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Abstract: Sulphuric acid is a widely used raw material in the chemical industry. Its corrosive effect 

on materials varies considerably, depending on impurities, temperature and water content. 

Accordingly, good corrosion resistance under all conditions is very difficult to achieve. This is 

especially an issue for micro process apparatus with very thin walls. Furthermore, such devices are 

often joint by diffusion bonding what may alter materials properties due to high temperatures and 

long dwell times. In fact, for each new material, the diffusion bonding parameters must be 

optimized and the impact on mechanical as well as corrosion properties must be investigated. In 

this paper, two high molybdenum alloys, namely Hastelloy B3 and BC-1, were evaluated.  

Diffusion bonding tests were performed using ten layers of sheet material in between round stock. 

Corrosion tests were performed in 70 % sulphuric acid at 100°C for 1000 h. Tensile tests on both 

alloys were carried out for different material conditions, to determine the change in mechanical 

strength and elongation at fracture values. 

In general, independent of the condition of the materials, the fracture behavior of both alloys was 

found to be ductile and the specimens show the typical dimple structure, in the case of diffusion 

bonded samples, interrupted by weak spots or rather non-bonded areas. These areas are obviously 

causing the onset of material failure and thus, a degradation of mechanical properties.  

Tensile samples, that were aged in 70% sulphuric acid at 100°C for 1000 hours showed local 

corrosion attacks at the grain boundaries at the circumferential surfaces and especially at the joining 
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planes – for Hastelloy B3 much more pronounced than for Hastelloy BC-1. Accordingly, a further 

decrease of both, the stress- and elongation at fracture values is observed. However, the typical 

material parameters like 0.2 % yield strength used for dimensioning components are found to be 

sufficient high, even when operating the materials under such harsh conditions. When concluding 

the results, at least Hastelloy BC-1 reveals both sufficient good mechanical properties and an 

excellent corrosion resistance, regardless of the heat treatment, and could be considered for 

manufacturing micro-process engineering apparatuses operated in a sulphuric acid environment. 

This is a significant advance compared to the results obtained within a AiF project, previously 

carried out on four different materials to investigate the corrosion resistance in sulphuric acid.  

1 Introduction 

In addition to blockages caused by by-products resulting from side reactions, corrosion is one of 

the main reasons for the failure of micro process devices due to the low material thickness. 

Furthermore, micro process devices are often manufactured from a large number of thin, 

microstructured sheets, which are mainly joined by diffusion bonding. During processing, they are 

exposed to high temperatures and long dwell times, which is often associated with a decrease of 

materials strength and formation of precipitations at grain boundaries. 

Sulphuric acid is widely used in different concentrations in the chemical industry. Depending on 

the source and ambient condition during manufacturing, it may contain impurities and a water 

content that varies within certain limits. During chemical conversion, strong heat of reactions may 

occur. This can be controlled quite well by micro process devices, which have a purely large surface 

to volume ratio. For this reason, for a number of years now, various investigations at KIT-IMVT 

were performed to identify a robust solution for micro-process engineering apparatus in contact 

with sulphuric acid. 

In this paper, two highly molybdenum-alloyed materials, namely Hastelloy B3 and Hastelloy BC-1 

were evaluated regarding corrosion resistance in hot 70 % sulfuric acid and eligibility to diffusion 

bonding. 

Molybdenum is known to decrease the surface corrosion in non-oxidizing acids such as sulphuric 

acid and to improve the pitting corrosion resistance. [1, 2, 3, 4, 5] In an earlier AiF-research project, 

four different materials were characterized with regard to their corrosion behavior (Tab. 1). [6] 
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However, the rate of corrosion or material changes were that significant, that the life cycles do not 

seem to be sufficient enough for micro process devices. In addition, the results were fluctuating 

and not consistent to different concentrations of sulfuric acid, so that a useful life prediction for 

micro process devices is not possible. 

Even for Alloy 2120 MoN (2.4700) produced by Krupp-VDM, containing comparable high contents 

of molybdenum, no good results were obtained, despite it showed the lowest corrosion rate in 70% 

sulfuric acid at 100°C, especially in the heat-treated condition.  

Also coating concepts, such as tantalization, were investigated to improve the corrosion resistance 

of micro process devices. [7] However, it has to be stated, that any coating solution is susceptible 

to mechanical damaging in harsh industrial environment at all. 

