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Metallurgical Structures & Its Significance 
 

For (Fe-Cr-Ni) and (Fe-Ni-Cr) Cast Heat Resistant Alloys 

– ASTM A 297 Grades and alike  

 

 
Introduction  

 

 
Iron-Chromium-Nickel (Fe-Cr-Ni) alloys contain 18-32% Cr and 8-22% Ni, with chromium always exceeding 

nickel, and include the A297 grades HE, HF, HH, HI, HK and HL. While these alloys are considered to be 

austenitic, the lower nickel compositions will contain some ferrite. Phase transformation to the ferrite to 

brittle sigma (σ) phase is a concern with this alloy group, even in the higher nickel grades, particularly if 

their composition balances leans to ferrite. The high-temperature strength of this group is greater than 

that of the iron-chromium (Fe-Cr) alloys, and their creep and rupture strengths increase as nickel content 

is raised. 

 

Iron-Nickel-Chromium (Fe-Ni-Cr) alloys in this group include HN, HP, HT, and HU, containing 15-18% Cr and 

23-41% Ni. Nickel always exceeds the chromium content. These alloys have stable austenitic structures, 

good high-temperature strength, and enhanced resistance to thermal cycling and thermal stresses, 

combined with high resistance to oxidizing and reducing environments. 

 

Nickel-Iron-Chromium (Ni-Fe-Cr) alloys, HX and HW fall in this group, which contain 58-68%Ni and 10-

19%Cr. Usually referred to as high-alloy steels, these materials should more appropriately recognized as 

nickel-base alloys, as nickel content in more than 50% in the alloy matrix. While possessing moderate 

high-temperature rupture strength, their creep strength is low. These grades have the highest 

carburization resistance of the standard alloys. 

  

 

Metallurgical Structures 
 

The structures of Fe-Cr-Ni and Fe-Ni-Cr cast heat resistant stainless steels must be wholly austenitic, or 

mostly austenitic with some ferrite, if these alloys are to be used in heat-resistant service. Depending on 

the chromium and nickel content, the structures of these iron-base alloys can be austenitic (stable), ferrite 

(stable but soft, weak and ductile), or martensitic (unstable). Therefore, chromium and nickel levels should 

be selected to achieve good strength at elevated temperatures combined with resistance to carburization 

and hot-gas corrosion. 
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A fine dispersion of carbides or inter-metallic compounds in the austenitic matrix increases high-

temperature strength considerably. Apparently, for this reason heat-resistant cast steels are higher in 

carbon content than those in corrosion-resistant alloys of comparable chromium and nickel content. It has 

been observed that in the industrial applications; the specifiers, buyers and end users often (blatant or 

ignorant) wrongly use low carbon (0.08 max or 0.03 max L version) austenitic resistant stainless steel 

which are good in combating corrosion resistance, but badly perform succumb to failure in elevated 

temperature service.  

 

 

Field experience buttresses that common (yet highly popular) SS-304, 316 and 310 grades of corrosion-

resistance stainless steels are largely, yet wrongly used in high temperature service conditions. At times it 

is hard to advice obstinate customers to obviate the impasse, when the laid out buying document specifies 

material grade/material number on component drawings that restrict the use of higher carbon (and higher 

Mn, Si) containing correct heat resistant alloy having comparable nickel and chromium content in it.  

 

 

Also, many manufacturers of high alloys for high temperature service are switching to and recommending 

(aggressively promoting) high chromium plain Fe-Cr alloys having very low nickel content. At the outset, 

such alloys possess a martensitic microstructure, but it is transformed into austenitic structure with high 

additions of austenite forming elements manganese (10-17%) and impregnating the alloy melts with 

exceptionally high levels of nitrogen ranging from 7000-30000 ppm, in its attempt to offer wrought alloy 

forms possessing completely non-magnetic austenitic microstructure in the final product. Disappointingly, 

such alloy metallurgies having low nickel and high chromium content have not only gained prominent 

market share, but also with impunity have either driven high nickel-chromium alloy (-3xx series) 

manufactures to bankruptcy or out of market with flooding of low nickel (or nickel free, the 2xx series) 

stainless steels in the global markets.  

 

 

To enhance, elevated temperature properties of high chromium alloys possessing low nickel content, such 

alloys have additions of rare earth elements like cerium from 0.70-2.0% which also helps to combat 

thermal cycling and thermal fatigue. However, in our view these alloys are short term solutions in the 

market when compared to correct Ni-Cr balanced alloy compositions of heat resistant alloys that are 

intelligently modified and micro-alloyed with element additions of Al, Ti, Al+Ti, Nb/Cb, Mo, V, W, Co, and rare 

earth metals, by many proprietary alloys manufacturers in the world. 

