperature creep on stainless steel 
316, iron-nickel alloy 800H, and nickel-based alloy 617 have shown diffusion bonds to have 
inferior creep strength compared to expected wrought performance [5-8].  However, some of 
these studies were performed on laboratory single bonds which may not be representative of 
commercial practice.  A recent study of creep performance on a commercially produced diffusion 
bond of alloy 316 found that rupture lives in long-term creep tests to times from ~100 to ~8,000 
hours were within the scatter band for wrought 316 [9].  The study also found that for some test 
conditions small samples produced longer lifetimes than typical sample sizes and proposed that 
post-test observations of sample ovality was due to anisotropy in the starting sheet stock used 
in the diffusion bonding process.  Additionally, short-term creep damage was concentrated on 



the diffusion bond line although macroscopic creep ductility was high.  Therefore, this study was 
conducted to provide critical data to improve the lifetime models and understand the damage 
process under creep, fatigue, and potential creep-fatigue interaction for DB-HX made of 
stainless steels to provide end-user confidence in the technology.  

MATERIAL & EXPERIMENTAL PROCEDURES 

An ~200mm x ~200mm x ~133mm thick (8 x 8 x 5.25 inch) commercially diffusion bonded block 
made from 1.5mm thick (16 gauge) 316L stainless steel sheets with the composition shown in 
Table 1 was used for this study.  Starting sheet stock subjected to the same diffusion bonding 
thermal profile (no applied stress) was also evaluated.  The bonding process and material 
conformed to ASME BPVC Code Section IX QW185 and Code Case 2577 (ensures grain size 
<ASTM 7 to allow use up to 649oC), respectively [10, 11]. 

Table 1. Composition of the 316L stainless steel sheet (vendor) and DB block (EPRI measured) 
compared to the specification minimums (min) and maximums (max) for 316L (wt. %) 

316L C Si Mn P S Ni Cr Nb Cu N B Co Mo Ti 

Min      10.0 16.0      2.00  

Max 0.030 0.75 2.00 0.045 0.030 14.0 18.0   0.10   3.00  

Vendor 0.021 0.48 0.91 0.036 0.001 10.1 17.1   0.040   2.03  

EPRI 0.022 0.548 0.94 0.035 <0.000
5 

10.07 17.233 0.037 0.411 0.0412 <0.002 0.24 2.04 <0.002 

 V W As Sb Sn O Ca Fe Al La Ta Zr Bi Pb 

EPRI 0.076 <0.005 0.007 0.001 N/A 0.00
24 

<0.00
2 

68.28 0.006 <0.002 <0.005 <0.002 <0.0001 0.00004 

Samples for tensile, creep, low cycle fatigue (LCF) and LCF + hold-time testing were extracted 
through the block thickness, so diffusion bonds were tested perpendicular to the applied stress.  
Tensile and creep tests were conducted on sample with a 12.7mm diameter at temperatures up 
to 750oC.  Strain controlled LCF and LCF+hold-time tests were conducted on samples with a 
6.35mm diameter near the intended operational temperature of 600oC with a strain rate of 
0.001/sec, a R-ratio of -1 (fully reversed), and strain ranges of 0.7 to 1.5%. For hold-time tests, 
30 minute tensile holds were employed. Creep testing of sheet samples used pin-loaded grips in 
dead-load creep frames in the same manner as described in ref [12].  

Prior to sectioning, fracture surfaces were analyzed using a Keyence VR-3200 LED optical 
microscope, and eccentricity (e) measurement to quantify ovality were made by measuring the 
minor and major axis (A, B) per the equation: 

𝒆 = #𝟏 −
(𝟎. 𝟓 ∗ 𝑩)𝟐

(𝟎. 𝟓 ∗ 𝑨)𝟐
 

Samples were prepared for post-test cross-sectional metallurgical analysis by sectioning along 
the longitudinal axis using wire electrical discharge machining (EDM). They were mounted and 
polished using standard metallurgical techniques with selected samples having a final vibratory 



polish of 0.02 µm. Optical metallography was conducted on all samples to using a VHX-7000 
Optical Microscope and selected samples were further evaluated on an FEI Teneo Scanning 
Electron Microscope (SEM). EBSD maps were captured using a Hikar Pro high-speed electron 
backscatter diffraction (EBSD) detector and analyzed with EDAX Teams analysis software.  