Tab. 1: Results of corrosion tests from [6] on four different materials aged in 70 and 95-97 % sulfuric 

acid at 100°C for 1000 h. 

Material Concentration 

Sulfuric Acid 

[%] 

Condition Initial 

Weight [g] 

Final 

Weight 

[g] 

Weight 

Loss [g] 

Weight 

Loss [%] 

2.4602 95-97 delivery 

condion 

45.464 43.867 1.597 3.5 

2.4605 95-97 38.796 37.823 0.973 2.5 

2.4692 95-97 47.094 46.385 0.709 1.5 

2.4700 95-97 38.124 37.776 0.348 0.9 

2.4602 70 41.444 36.345 5.099 12.3 

2.4605 70 35.025 31.586 3.439 9.8 

2.4692 70 49.217 48.748 0.469 1 

2.4700 70 35.594 35.164 0.43 1.2 

2.4602 95-97 heat-

treated 

1100°C/4h 

38.672 37.115 1.557 4 

2.4605 95-97 34.652 33.355 1.297 3.7 

2.4692 95-97 44.701 44.095 0.606 1.4 

2.4700 95-97 37.594 36.489 1.105 2.9 

2.4602 70 40.332 36.03 4.302 10.7 

2.4605 70 37.42 32.636 4.784 12.8 
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2.4692 70 46.404 39.763 6.641 14.3 

2.4700 70 41.436 38.56 2.876 6.9 

2 Materials and Design of Experiments 

Hastelloy B3 and BC-1 are highly molybdenum-alloyed materials. In Tab. 2, physical properties 

and the composition of these alloys are given, together with values of Alloy 2120 MoN for 

comparison reasons. 

It needs to be mentioned, that all materials reveal a cubic face-centered lattice (fcc). But due to the 

high content of molybdenum and according to Grüneisens Rule, in contrast to ordinary austenitic 

stainless steels, the coefficient of thermal expansion is more comparable to that of ferritic steels. 

While Hastelloy BC-1 has a clearly higher chromium content than Hastelloy B3, B3 contains 

significant more molybdenum.  

Tab. 2: Physical properties and chemical composition of Hastelloy B3, Hastelloy BC-1 and Alloy 2120 

MoN. [8, 9, 10] 

Alloy [%] B3 BC-1 Alloy 2120 MoN 

EN 2.4600 2.4708 2.4700 

UNS N10675 N10362 N06058 

Ts [°C] 1370–1418 1343–1443 1330-1370 

Thermal Conductivity  

[W/m*K] 

11.2 9.3 9.8 

Mean Coefficient of 

Thermal Expansion  

[*10-6 K-1] (25-100°C) 

10.6 11.5 11.44 

Ni Bal. Bal. Bal. 

Mo 28.5 22 18.5-21 

Cr 1.5 15 20-23 

Fe 1.5 <2 <1.5 

W <3 
 

<0.3 

Mn <3 0.25 <0.5 
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Co <3 <1 <0.3 

Al <0.5 <0.5 <0.4 

Ti <0.2 
  

Si <0.1 <0.08 <0.1 

C <0.01 <0.01 <0.01 

Nb <0.2 
  

V <0.2 
  

Cu <0.2 
 

<0.5 

Ta <0.2 
  

Zr <0.01 
  

N 
  

0.02-0.15 

 

For Hastelloy B3, the yield strength at room temperature in solution annealed condition is ranging 

from 400 to 421 MPa , depending on form of delivery. The tensile strength is specified with 862-

863 MPa, while the elongation at fracture varies between 53 and 58 %. For solution annealing, a 

temperature of 1066°C is recommended. 

For Hastelloy BC-1, the yield strength at room temperature in solution annealed condition is 

ranging from 362 to 405 MPa, depending on the thickness of semi-finished products. The tensile 

strength varies between 809 and 841 MPa, while the elongation at fracture varies between 61.6 and 

70.5 %. For solution annealing, a much higher temperature than for Hastelloy B3, namely 1149°C, 

is recommended. 

