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The steels are critical in addressing energy demand, mitigating greenhouse
gas emissions, reducing SO, and NO, emissions, and increasing efficiency.

Heat-treatment of modified 9CrMo steel

HT9, are materials of choice for fossil-fuel-fired power plants

and Next Generation Nuclear Plants (NGNP). Both of them
are critical in addressing energy demand, mitigating greenhouse gas
emission, reducing SO, and NO, emissions, and increasing efficiency.
NGNPs and supercritical power plants are designed to operate at high-
er temperature and pressure. Furthermore, these plants are expected
to run for longer service periods and designed to have thinner com-
ponent thickness. Operating temperature of reactor pressure vessels
(RPV) in some variant of NGNPs can vary between 300 and 650°C
and the vessels will be double the size of typical light water reactors.
Efficiency of fossil-fuel-fired power plants strongly depends on tem-
perature and pressure of steam being generated. One percent increase
in net efficiency reduces emission of CO,, NO_, SOy, and particulates by
2.4 metric tons, 1.8 metric tons, 1.8 metric tons, and 0.45 metric tons,
respectively, while also reducing fuel costs by 2.4 percent [1].

The modified 9CrMo, a ferritic-martensitic (F-M) steel, has tem-
pered martensitic microstructure with a lot of precipitates. These
steels have superior elevated temperature creep strength [2,3];
however, their mechanical property is dependent on their ability
to maintain tempered microstructure and precipitate distribution
and are prone to cracking. Precipitation hardening is one of the
main strengthening mechanisms in highly alloyed steels like these.
Addition of strong carbide and carbonitride formers such as vana-
dium (V), niobium (Nb), and titanium (Ti) lead to the precipitation of
various precipitates, such as coarser M,,C-type, and finer, thermal-
ly stable MX-type precipitates: (Ti,Nb)(N,C), (Nb,V)(C,N), and (V,NDb)
(N,C). Coarser precipitates are located at the grain boundaries while
finer precipitates are predominantly located in the grain. Smaller
interparticle spacing and increased volume fraction of the fine MX
carbides enhance the alloy strength. These precipitates obstruct the
movement of dislocations, refine grain during normalizing, and
delay plastic deformation. However, precipitates such as Z-phase and
Laves phase lead to decrease in strength of the alloy by weakening
solid solution [4]. Evolution of thermally-induced microstructure can
be understood from heat-treatment studies.

Heat-treatment study of the steel helps in understanding its
microstructural evolution and mechanical properties as these mate-
rials, whether being used for a pressure vessel or boiler component,
go through a series of heating and cooling cycles. In this study, mod.
9Cr1Mo steel samples were normalized at 1,040°C for 2 hours, 8
hours, and 20 hours. With longer normalizing time, coarsening of
untampered microstructure was observed as shown in Figure 1 and
2. With increased normalizing time, prior austenite grain size and
martensite lath size increased. Samples normalized at 1,040°C for
2 hours were tempered at 790°C for 2 hours, 8 hours, and 20 hours
to examine the tempered microstructure. The sample tempered at
790°C for 2 hours had tempered microstructure with elongated mar-

. he modified 9CrMo steels, such as Grade 91, Grade 92, and
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Figure 2: Optical micrograph of sample normalized at 1,040°C for 8 hours.

tensite lath structure as shown in Figure 3. However, with increasing
tempering time, martensite-free coarse structure was observed, as
seen in Figure 4. During normalizing and tempering of the steel, sev-
eral carbides, such as M,,,C,, Ti/Nb/V rich MX-type carbide/carboni-
trides precipitate and coarsen resulting in changes in creep strength,
ductility, hardness, and microstructure [5-9]. M,,C-type precipitates
coarsens at an accelerated rate compared to MX-type precipitates
due to higher solubility of iron and chromium and ferritic structure.

A decrease in hardness was observed in samples normalized for
a longer period, and a similar trend was observed in samples tem-
pered for longer periods, as shown in Figure 5. Samples normalized
for 2 hours, 8 hours, and 20 hours had a hardness of 397, 372, and
336 HVN300g, respectively. Samples tempered for 2 hours, 8 hours,
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Figure 3: Optical micrograph of sample normalized at 1,040°C for 2 hours and
tempered at 790°C for 2 hours.
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Figure 4: Optical micrograph of sample normalized at 1,040°C for 8 hours and
tempered at 790°C for 20 hours.
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Figure 5: Effect of heat treatment on hardness.

and 20 hours had hardness of 206, 200, and 194 HVN300g. A drop in
hardness was observed in tempered samples compared to normalized
ones. Significant reduction in hardness was observed for normalized
samples compared to tempered samples with respect to test duration.
Li et al. have reported hardness change of over 80 HV between as-
received and in-service steel. A non-destructive technique using elec-
tromagnetic measurement has shown decrease in hardness of over
40 HVN300g with increased initial permeability and decrease in coer-

civity for a sample tempered at 780°C for 100 hours [10]. Coarsening
of microstructure and precipitates, subgrain recovery and its dis-
solution, and decreased dislocation density have been attributed to
lowering hardness [5,11,12]. Distribution of M,,,C-type and MX-type
precipitates in the matrix plays a significant role in hardness and
elevated temperature creep properties. Coarsening of M,,C-type pre-
cipitates, which are primarily distributed across grain boundaries,
weakens solid solution strengthening and introduces defects in the
matrix, while coarsening of MX-type precipitates are not effective in
disrupting the flow of dislocations and pinning subgrains. §
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