RESULTS  

Duplicate tensile tests conducted at room temperature and 550 to 750oC all showed excellent 
repeatability with elongations greater than 50% (Figure 1a).  The room temperature yield 
strength (YS) and ultimate tensile strength (UTS) exceeded the 316L minimum specification 
requirement.  As shown in Figure 1b, the elevated YS and UTS were slightly below the ASME 
B&PV Code design yield (y1) and tensile strength (U) values for 316 and 316L.  It should be 
noted that the ASME U and y1 values are not minimum requirements nor a statistical minimum 
design curve; they are developed based on an average trend curve which is adjusted to the 
specification room temperature tensile minimums.  

(a)  (b)  
Figure 1. Tensile test stress-strain curves (a) and yield strength (YS) and ultimate tensile 
strength (UTS) compared to ASME y1 and U curves (b) for 316 DB 

Creep-rupture tests were conducted at 600, 650, and 700oC on diffusion bonds for times 
exceeding 10,000 hours as shown in Figure 2. Rupture elongation (for completed tests) was 
greater than 20% and all curves showed appreciable time in the tertiary creep regime.  For 
comparison, creep tests were performed on the starting sheet after being heat-treated with the 
same thermal profile (no pressure loading) as the DB block.  The sheets were tested in two 
orientations, and the results show the sheets tested parallel to the rolling direction had the lowest 
creep rates and longest rupture lives (Figure 3), and that irrespective of orientation, the sheets 
exhibited lower creep rates than the DB block. 

 
Figure 2. Creep strain versus time curves for DB creep tests, arrow indicates ongoing test 
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Figure 3. Creep strain and creep rate versus time curves for diffusion bonds compared to 
individual sheets given an equivalent heat-treatment to the bonding conditions and tested in 
multiple orientations. 

Six LCF tests were conducted at 600oC and strain ranges from 0.07 to 0.015 with resulting cycles 
to failure from a few hundred cycles to >4,000 cycles (Figure 4).  The data appear well in-line 
with wrought 316H expectations based on data from Ref. [13].  Three longer-term LCF+hold-
time tests using a 30 minute hold-time, which is suggested in wrought 316 to introduce a ‘creep-
fatigue’ interaction [14],  was found to reduce the cyclic life by a factor of ~2 in a strain range of 
0.013 to 0.015 (X datapoints in Figure 4). 
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Figure 4. Cycle to failure (S-N) curve developed for 316 DB compared to expected wrought 
performance and LCF+hold-time tests 
 
Post-test inspection of the creep samples showed most samples had an oval cross-section with 
eccentricity values ranging from 0.42 to 0.67 (Table 2).  Creep ductility (elongation and reduction 
of area) was higher in samples with higher levels of eccentricity.  The creep samples had non 
uniform cross-sections (Figure 5) with multiple regions of undulating deformation (minor necking) 
and measurable elongation between diffusion bond layers throughout the sample gauge.  Creep 
damage (Figure 6), cracking, and failure was observed in the diffusion bonded regions in all 
samples resulting in a flat ‘brittle-like’ macroscopic appearance although the sample had 
undergone significant deformation prior to failure.   At 600 and 650oC, the damage was 
predominately observed in the diffusion bonded areas, but at 700oC near the failure, creep 
damage (cavities) was also observed in the regions between the diffusion bonds as indicated in 
Figure 6.  Some evidence of surface cracking was also found in the 700oC samples similar to prior 
work [9]. 
 
Table 2. Post-creep test ovality measurement 

Stress 
(MPa) 

Temperature 
(°C) 

Rupture Life Elongation Reduction of 
Area 

Eccentricity 
(eqn. 1) 

260 600 93.8 46.3 51.4 0.67 
220 600 1978.9 23.8 22.3 0.49 
180 650 678.8 25.2 24.5 0.42 
140 650 10469* 4.6* - - 
120 700 1371.1 37.4 39.3 0.59 
100 700 3585.1 43.8 56.0 0.66 

*In-test 
 



 
Figure 5. Post-test optical micrographs (unetched) showing morphology of creep damage.  
Yellow arrows indicate location of diffusion bonds, dashed circle indicated surface cracking and 
the large dashed ovals highlight creep damage away from diffusion bonds. 
 