For the corrosion experiments, coupons of Hastelloy B3 and BC-1, containing a TIG weld and 

made of 3 mm thick sheet metal, were provided by HAYNES. Using a disk cutter from ATM, type 

Brillant 250, pieces with a size of approximately 20 x 80 mm² and 40 g in weight were cut. One 

set of specimens was investigated in condition as delivered. A second set of specimens was placed 

inside a diffusion bonding furnace during a run to simulate a heat treatment. For this purpose, a 

temperature of T = 1100°C was applied for t = 4 h. Subsequently, the samples were cooled down 

in diffusion bonding furnace 2. Fig. 1 shows the cooling behavior of three diffusion bonding 

furnaces of different sizes with 20 kN, 200 kN and 2 MN compressive load, respectively, available 

at IMVT. It can be seen that the cooling rate of furnace 2 at approx. 600°C falls below 5 K/min, 
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what is half of the heating rate. This facilitates sensitization, especially with nickel-based alloys, 

which has an impact on corrosion behavior in aggressive media. [11, 12] 

 

Fig. 1: Temperature profile of the used diffusion bonding furnaces 

The main point of criticism of the authors with regard to the investigation of intergranular corrosion 

according to ASTM G-28A for micro process apparatus is the short alloy-specific test duration and 

the determination of a specific corrosion medium and temperature. [13] If we further realize that 

the criterion for the derivation of the sensitization diagrams is a corrosion attack depth of 50 µm 

under the above-mentioned conditions, the test does not provide any helpful information on the 

suitability of a material in micro-process engineering where dimensions below 1 mm wall thickness 

need to be realized. Significantly, longer test periods are required to obtain reliable results. For this 

reason, a test duration of 1000 h was specified. 

For initial diffusion bonding experiments, sheet material of Hastelloy BC-1 and Hastelloy B3 were 

supplied by HAYNES, 1.0 and 1.6 mm in thickness, respectively. From this sheets, ten pieces each 

20 x 20 mm² in size were cut using a TruLaser Cell 3010, combined with a 3 kW TruDisk 3001 

from TRUMPF. 

Round stock of different diameters from both alloys was used to produce the initial material with 

a diameter of 30 mm by wire erosion. Additional, for both materials, ten disks, 30 mm in diameter, 

were cut by laser from sheet material. To ensure a reasonable initial height of the diffusion bonding 

specimens related to the preparation of tensile specimens, two pieces of round stock with a height 
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of 15 and 17 mm for Hastelloy B3 and Hastelloy BC-1, respectively, were prepared. In between, 

ten layers of sheet material were stacked, giving an absolute height of 46 and 44 mm, respectively 

(Fig. 2).  

 

Fig. 2: Diffusion bonding samples used for preparing tensile test specimens. 

3 Experiments and Results 

3.1 Diffusion Bonding Experiments on Hastelloy B3 and BC-1 

 Initial Diffusion Bonding Experiments made of ten Sheets 

Based on empirical values, initial diffusion bonding tests were carried out for both alloys. The 

parameters used are listed in Tab. 3. The dwell time was chosen to be t = 4 h in all experiments. 

Diffusion bonding experiments were performed in furnace I (20 kN). Due to different sheet 

material thickness of 1.0 and 1.6 mm, respectively, the aspect ratio was 0.8 and 0.5 for ten sheets 

of 20 x 20 mm². Deformation values are very similar for both materials. Furthermore, the 

deformation depends on the aspect ratio: Hence, for Hastelloy B3 with a sheet thickness of 1.6 mm 

and an aspect ratio of 0.8, a slightly higher deformation was expected than for Hastelloy BC-1. [14] 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 February 2020                   doi:10.20944/preprints202002.0320.v1

Peer-reviewed version available at Metals 2020, 10, 376; doi:10.3390/met10030376

https://doi.org/10.20944/preprints202002.0320.v1
https://doi.org/10.3390/met10030376


However, due to the low absolute value, the measurement error may be higher than for a larger 

heights and deformation values. 

It turned out, that the deformation decreases with increasing bonding temperature, since the 

temperature raise of 50 K for subsequent experiments were overcompensated by decreasing the 

contact pressure as depicted in Tab. 3. 

Tab. 3: Diffusion bonding parameters for Hastelloy B3 and BC-1 and resulting deformations. 

Temperature 

[°C] 

Surface 

Pressure 

[MPa] 

Initial 

Height 

[mm] 

Final 

Height 

[mm] 

Deformation 

[mm] 

Deformation 

[%] 

Hastelloy B3           

1100 14 16.134 15.904 0.23 1.43 

1150 10 16.152 15.998 0.154 0.95 

1200 6 16.146 16.036 0.11 0.68 

Hastalloy BC-1       

1100 14 10.316 10.176 0.14 1.36 

1150 10 10.312 10.218 0.094 0.91 

1200 6 10.314 10.232 0.082 0.80 

 

According to Fig. 3, the grain size for Hastelloy B3 increases with increasing diffusion bonding 

temperature. At T = 1100°C, some pores could be observed. Obviously, the surface pressure of 

p = 14 MPa was not sufficient. Probably due to passivation layers, even at T = 1200°C, only the 

first signs of grain growth over the joining planes were visible. 
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Fig. 3: Resulting microstructure of Hastelloy B3 after diffusion bonding for t = 4 h at T = 1100°C (left), 

1150°C (middle) and 1200°C (right).  