 

 

Even most extensively used 18Cr-8Ni (SS304) corrosion resistant stainless sales have plummeted and 

drastically decreased over the years with the advent of nickel free stainless-steel (with very high 

manganese and nitrogen content) glutting the markets. Few manufactures of heat resistant alloys 

(wrought alloys and cast alloys) those who have survived the mayhem, now make alloy products asking for 

minimum order quantity and on only confirmed demand /sale assurance. 
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Higher carbon contents in heat-resistant stainless steels is required to achieve properties in alloy for 

elevated temperature service. By holding at temperatures where carbon diffusion is rapid (such as above 

1200°C), and then rapidly cooling, a high and uniform carbon content is established, and up to about 0.20% 

carbon is retained in the austenite. Some chromium carbides are present in the structure of alloys with 

carbon contents greater than 0.20%, regardless of solution annealing treatment. 

 

 

Castings develop significant segregation as they solidify and freeze. In standard grades, either in the as-

cast condition or after rapid cooling from temperature near the melting point, much of the carbon is in 

super-saturated solid solution. Subsequent re-heating precipitates excess carbides. The lower the re-

heating temperature slower the reaction and finer the precipitated carbides. Fine carbides increase creep 

strength and decrease ductility. Inter-metallic compounds such as Ni3Al (nickel aluminide) have a similar 

beneficial effect, if present. Re-heating material containing precipitated carbides in the range between 

980°C and 1200°C (1800°F-2200°F) will agglomerate and spheroidize the carbides, which reduces the creep 

strength and increases ductility.  

 

 

Paradoxically, many of the high temperature failures which were thought to be attributed to poor creep 

strength prominently; were actually triggered due to the loss of ductility rather than its strength.  

 

 

Above 1100°C (2000°F), so many of the fine carbides are dissolved or spheroidized that the strengthening 

mechanism loses its prime significance. For service above 1100°C (2000°F), certain proprietary alloys have 

been developed by manufacturers globally. For example, alloys for such service contain tungsten to form 

tungsten carbides, which are more stable than chromium carbides at these temperatures. 

 

 

Aging at a low temperature, such as 760°C (1400°F), where a fine, uniformly dispersed carbide precipitate 

will form, confers a high level of strength that is retained at temperatures up to those at which 

agglomeration changes the character of the carbide dispersion (over-aging temperatures). Solution 

annealing heat treatment or quench annealing, followed by aging, is the treatment generally employed to 

attain maximum creep strength. 

 

 

Ductility is usually reduced when strengthening occurs. In some alloys, the strengthening treatment 

corrects an unfavorable grain-boundary network of brittle carbides, and both properties benefit. However, 

such treatments are costly, and may wrap castings excessively. Hence, this treatment is applied to heat-

resistant castings only for the small percentage of applications for which the need for premium 

performance justifies the high cost. 
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Carbide networks at grain boundaries are generally un-desirable in iron-base heat resistant alloys. Grain 

boundary networks usually occur in very high carbon alloys or else in alloys that cooled slowly through the 

high-temperature ranges in which excess carbon in the austenite is rejected as grain-boundary networks 

rather than dispersed particles. These networks confer brittleness in proportion to their continuity. 

 

 

Carbide networks also provides paths for selective attack in some atmospheres and in certain molten 

salts. Therefore, it is suggested in some salt bath applications to sacrifice high-temperature strength 

imparted by high carbon content and gain resistance to intergranular corrosion by specifying that carbon 

content to be no greater than 0.08%. 

 

Prolonged exposure of the Fe-Cr alloys (A297-HA, HC, HD) to temperatures in the range from 650°C-870°C 

(1200°F-1600°F), leads to the transformation of the ferrite to sigma (σ) phase. Sigma phase is extremely 

brittle, and it forms a continuous phase with carbides at the grain boundaries. It can cause dramatic brittle 

fractures, even if subjected to light impact at room-temperatures. 

 

Heat resistant castings in ASTM A 477 containing 25Cr-12Ni, has two grades-Type I and Type II. Also, some 

of the Fe-Cr-Ni alloys may also form sigma (σ) phase, if the compositional balance leans towards ferrite 

stabilization rather than austenite. Sigma forms much more slowly in these alloys than in the Fe-Cr 

compositions. However, the cracks caused by the formation of small amounts of several years of σ after 

several years of exposure to critical temperatures are common. 

  

For a detailed discussion on ASTM A 477 Alloy HH -Type I and II Ni/Cr balancing, do refer our application 

note, “Heat Resistant Alloy HH (A297) and HH-Type I & II (A 447)”. 