Optical evaluation of the LCF and LCF+hold-time tests at 600oC showed multiple surface cracks.  
Metallographic cross-sections (Figure 6) showed the LCF tests to have a large population of 
surface cracks which occurred both at surface-bond-line interfaces and in the bulk material.  
Fracture appearance was flat and macroscopically ‘brittle-like’ with failures at a bond line region, 
but, similar to the creep samples, deformation was observed along the gauge length.  In one case, 
the ductility of the sample was evident as multiple cracks extending through half the sample 
diameter were observed (Figure 6 – right). 
 

 
Figure 6. Post-test optical micrographs (unetched) showing morphology of damage after LCF 
tests.  Arrows indicate location of diffusion bonds, dashed circles highlight locations of surface-
initiated cracking.  De = strain range, Nf = number of cycles to failure 
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Initial characterization (Figure 7) of the starting sheet, prior to diffusion bonding, showed a fine 
grain size with an average size of 12.4 µm which is equivalent to ASTM grain size of 9.  After the 
diffusion bonding cycle, the average grain size was measured to be 155 µm which is equivalent 
to ASTM grain size of 2.  This grain size meets the requirement of Code Case 2557 [11] which 
requires the 316L to have a grain size coarser than ASTM 7 and allows the 316L to utilize 316 
stress allowables to 649oC. 
 

 
Figure 7. SEM comparison of grain size prior to bonding (starting sheet) and after bonding 
 
 

DISCUSSION 

The tensile test data (Figure 1) confirmed the bonded block met the 316L specification 
requirements and all the tests showed a high degree of repeatability in terms of strength and 
ductility suggesting that the bonding process was well controlled and there were no significant 
bond interface  issues (delamination, contamination, etc.).  The elevated temperature YS and 
UTS were slightly below the ASME y1 and U tabular values for 316L and as expected below 
higher strength 316/316H values.  Inspection of the tensile curves show that for all tests the 
samples reached an UTS prior to necking and failure, so poor bonding or poor overall ductility is 
not causing the lower tensile strength.  C, N, Mo, and Si all have a solid solution strengthening 
effect in stainless steels [15] and this heat of 316L has typical C, N, and Si levels with Mo at the 
specification minimum which may have some influence on the YS and UTS. Grain size also has 
a direct impact on tensile properties in 316 stainless steel with larger grain sizes causing 
increased tensile ductility but decreased tensile strength [16, 17].  As previously noted, a 
measured YS or UTS below the ASME U and y1 tensile curves does not indicate a material 
acceptance or design issue as these curves are not statistical minimums but rather assume a 
distribution of performance. 

To explore the creep performance of the DB, the time-to-rupture data were compared to EPRI’s 
316/316H database.  The 316/316H database was used for comparison because this heat of 
316L also met the chemistry requirements for 316 and after diffusion bonding had a coarser 
grain size which allows the use of 316 stress allowables.  Additionally, there is considerable 
scatter and overlap between the 316L, 316, and 316H available creep data with complexities 
associated with unspecified elements which influence creep behavior such as N, which has 
shown to be more important in enhancing creep strength than C [18], and, for this heat of 316L, 
was measured at 0.04 wt.% which is greater than the amount of C at 0.03 wt.%.  Figure 8 
compares the rupture lives and ongoing tests on the diffusion bonded block and sheets to this 
database by use of the Larson Miller Parameter (LMP) with a constant of C = 20.  Inspection of 

100 µm 250 µm
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the data show the DB block and sheets all have rupture lives within the 316/316H scatter band.  
Additionally, standard sample size data on a commercial 316 DB from ref [9] is also plotted which 
overlaps this work.  This suggests that the chemistry of this heat (which was also the heat used 
in ref [9]) combined with coarser grain sizes results in a ‘L-grade’ stainless steel having creep 
strength of a ‘H-grade’ material. Closer inspection of the data show that at the highest stress, 
the data on the DB trends towards the bottom of the scatter band while lower stress tests trend 
towards the upper end of the scatter band.  This transition is likely due to how creep deformation 
and fracture mechanisms are manifest in a coarser grain material.  As previously discussed, 
coarser grains have reduced tensile strength at high temperature which is controlled by the flow 
of dislocation through the bulk material which is similar to the mechanisms of creep deformation 
at higher stress.  However, as stress is decreased (and temperature is increased) in alloy 316, 
creep deformation is controlled by the diffusional processes near grain boundaries [19] and so 
for coarser grained materials, which have less grain boundaries per unit area, the creep strength 
is increased which is what is observed for these tests.  The measured ovality of the creep 
samples (Table 2) was previously postulated [9] to be the result of the starting sheet having 
anisotropic creep behavior which was confirmed by multiple tests (Figure 3).  At the higher stress 
tests, the creep life was over 6X longer and the minimum creep rate was lower by an order of 
magnitude for sample testing parallel to the rolling direction when compared with the sample 
perpendicular to the rolling direction.  As stress was decreased minimal differences were 
observed.     The corresponding DB performance showed notable trends.  The DB rupture life 
was similar to the weaker of the two sheet orientations, but the creep rates were significantly 
higher in the DB compared to the sheet even for similar rupture lives.  The metallurgical evidence 
for preferential creep damage initiation in the diffusion bond areas (Figure 5) may be evidence 
of potential early damage initiation leading to creep acceleration compared to the bulk sheet 
behavior.  However, if this small damage region is constrained by the surrounding sheet, then 
the rupture life is still largely controlled by the bulk behavior.  