In contrast, for Hastelloy BC-1, even for T = 1100°C grain growth across the bonding plane can be 

seen (Fig. 4, left). However, the microstructure shows strong discontinuous grain growth with a 

bimodal grain size distribution. For T = 1200°C, strong grain growth was observed. 

   

Fig. 4: Resulting microstructure of Hastelloy BC-1 after diffusion bonding for t = 4 h at T = 1100° (left), 

1150 (middle) and 1200°C (right)  

 Diffusion Bonding Experiments for Manufacturing Tensile Test Specimens 

Based on the results of the initial diffusion bonding tests, the bonding temperature for the diffusion 

bonding cycle to produce tensile test specimen was set to T = 1200°C. The dwell time was kept 

constant with t = 4 h but the contact pressure was increased from p = 6 MPa to 10 MPa (bulk 

samples for comparison were placed next to the diffusion bonding samples in the same batch). 

Taking into account the different geometry of the diffusion bonding sample for tensile test 

specimen, featuring an aspect ratio of about 1.5, more deformation and facilitating breakthrough 

the passivation layer was expected. 

However, despite the contact pressure was increased by 66 % compared to initial diffusion bonding 

experiments, the deformation was found to be only 2.03 % and 2.06 % for Hastelloy B3 and 

Hastelloy BC-1, respectively. This result shows again the impact of the sample geometry as well 

as the size of the absolute cross-section of the surfaces to be joined on deformation. 
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3.2 Corrosion Experiments in Sulfuric Acid a t 100°C 

 Corrosion Test at Coupons aged in 70 % Sulfuric Acid 

For corrosion tests, the specimen were placed on a bridge made of PTFE inside a beaker with a 

volume of 800 ml, filled with 500 ml of sulfuric acid. 70 % sulfuric acid was diluted from 95-95 % 

sulfuric acid supplied by Merck. The beakers were wrapped with rock wool and a lid made of PFTE 

was used for thermal insulation. A magnetic stirrer was placed under the PTFE bridge. A speed of 

120 rpm was set for the stirrer. The beakers were controlled every week, however, no green color, 

due to solved nickel ions was observed.  

 

Fig. 5: Test specimens after corrosion tests. Left: Condition as delivered. Right: Heat-treated (T =1100°C, 

t = 4 h). Top: Hastelloy BC-1. Bottom: Hastelloy B3. 

70 % sulphuric acid is considered to be more corrosive than 95-97 % sulphuric acid because of its 

water content. Compared to the results obtained for the other four materials shown in Tab. 1, 

especially for the heat-treated condition, for Hastelloy BC-1, superior results were obtained. In Fig. 

5 it can be seen that the surface of Hastelloy BC-1 has remained almost unchanged, while the 

surface of Hastelloy B3 shows some pitting attack. 

Tab. 4: Results of corrosion experiments of coupons aged in 70 % sulfuric acid  
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Material UNS Condition Initial 

Weight [g] 

Final 

Weight [g] 

Weight 

Loss [g] 

Weight 

Loss [%] 

B3 / 2.4600 N06022 delivery 

condion 

39.673 39.327 0.346 0.87 

BC-1 / 2.4708 N08034 37.278 36.922 0.356 0.95 

B3 / 2.4600 N06022 heat-treated 

1100°C/4h 

34.713 33.773 0.94 2.71 

BC-1 / 2.4708 N08034 40.845 40.524 0.321 0.79 

 

 Corrosion Test at Coupons aged in 95-97 % Sulfuric Acid 

As expected, in concentrated sulfuric acid the corrosion is less pronounced than in 70 % sulfuric 

acid. Especially in the heat-treated condition, both materials exhibit a very low weight loss that is 

even lower than in the as delivered condition. However, due to low mass loss, it may be attributed 

to the error of measurement. 