Cracked 25Cr-12Ni cast heat resistant stainless-steel quenching fixture. Left image shows micrograph of 

part of the fracture, while the right image is of its microstructure showing substantial sigma (σ) phase; 500x 
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The figures in table above shows part of a broken hook used to hold a heat-treatment basket during 

austenitizing and quenching. The hook was made from cast 25Cr-12Ni heat resistant steel. However, the 

composition was not properly balanced, and higher than normal delta (δ) ferrite content was present in the 

hook. The delta (δ) ferrite transformed to (σ) during the periods that the hook was in the austenitizing 

furnace (temperatures from 815°C-900°C or 1500°F-1650°F, generally). Hence, the micrograph shows a 

highly heavy and nearly continuous grain-boundary (σ) network. 

 

 

 

ACME® Modified & Proprietary Grades  

 
Fundamental requirements in increasing high temperature capability include increase in strength at 

elevated temperature and increase in environmental resistance. Thus, in many cases the overall design 

requirement cannot be satisfied by a single material. Coatings are commonly required. Depending on the 

complexity of the component duty it may be necessary and in extreme cases, to apply multiple coatings to 

protect against different environmental factors, for example- corrosion, abrasion, impact and wear.  

 

The various complementary mechanisms which strengthen metallic materials and increase temperature 

capability include solid solution strengthening and dispersion strengthening. They all operate by making 

dislocation movement more difficult. Solid solution strengthening is applicable to all base metals. 

Precipitation hardening is a potent strengthening mechanism but is limited to certain alloy types. 

Dispersion strengthening using fine dispersion of stable particles can be effective in developing strength 

at very high temperatures.  

 

It is well understood, that Grain boundaries play a very significant role in relation to material strength. 

Depending upon temperature, they can be beneficial and play a role in increasing strength or can be 

detrimental and reduce strength. Thus, the grain size may be controlled within specified limits, the 

behaviour of grain boundaries may be modified and the boundaries themselves may be eliminated through 

the use of components in the form of single crystals. 

  

 

Solid Solution Strengthening 

 

When atoms of one metal are substituted into the crystal lattice of another metal, internal strains are 

generated, resulting in strengthening. The extent of strengthening produced depends on the atoms 

involved. Atoms with similar crystal structures and lattice parameters will have high mutual solubility and 

with generate relatively little strengthening. Atoms of different size may have limited solubility but could 

potentially generate significant strengthening.  

 

The effect of various alloying elements-tungsten, molybdenum, vanadium on the proof stress of gamma 

iron is buttressed by considerable research and as in case with alpha iron, the interstitial atoms N and C 

are more effective than the substitutional atoms.  
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Tungsten and molybdenum have long been recognized as strong solid solution strengthening elements in 

nickel super alloys. Recently, rhenium has been found to be a particularly effective element, partitioning 

mainly to the matrix, reducing diffusion rates and therefore retarding coarsening of the gamma precipitate. 

It also forms short range ordering with very small clusters of atoms in the matrix, which act as effective 

obstacles to dislocation movement. 

 

 

Grain Size and Grain Boundary Effects 
 

A grain boundary is a region of mismatch between the lattices of adjacent grains. The effect of the grain 

boundary on properties varies with temperature. At temperatures up to around 50% of the melting 

temperature the boundary impedes dislocation movement and thus provides a strength-mechanism. At 

higher temperatures, diffusion becomes increasing important and is much more rapid in the grain 

boundaries than within the grain. Grain boundaries are therefore sources of weakness in high temperature 

creep processes. Depending on the service temperature of the component, the grain size and shape can be 

controlled, and the grain boundary structure can be modified, to optimize properties. 

 

ACME® offers proprietary alloys and modifications of standard alloy grades, that involve strengthening of 

the alloy solid solution with single or multiple additions of the elements aluminium, molybdenum, niobium, 

rare earth metals (REM) - Ce, La, Ta, Re, Y, titanium, tungsten and zirconium are added to improve specific 

properties; such as high-temperature strength, carburization resistance, and resistance to thermal cycling 

and fatigue.  

 

Research suggests that in Fe-Ni-Cr and Nickel Base-Alloys following objectives can be achieved with 

element alloying additions: 

 
Solid solution strengthening  Mo, Ta, W, Re 

 

Precipitation strengthening   Al, Ti, Ta 

 

Grain boundary strengthening   B, C, Zr, Hf 

 

Surface protection    Al, Cr 
 

 
To overcome high temperature part failures and solutions for elevated temperature service, contact: 
 
 
Vishal Kumar 
T: +91-98-111-15423 
E: vishal@acmealloys.com 
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