 
Figure 8. Larson Miller Parameter (LMP) plot comparing the creep time to rupture results for the 
DB block and sheets in this study with prior work by EPRI on a 316 commercially produced 
diffusion bonded block [9] and EPRI’s database for creep of 316/316H. 
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The LCF cycle life for the DB and fit cycles-to-failure (S-N) curve plotted in Figure 4 is essentially 
equivalent to literature data and expectations.  No significant deviations were observed for LCF 
life.  The 30 minute hold-time only reduced cycle life by a factor of 2 which is consistent with 
literature data in the range of 600 to 650oC [14].  While additional analysis is required to calculate 
the ‘creep-fatigue’ damage interaction, the lack of a significant interaction indicates traditional 
design approaches based on ASME B&PV Code Section III Division 5 and modifications suggest 
existing allowable stress values for 316 can be used for simplified fatigue and creep-fatigue 
analysis for CSP components [20].  

The post-test failure morphology appeared to have similarities and difference based on optical 
analysis (Figures 5 and 6).  Both samples showed macroscopic ductility but flat fracture faces 
indicating ultimate failure was associated with the original diffusion bond interface. In the case 
of creep, the samples appeared to show a majority of cavities and cracking along diffusion bond 
regions while the fatigue samples showed many small surface-initiated cracks with some 
growing deeper into the sample cross-section at number and occurrence much greater than the 
number of diffusion bonds.  SEM analysis, Figure 9, evaluates damage at diffusion bonds near 
the failure which showed damage.  As seen in Figure 9a, a LCF crack is observed growing 
transgranular but linking between pre-existing voids from the original diffusion bond interface.  
Conversely, in Figure 9b, intergranular creep damage is observed along grain boundaries which 
have clearly migrated (grown) during the diffusion bonding process and are not directly 
intersecting the pre-existing voids.  Prior research on 316 diffusion bonded blocks showed 
qualified bonds which exhibit clear evidence of ‘good bonding,’ as evidenced by grain growth 
across the diffusion bond interface and pass the optical metallography requirements for ASME 
Section IX, can still have a small number of isolated voids <5µm in size, and these voids can be 
inter or intragranular [9]. 

 
Figure 9 . Transgranular fatigue crack (a) and intergranular creep crack (b) taken on diffusion 
bond lines showing significant damage but not failure. Applied stress is horizontal to images. 
White dashed lines indicate location of grain boundaries, and yellow arrows indicate pre-existing 
voids along original diffusion bond interface. 