Tab. 5: Results of corrosion experiments in 95-97 % sulfuric acid  

Material UNS Condition Initial 

Weight [g] 

Final 

Weight [g] 

Weight 

Loss [g] 

Weight 

Loss [%] 

B3 / 2.4600 N06059 delivery 

condion 

40.403 40.209 0.194 0.48 

BC-1 / 2.4708 N06058 41.139 40.734 0.405 0.98 

B3 / 2.4600 N06059 heat-treated 

1100°C/4h 

37.692 37.55 0.142 0.38 

BC-1 / 2.4708 N06058 37.274 37.062 0.212 0.57 

 

 Corrosion Test at Tensile Test Samples aged in 70% Sulfuric Acid 

In a second series of tests, five diffusion bonded tensile specimens from Hastelloy B3 and BC-1, 

respectively, were aged in 70 % sulphuric acid at 100°C for 1000 h to investigate the impact of 

corrosion on the mechanical properties. This is an important aspect in order to assess the integrity 

of micro process devices as a function of corrosion phenomena over lifetime. The corrosion traces 

of the SEM-pictures at the circumferential surface of both materials showed no strong differences 

(Fig. 6). There is some corrosion attack at grain boundaries. Only a few grain growth across the 

bonding plane could be observed. Instead, pronounced decoration by corrosion of original bonding 
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planes was observed. Probably, the deformation of approximately 2 % and eleven bonding planes 

is not sufficiently to level surface roughness and to break passivation layers 

  

Fig. 6: Surface of tensile specimens from Hastelloy B3 (left) and Hastelloy BC-1 (right) after exposure to 

70 % sulfuric acid at 100°C for 1000 h. 

3.3 Tensile Tests on both Hastelloy B3 and BC-1 

 Material Conditions 

For tensile tests, four different treated specimen types were prepared for both alloys: 

1. Bulk samples in as-delivered condition, 

2. bulk samples heat-treated at T = 1200°C for t = 4 h and loaded with p = 10 MPa in 

compression, 

3. diffusion bonded specimens with ten layers of sheet material processed at T = 1200°C for 

t = 4 h with p = 10 MPa in compression,  

4. diffusion bonded specimens processed as described in 3., additionally aged in 70 % sulfuric 

acid at 100°C for 1000 h. 

 Tensile Specimen Geometry and Test Method 

The geometry of tensile test specimens is shown in Fig. 7. Tensile tests were performed 

displacement controlled (dl/dt = 2 mm/min) at RT (room temperature) using an universal testing 

machine from Instron (type 4505), equipped with a controller unit from Doli. In order to take into 

account scatter issues, five tests per treatment condition were carried out.  
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Fig. 7: Geometry of the tensile specimens 

 

 Results of Tensile Tests on Hastelloy B3 

In Fig. 8, the results of the tests on as delivered-, heat-treated and compressed- and diffusion bonded 

samples are depicted. When comparing the as delivered condition of bulk material with the heat-

treated condition it can be seen, that the annealed samples show a decrease in strength of about 20 

to 25 % and an increase in ductility of about 20 %. Accordingly, the annealed material reveals a 

slightly less pronounced hardening behavior. The change in deformation behavior can be generally 

traced back on both recovery and recrystallization/grain growth processes (compare Fig. 3 and Fig. 

4) occurring during tempering.  

Compared to the heat-treated bulk samples, the diffusion bonded samples exhibit a comparable 

deformation behavior but a significant decrease in elongation at fracture of about 50 % on average. 

The earlier onset of failure is obviously a result of several weak spots within the bonding planes in 

the form of non-bonded areas that act as cracks.  
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Fig. 8: Tensile response of Hastelloy B3 in different conditions 

Examples of such weak spots based on scratches or dents etc. on the individual sheets are shown 

in Fig. 9. In Fig. 9a and Fig. 9b one can see an overview of fracture surfaces exhibiting a multitude 

of weak spots. When comparing both micrographs it becomes clear, that the high scatter of the 

elongation at fracture values is related to the entire size of the non-bonded areas, lowering the real 

load bearing cross-sections. While sample 5, depicted in Fig. 9b, reveals an elongation at fracture 

of approximately 30 %, sample 3, depicted in Fig. 9a, reveals an elongation at fracture of almost 

50 %. A closer view on a fracture surface (Fig. 9c) is manifesting the general ductile nature of 

failure within well bonded sections in form of dimples, here, surrounding a weak spot. Non-bonded 

areas are also located at the surface of a sample. Accordingly, with increasing deformation the 

occurrence of smaller surface cracks is visible in several bonding planes (Fig. 9d). 
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Fig. 9: Micrographs of tensile tested diffusion bonded samples – a and b: overview of fracture surfaces, 

c: ductile fracture area surrounding a weak spot and d: small surface cracks located at different 

bonding planes  

When comparing the tensile test results obtained from tests on diffusion bonded samples, aged for 

1000 h at 100°C in 70 % H2SO4 with the results obtained on non-aged bonded samples (Fig. 10), 

one can see a further strong decrease of the elongation at fracture to an average value of about 20 %. 

