








» Non-magnetic behavior: Face-centered structures are typically non-magnetic, making austenitic
stainless steel ideal for applications requiring low-magnetic permeability.

» Higher thermal expansion: The dense atomic arrangement results in greater atomic vibrations
when heated, leading to higher thermal expansion compared to body-centered structures.

Iron atoms

Carbon atoms

Austenite Ferrite Martensite
Face-centered cubic Body-centered cubic Body-centered tetragonal

Figure 1: Crystalline structures of stainless steel.

Austenitic steel is divided into 200-series and 300-series subgroups. In 300-series stainless steel, the
structure is achieved primarily by adding nickel. In 200-series stainless steel, the structure is obtained
by adding manganese and nitrogen with a small amount of nickel. A few of the more popular austenitic
stainless steels are:

» 304: (also known as 18/8 or A2) is one of the most widely used stainless steels found in cookware,
cutlery and kitchen equipment.

» 316: (also known as A4) is similar to 304 but with added molybdenum for enhanced corrosion
resistance. It is used in marine, chemical processing and medical device applications.

» 316L: has significantly lower-carbon content (thus the “L”) than 316, making it even more
corrosion-resistant than 316, particularly intergranular corrosion and especially in welded areas.
316L has better weldability than 316 due to its lower carbon content minimizing the risk of carbide
precipitation, which can lead to corrosion in the weld heat-affected zone. 316L is frequently used in
applications that require high temperature and corrosion resistance, such as in construction, marine
projects and medical implants.

Ferritic Stainless Steel

Ferritic stainless steel is distinguished by its body-centric cubic crystal structure (see Figure 1) and
composed primarily of iron and chromium. Iron atoms are located at the corners of the cube with one
atom in the center. More empty space exists between the atoms resulting in lower density (approximately
68%) than face-centered cubic structures. The implications of this structure are:

» Higher strength but lower ductility: The looser atomic arrangement makes slip more difficult,
resulting in higher yield strength but lower ductility compared to face-centered cubic materials.
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» Reduced corrosion resistance: The more open atomic structure allows for easier diffusion of
corrosive elements (e.g., chloride ions), making body-centered cubic materials generally less
corrosion-resistant than face-centered cubic materials.

» Magnetic properties: Body-centered cubic structures are typically magnetic.

» Lower thermal expansion: Less dense atomic packing means body-centered cubic materials
expand less with temperature changes, making them more dimensionally stable in fluctuating
thermal environments.

» Brittle behavior at low temperatures: The body-centered cubic structure is more prone to brittle
fracture at low temperatures, unlike face-centered cubic structures, which retain toughness even in
extreme cold.

Ferritic alloys are defined as straight chromium, non-hardenable and have chromium ranging from 10.5%
to 30% and a carbon level less than 0.20%. Ferritic stainless steel alloys are designated as part of the
400-series of stainless steels in the SAE steel grades numbering system. The most popular grades are
409, 430 and 434. Compared to austenitic stainless steel, ferritic stainless steel is less responsive to cold
working and welding, and its lower nickel content makes it more affordable.

Ferritics have a naturally low coefficient of thermal expansion and will undergo less expansion as they
take on heat. They retain their fixed dimension much more readily, which is especially important for
high-temperature applications.

Martenistic Stainless Steel

Martenistic stainless steel is named after German microscopist Adolf Martens, who first observed its
unique structure. Martensite forms when austenite is quenched or rapidly cooled, distorting it into a body-
centered tetragonal structure, where the carbon atoms are trapped within the iron lattice (see Figure 1).
This structure results in high strength and hardness but also relatively high brittleness, making it more
suitable for applications requiring high strength but not high toughness. It is also characterized as being
magnetic. Martensitic stainless steel is designated as part of the 400-series of stainless steel in the SAE
steel grades numbering system. Common grades include:

» 410: General-purpose grade with a lower carbon content used for cutlery, turbine blades
and bushings.

» 420: Commonly used in applications requiring a good balance of hardness and corrosion resistance
such as cutlery, surgical instruments and razor blades.

» 440A/B/C: Has a higher carbon content compared to 410 and 420, resulting in even greater
hardness. Often used in applications such as cutting tools and bearings.