Due to the large strains accommodated in the microstructure during the failure process, it can 
be difficult to interpret some of the SEM images. Therefore, to study the creep damage initiation 
process, a diffusion bond line 7 bonds removed from the failure (significantly away from the 
failure) where strains are lower and advanced creep damage was not observed (no microcracks) 
was examined.  The pre-existing voids are seen along the original diffusion bond interface with 
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grain boundaries which have clearly migrated beyond the original interface (Figure 10a) as 
described previously.  EBSD was used to create Kernal Average Misorientation (KAM) maps 
which indicate localization of strain within the microstructure.  As shown in Figure 10b, the 
brighter regions indicate higher strains generally along grain boundaries which can be indicative 
of a precursor to grain boundary damage [20].  As found previously in the optical images, the 
creep damage was concentrated normal to the applied stress.  Careful inspection of Figure 10b 
shows that the grain boundaries normal to the applied stress near the diffusion bond line show 
the most damage while grain boundaries one grain removed from the diffusion bond region had 
little to no measurable orientation change (indicative of low internal strain).  The regions 
surrounding the pre-existing voids are also elevated in strain.  Thus, for creep it appears that 
damage is not initiating on the bond line or on the small pre-existing voids, but rather the pre-
existing voids are acting as local stress concentration features leading to higher stresses on the 
grain boundaries in regions close to the void.  However, additional characterization of multiple 
samples (test conditions) and regions is needed to substantiate this theory.  As damage 
progresses, creep cavitation and microcracking initiates (See Figure 9b) on the grain boundaries 
in close proximity to the voids which lead to a macroscopic creep crack which is relatively flat in 
appearance (Figure 5).  In contrast for LCF, crack initiation is at sample surfaces irrespective of 
location (near or away from diffusion bonds) and growth is transgranular.  Cracks which initiate 
near diffusion bond interfaces are surmised to grow faster / preferentially because they can link 
between pre-existing voids (Figure 9a).  This is seen most clearly at lower strain ranges (Figure 
6b) where multiple large cracks extend over halfway through the sample at the diffusion bonds 
while many surface-initiated cracks away from diffusion bonds are arrested. 

 
Figure 10. SEM image (a) from the 7th diffusion bond line (dashed white line) removed from the 
creep failure location showing pre-existing diffusion bond line voids and three grain boundaries 
highlighted (yellow) normal to the applied stress (horizontal direction).  SEM EBSD (b) shows 
higher levels of strain accumulating along grain boundaries near pre-existing voids compared to 
grain boundaries in similar orientations away from voids.   

CONCLUSIONS & FUTURE RESEARCH 

An extensive study of a 316L commercially produced diffusion bonded stack in support of 
developing lifetime models for sCO2 heat exchangers operating at high-temperatures was 
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conducted.  Long-term creep tests exceeding 10,000 hours at 600 to 700oC, tensile tests up 
750oC, and LCF and LCF+hold-time (‘creep-fatigue’) tests at the intended application 
temperature of 600oC all showed the diffusion bond met the wrought expectations with the creep, 
fatigue, and creep-fatigue performance achieving mechanical properties within the typical 
scatterbands for 316/316H performance.  This is likely due to the large grain size from the 
diffusion bonding process and nitrogen content of the starting sheet.  While samples generally 
failed in the area of the diffusion bonds, extensive ductility was observed with macroscopic 
deformation and reasonable ductility measurements. Based on these data, diffusion bonded 
heat-exchanger lifetime model development for 316L is recommended to use existing design 
rules for alloy 316 to 649oC without additional factors for weld joint efficiency or strength 
reductions.  

Interesting observations in the detailed characterization of selected samples after testing 
suggest further study is needed to understand the likely damage progression and failure in actual 
diffusion bonded heat-exchangers.  Testing of starting sheets subjected to the same thermal 
bonding conditions confirmed that ovality in creep-rupture samples was due to starting material 
anisotropy, and, while rupture life was nearly identical in the poorer performing orientation of the 
sheet, diffusion bonded samples showed higher creep rates.  The microstructural analysis 
suggests that small pre-existing voids from the diffusion bonding process may act as stress 
concentration features which promote a small acceleration in creep damage in grain boundaries 
near the diffusion bond interface.  This effect is subtle and appears to have a negligible effect 
on rupture life but an important effect on damage progression because the damage initiation is 
limited to a small plane, so the bulk sheet material constrains the damage. Conversely, in fatigue, 
these voids do not impact fatigue initiation, which is surface dominated, but these sites serve as 
fatigue growth paths leading to flat fracture faces.  All of the testing conducted in this research 
was on a diffusion bonded stack of sheets in isothermal conditions.  In reality for a diffusion 
bonded HX, the primary loading conditions will be multiaxial from internal pressure in channels, 
and the entire block will be subject to thermal cycling which will introduce further complexities 
for fatigue loading.  Future work will involve the testing of ‘feature tests’ exploring the creep 
behavior using internally pressurized creep tests with prototypical channels to understand if the 
damage progression will be similar to these uniaxial experiments.  Furthermore, thermal cycling 
experiments in a sCO2 test loop are being designed to understand how thermal transients will 
influence fatigue loading.  These experiments will be used to partially validate structural models 
for component lifetime which is using the baseline data from this study.  
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