Additionally, the stress level also significantly decreased (Fig. 10, interrupted grey deformation 

curves). However, this finding is based on the fact, that the stress calculation of the engineering 

stress is usually related to the nominal initial cross-section. De facto, based on a much stronger 

corrosive attack into the volume than expected when viewing Fig. 6 left, a real initial cross-section 

after aging is much smaller as one can see in Fig. 11. Accordingly, by determining the average 

depth of the corrosion cracks inside the failed bonding planes, the initial cross-sections and 

a 

d c 

b 
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subsequently the stresses were re-calculated. Now, the stress level of aged samples is significantly 

higher than the one of non-aged samples (Fig. 10, black deformation curves). This might be related 

to the formation of an inhomogeneous distributed multiaxial stress-strain-field during loading – see 

Fig. 11c, concave shaped surface between the bonding planes. The pronounced notch effect and 

the resulting stress concentrations can also explain the decrease of the elongation at fracture values. 

 

Fig. 10: Tensile response of Hastelloy B3 in different conditions 
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Fig. 11: Micrographs of tensile tested diffusion bonded and aged (1000 h at 100°C in 70 % H2SO4) samples 

An overview of the obtained mechanical properties of all tested specimens is given in Tab. 6. The 

obtained stresses are related to the true initial cross-sections. 

Tab. 6 Mechanical properties of Hastelloy B3 tested in different conditions. 

Yield strength and tensile strength 
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elongation at fracture, (continued) 

 

 Results of Tensile Tests on Hastelloy BC-1 

Generally, it is observed that the mechanical behavior of Hastelloy BC-1 in tension is comparable 

to that of Hastelloy B3. Only the strength of Hastelloy B3 is found to be slightly higher in all 

comparable conditions than the one of BC-1. In Fig. 12, the results of the tests on as delivered-, 

heat-treated- and diffusion bonded samples are presented. When comparing the as delivered 

condition of bulk material from Hasteloy BC-1 with the heat-treated condition it can be seen, that 

the annealed and compressed samples also show a decrease in strength of about 25 % and an 

increase in ductility of about 20 %. The change in deformation behavior can be again traced back 

on both recovery and recrystallization/grain growth processes occurring during tempering. 

sample-

No

Yield 

strength 

Rp0.2 [MPa]

Tensile 

strength 

Rm [MPa]

Yield 

strength 

Rp0.2 [MPa]

Tensile 

strength 

Rm [MPa]

Yield 

strength 

Rp0.2 [MPa]

Tensile 

strength 

Rm [MPa]

Yield 

strength 

Rp0.2 [MPa]

Tensile 

strength 

Rm [MPa]

1 421 920 344 798 350 736 418 637

2 426 926 338 805 346 700 421 645

3 409 914 340 793 344 712 425 633

4 458 937 341 794 350 716 423 661

5 413 924 332 795 347 631 414 624

Aver. 425 924 339 797 347 699 420 640

Stand. 

Dev.

19.4 8.5 4.5 4.8 2.6 40.2 4.3 14.0

Min 409 914 332 793 344 631 414 624

Max 458 937 344 805 350 736 425 661

sample-

No

as-

delivered 

[%]

heat-treated 

1200°C/4h 

with contact 

pressure [%]

diffusion bonded 

1200°C/4h/10MPa 

[%]

diffusion bonded 

1200°C/4h/10MPa + 

1000h 70% H2SO4 @ 

100°C [%]
1 85.1 96.2 53.5 18.7

2 85.6 106.1 45.3 19.2

3 88 102.6 48.2 18.3

4 84.9 98 49.3 21.9

5 81.9 99.1 30.9 21

Aver. 85 100 45 20

Stand. 

Dev.