Duplex Stainless Steel

Duplex stainless steel is so named because its metallurgical structure consists of two phases: austenite
and ferrite in approximately equal proportions, and it is sometimes referred to as an austenitic-ferritic
grade. Duplex stainless steel cannot be represented by a single repeating atomic structure since it
contains two distinct crystal structures coexisting. Instead, duplex stainless steel’s dual-phase structure
is best visualized at the microscopic level (see Figure 2), showing the lighter islands or elongated grains of
austenite within the darker ferrite.
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Figure 2: Duplex microstructure showing darker ferritic regions and brighter austenitic regions.
Source: https://www.outokumpu.com/en/expertise/2020/the-stainless-steel-family

Duplex stainless steel’s dual-phase structure achieves a “best of both worlds” balance of properties,
including improved strength, toughness and corrosion resistance, particularly in chloride environments.
Duplex stainless steel typically provides better corrosion resistance, particularly chloride-stress corrosion
and chloride-pitting corrosion, and higher strength than standard austenitic stainless steels such as
A2/304 or A4/316. The main differences in composition, when compared with austenitic stainless steel is
that duplex steels have a higher chromium content (20-28%), higher molybdenum (up to 5%), lower nickel
(up to 9%) and 0.05-0.50% nitrogen. Duplex steels also have higher strength. For example, Type 304
stainless steel has a 0.2% proof strength of around 280 MPa (41 ksi). In comparison, a duplex stainless
steel containing about 22% chromium has a minimum 0.2% proof strength of approximately 450 MPa (65
ksi), while a super-duplex stainless steel offers even greater strength, with a minimum 0.2% proof strength
of about 550 MPa (80 ksi).

Duplex stainless steels are usually divided into three groups based on their pitting corrosion resistance,
characterized by the pitting resistance equivalence number:

PREN = % Cr + 3.3% Mo + 16% N

» Standard duplex (PREN range: 28 - 38): Generally grade EN 1.4462 (also called 2205). It is typical
of the mid-range of properties and is perhaps the most used today.

» Super-duplex (PREN range: 38 - 45): Generally grade EN 1.4410 up to so-called hyper-duplex
grades (PREN: >45) developed later to meet specific demands of the oil and gas and chemical
industries. It offers superior corrosion resistance and strength but is more difficult to process
because the higher contents of Cr, Mo, N and even W promote the formation of intermetallic
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phases, which drastically reduces the impact resistance of the steel. Faulty processing will result in
poor performance, and users are advised to work with reputable suppliers/processors. Applications
include deepwater offshore oil production.

» Lean duplex (PREN range: 22 - 27): Generally grade EN 1.4362, developed more recently for
less-demanding applications, particularly in the building and construction industry. Its corrosion
resistance is closer to that of the standard austenitic grade EN 1.4401 (with a plus on resistance to
stress corrosion cracking), and its mechanical properties are higher. This can be a great advantage
when strength is important as in the case of bridges, pressure vessels or tie bars.

Comparison of Stainless Steel Grades in Boiler Applications

When considering materials for boiler heat exchanger applications, the ideal alloy must balance corrosion
resistance, mechanical strength and thermal performance while remaining cost-effective. Among the
various stainless steel families, only a couple offer the necessary combination of properties to withstand
the demanding conditions of a boiler heat exchanger.

» Austenite stainless steel: Widely used in boiler applications, particularly the 300 series, due to its
excellent corrosion-resistance and high toughness.

» Duplex stainless steel: Dual-phase, austenite-ferrite microstructure combines the beneficial
aspects of both austenite and ferrite structures and achieves a compelling balance of
properties, including improved strength, toughness and corrosion-resistance, particularly in
chloride environments.

» Ferritic stainless steel: Has moderate corrosion-resistance and good thermal conductivity but
lacks the necessary strength and toughness for high-performance heat exchanger applications.
Its susceptibility to stress corrosion cracking in chloride environments makes it a poor choice for
boiler applications, where exposure to varying temperatures and potential condensate corrosion is
a concern.

» Martensitic stainless steel: Offers high strength and wear-resistance but has significantly lower
corrosion-resistance compared to austenitic and duplex grades. Its high carbon content increases
hardness but also makes it more susceptible to embrittlement at elevated temperatures. These
limitations make it unsuitable for the long-term durability required in heat exchangers.

Among the corrosion-resistant stainless steel families, austenitic and duplex stainless steels are the most
viable options for boiler heat exchanger applications. To understand the next level of key differences,
benefits and advantages, this white paper will compare and contrast one specific variant from each family:

» 316L (austenitic family): 316L (EN 1.4404/UNS S31603) stands out as a relevant benchmark
because it contains molybdenum, which enhances resistance to pitting and crevice corrosion in
chloride-containing environments, making it one of the most widely used 300-series stainless steels
for boiler applications.

» LDX 2101® (duplex family): LDX 2101 (EN 1.4162/UNS S32101) is a lean duplex stainless steel
and one of the more cost-effective grades as compared to some of the other high alloy duplex
grades (e.g., 2205, 2507). LDX 2101 is also the specific material used in the heat exchanger
construction of the Cleaver-Brooks ClearFire®-CE condensing hydronic boiler.
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Property

Microstructure

316L

Austenite
Face-centered cubic

LDX 2101®

Duplex
Dual phase: Austenite-Ferrite

Chemical Composition (% by weight)