2.2 4.0 8.6 1.6

Min 81.9 96.2 30.9 18.3

Max 88.0 106.1 53.5 21.9
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Compared to the heat-treated bulk samples, the diffusion bonded samples also exhibit a comparable 

deformation behavior and a significant decrease in elongation at fracture of about 45 to 50 %. 

However, the scatter of the elongation at fracture values is clearly lower, indicating a more 

homogeneous distribution of weak spots and/or a lower variation of the entire size of non-bonded 

areas within the different bonding planes.  

 

 

Fig. 12: Tensile response of Hastelloy BC-1 in different conditions 

The fracture mode of all samples is also found to be ductile, at least in well bonded areas, but in 

contrast to Hastelloy B3, the dimples reveal a significant smaller size (compare Fig. 9c and Fig. 

14b). In addition, identical to Hastelloy B3, small surface cracks in several other bonding planes 

are observed as already shown in Fig. 9d. 

When comparing the tensile test results of Hastelloy BC-1 obtained from tests on diffusion bonded 

samples, aged for 1000 h at 100°C in 70 % H2SO4 to non-aged diffusion bonded samples (Fig. 13), 

one can see a strong decrease of the elongation at fracture to 30 %. However, this is approximately 

10 % more than for Hastelloy B3 (Fig. 10). For Hastelloy BC-1, in contrast to Hastelloy B3, the 
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stress level of the aged samples is comparable to the non-aged samples. This behavior is obviously 

related to a less pronounced formation of an inhomogeneous distributed multiaxial stress-strain-

field during loading, since the size of the corrosion cracks within the bonding planes is significant 

smaller compared to the sizes observed in Hastelloy B3 – compare Fig. 11a and c with Fig. 14a and 

c. The much better corrosion resistance of Hastelloy BC-1 and the resulting low corrosion crack 

depths might reduce the effect of stress concentrations around the crack tips on the entire in plane 

stress distribution. As a result, related to Hastelloy B3, the onset of failure is shifted towards higher 

elongation at fracture values.   

 

 

Fig. 13: Tensile response of Hastelloy BC-1 in different conditions 
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Fig. 14: Micrographs of tensile tested diffusion bonded and aged (1000 h at 100°C in 70 % H2SO4) samples 

An overview of the obtained mechanical properties of all tested specimens is given in Tab. 7. The 

obtained stresses are related to the true initial cross-sections. 

Tab. 7 Mechanical properties of Hastelloy BC-1 in different conditions  

Yield strength and tensile strength 
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elongation at fracture, (continued) 

 

4 Conclusions 

Within this study, both the effect of diffusion bonding process on the mechanical behavior and the 

corrosion resistance against hot 70 % sulfuric acid of Hastelloy B3 and Hastelloy BC-1 was 

investigated. It was found, that although the grain growth crossing bonding planes during diffusion 

sample-

No

Yield 

strength 

Rp0.2 [MPa]

Tensile 

strength 

Rm [MPa]

Yield 

strength 

Rp0.2 [MPa]

Tensile 

strength 

Rm [MPa]

Yield 

strength 

Rp0.2 [MPa]

Tensile 

strength 

Rm [MPa]

Yield 

strength 

Rp0.2 [MPa]

Tensile 

strength 

Rm [MPa]

1 430 892 325 741 341 660 334 547

2 449 914 326 733 338 690 358 590

3 436 888 318 737 338 664 349 592

4 441 898 317 743 339 663 362 590

5 422 876 325 741 337 667 362 594

Aver. 436 894 322 739 339 669 353 583

Stand. 

Dev.

10.3 14.0 4.3 4.0 1.5 12.1 11.9 20.0

Min 422 876 317 733 337 660 334 547

Max 449 914 326 743 341 690 362 594

as-delivered [MPa] heat-treated 

1200°C/4h with 

contact pressure

diffusion bonded 

1200°C/4h/10MPa

diffusion bonded 

1200°C/4h/10MPa + 

1000h 70% H2SO4 @ 

100°C

sample-

No

as-

delivered 

[%]

heat-treated 

1200°C/4h 

with contact 

pressure [%]

diffusion bonded 

1200°C/4h/10MPa 

[%]

diffusion bonded 

1200°C/4h/10MPa + 

1000h 70% H2SO4 @ 

100°C [%]

1 85.1 46 99.3 32

2 79 54.4 95 29.2

3 82.9 49.5 98.9 33.2

4 83.4 47.2 96 30

5 82.4 48.7 91.1 29.7

Aver. 83 49 96 31

Stand. 

Dev.