Chromium (Cr) 16.0-18.0 21.0-22.0
Nickel (Ni) 10.0-14.0 1.85-1.70
Molybdenum (Mo) 2.0-3.0 <0.80
Nitrogen (N) <0.10 0.20-0.25
Manganese (Mn) <2.00 4.0-6.0
Carbon (C) <0.03 <0.04
Silicon (Si) <0.75 <1.00
Phosphorus (P) <0.045 <0.040
Sulfur (S) <0.03 <0.030
Mechanical Properties
Yield Strength (0.2% Proof) >24.7 ksi >65.3 ksi
(=170 MPa) (2450 MPa)
Tensile Strength 70.3-101.5 ksi 94.3-118.9 ksi
(485-700 MPa) (650-820 MPa)
Elongation >40% >30%
Corrosion Resistance
Pitting Resistance Equivalent Number (PREN) 23-28 26-27

General Corrosion

Excellent — see Figure 3

Excellent — see Figure 3

Pitting and Crevice Corrosion

Excellent

Excellent

Stress Corrosion Cracking (SCC) Resistance

ASTM G36 (Boiling Magnesium Chloride Test)

Typically fails within hours to days

Can withstand significantly longer exposure
without cracking

Critical Chloride Threshold

Starts experiencing SCC at ~10-50 ppm

Withstands well over 100 ppm before
experiencing SCC

Structure and Implication

Austenitic, face-centered structure allows for
easy diffusion of hydrogen and chloride ions
that initiate cracking

Dual-phase structure (50% ferrite/50%
austenite) interrupts crack propagation,
improving SCC resistance

Thermal Properties

Thermal Conductivity

9.25 BTU/h-ft.-°F
(16.0 W/m-K)

8.09 BTU//ft.-°F
(14.0 W/m-K)

Coefficient of Thermal Expansion

9.2 x 10-6 in./in./°F
(16.5 x 10-6 cm/cm/°C

7.5 x 10-6in./in./°F
(13.5 x 10-6cm/cm/°C

Table 1: Comparison of 316L and LDX 2101°,

Temperature, °F

284
248
212
176
140
104
68
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Figure 3: Isocorosion curves (0.1mm/year, in sulfuric acid).
Source: https://www.sandmeyersteel.com/wp-content/uploads/LDX2101-Spec-Sheet.pdf
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Analysis of the comparison chart in Table 1 reveals the following conclusions:

» Chemical composition: LDX 2101 is characterized by higher chromium and nitrogen content, with
lower nickel and molybdenum compared to 316L. LDX 2101’s composition enhances its resistance
to various forms of corrosion while maintaining cost-effectiveness due to lower nickel content.

» Mechanical properties: The duplex structure of LDX 2101 results in a yield strength of

approximately twice that of 316L. This elevated strength allows for the use of thinner material

sections without compromising structural integrity, leading to potential weight reductions. Higher
yield strength also reduces susceptibility to stress corrosion cracking by lowering applied stress
levels in service.

Corrosion resistance: Corrosion resistance is a critical factor in boiler applications due to constant

exposure to water, steam and potentially corrosive substances. Both alloys offer excellent general

corrosion resistance. LDX 2101 has a slightly higher PREN, indicating comparable or slightly better
resistance to pitting and crevice corrosion. Additionally, LDX 2101 demonstrates superior resistance
to stress corrosion cracking, especially in chloride-rich environments.

» Thermal properties: Boiler components are subjected to cyclic thermal stresses, requiring
materials that can withstand such conditions without degradation. LDX 2101 has a lower coefficient
of thermal expansion, which can reduce thermal stress during temperature fluctuations.

P

T

This comparison underscores LDX 2101's advantages in mechanical strength and resistance to stress
corrosion cracking, making it a compelling alternative to 316L, especially in applications experiencing
thermal stress, corrosion and chloride, which are typical for boiler installations. The superior mechanical
properties and corrosion-resistance of LDX 2101 contribute to extended service life and reduced
maintenance requirements for boilers, and the material's resistance to stress corrosion cracking and
thermal stress enhances its reliability.

Conclusion

Duplex stainless steel, such as LDX 2101, presents a compelling alternative to traditional austenitic
stainless steel such as 316L in boilers. Duplex stainless steel’s unique, dual-phase microstructure
produces an ideal combination of high strength, excellent corrosion-resistance and favorable thermal
properties, making it a compelling choice for enhancing the performance and extending the longevity of a
boiler system. Consulting engineers, contractors and end-users should strongly consider duplex stainless
steel when specifying boilers to capitalize on these benefits.
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The power of total integration.

The Power of Total Integration is how Cleaver-Brooks delivers

the world’s broadest range of integrated, sustainable thermal
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global authorized sales representatives and independent service
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significant value to your Cleaver-Brooks investment.

CleaverBrooks )gﬂ

Cleaver-Brooks and other trademarks and service marks used herein are the property of The Cleaver-Brooks Company, Inc. Printed in the USA
© 2025 The Cleaver-Brooks Company, Inc. All rights reserved. CB-8697
07/2025