2.2 3.2 3.3 1.7

Min 79.0 46 91.1 29.2

Max 85.1 54.4 99.3 33.2
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bonding is not fully satisfactory, both materials achieve sufficiently high elongation at fracture 

values for engineering applications. 

The deformation of about 2 % achieved in the diffusion bonding experiments for eleven joining 

planes is apparently not sufficient for completely leveling out all surface defects. Defects like 

scratches promote crack formation and propagation. The deformation until fracture decreases 

accordingly. Here is still potential for optimization. 

The tough behavior of nickel-base alloys in combination with their cubic face-centered lattice 

generally leads to very high elongation at fracture values for both alloys. As delivered and heat-

treated, the tensile strength is about twice as high as the yield strength due to cold work hardening 

effects during tensile tests (Tab. 6, Tab. 7).  

Due to the temperature level and duration during diffusion bonding, any pre-work hardening is lost. 

The values for yield strength and tensile strength drop to 75 - 80% of the values obtained on 

delivery condition (Tab. 8). The fracture strain values of diffusion bonded samples for both 

materials are significantly reduced, however, the deformation reserve is sufficient for technical 

components.  

Tab. 8: Decrease of strength properties of Hastelloy B3 and BC-1 related to delivery condition 

heat-treated 1200°C/4h with contact 
pressure 

diffusion bonded 1200°C/4h/10MPa 

B3 BC-1 B3 BC-1 

Yield 
strength 
Rp0.2 [%] 

Tensile 
strength 
Rm [%] 

Yield 
strength 
Rp0.2 [%] 

Tensile 
strength 
Rm [%] 

Yield 
strength 
Rp0.2 [%] 

Tensile 
strength 
Rm [%] 

Yield 
strength 
Rp0.2 [%] 

Tensile 
strength Rm 

[%] 

79.7 86.2 74.0 82.7 81.7 75.6 77.7 74.8 

 

Diffusion bonded tensile test samples that were aged in 70 % sulphuric acid at 100°C for 1000 h, 

show only a low corrosion attack compared to other materials investigated so far, especially 

Hastelloy C-22. However, the corrosion attack on Hastelloy B3 (2.4600) is much more pronounced 

than on Hastelloy BC-1 (2.4708) despite a higher molybdenum content, which is in accordance 

with the expectations from the beaker tests (Tab. 4). 

Obviously, the higher chromium content of Hastelloy BC-1 results in higher corrosion resistance. 

It remains incomprehensible why in an earlier research project the material Alloy 2120 MoN 
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(2.4700), which has a very similar composition to Hastelloy BC-1, did not perform comparably 

well, especially after aging in 70% sulphuric acid in heat-treated condition (Tab. 1). 

In comparison to solely diffusion bonded condition, the elongation at fracture values of samples 

aged in 70% sulfuric acid at 100°C for six weeks decreased to 20 % and 30 % for Hastelloy B3 and 

Hastelloy BC-1, respectively. These values are still sufficient for use of these materials in micro 

process apparatuses. However, it shows that the impact of corrosion in micro process technology 

may not be neglected for long-term use. Standardized corrosion tests such as ASTM G28-A with 

special electrolytes and short test duration do not provide any reliable information for micro process 

devices. 

According to [8], the sensitization of the nickel-molybdenum alloy Hastelloy B3 is shifted to lower 

temperatures and considerably longer times compared to alloys containing more chromium and 

less molybdenum like Hastelloy C-22. 

In contrast to the findings in this study, corrosion data from the data sheets of Hastelloy B3 and 

Hastelloy BC-1 for sulphuric acid of different concentrations suggested that Hastelloy B3 should 

be more resistant to corrosion. This is surprising so far as the joining temperature of 1200°C for 

both materials is above the recommended solution annealing temperature. Sensitization therefore 

was only expected during the cooling phase in high vacuum. 

Both Ni-base materials, due to its high content of molybdenum, have a low coefficient of thermal 

expansion, which is close to that of ferritic steels. Therefore, they may be considered as an 

alternative to ferritic stainless steels, in particular for combining with zirconium oxide, used as a 

diffusion or thermal barrier layer, if improved corrosion resistance of the matrix material is required. 

However, from both Hastelloy materials investigated in this study, only Hastelloy BC-1 represents 

an interesting solution for use in micro process devices for hot diluted sulfuric acid. This is 

particularly important for components made of many microstructured sheets where the wall 

thicknesses between different passages are very thin. 
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