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Abstract The microstructural evolution of Grade 91 tempered martensite ferritic steels heat treated at 760~1000 oC for two

hours was investigated using scanning electron microscopy(SEM), energy disperse spectroscopy(EDS), electron backscattered

diffraction (EBSD), and transmission electron microscopy(TEM); a microhardness tester was also employed, with a focus on

the grain and precipitate evolution process as well as on the main hardening element. It was found that an evolution of tempered

martensite to ferrite(760~850 oC), and to fresh martensite(900~1000 oC), occurred with the increase of temperature.

Simultaneously, the parabolic evolution characteristics of the low angle grain boundary(LAGB) increased with the increase of

the heating temperature(highest fraction of LAGB at 925 oC), indicating grain recovery upon intercritical heating. The main

precipitate, M23C6, was found to be coarsened slightly at 760~850 oC; it then dissolved at 850~1000 oC. Besides this, M3C

cementite was formed at 900~1000 oC. Finally, the experimental results show that the hardness of the steel depended largely

on the matrix structure, rather than on the precipitates, with the fresh martensite showing the highest hardness value.
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1. Introduction

9~12 wt% Cr tempered martensite ferritic(TMF) steels

are the widely used materials in fossil-fired power plants,

operating at a supercritical steam of temperature up to

650 oC and a pressure greater than 30MPa. The Grade 91

steels (Gr. 91, ASME T/P91) have been used as the struc-

tural materials, i.e., heat exchanger(superheater, reheater),

steam pipes/tubes, boilers and turbine parts.1) All of these

steels have a similar strengthening mechanism of pre-

cipitation hardening by the uniformly dispersed carbides

and carbonitrides, i.e., the M23C6(M: Fe, Cr and/or Mo)

and the MX(M: Nb, V, Ti, X: C and/or N). The pre-

cipitates stabilize the microstructure by pinning the grain

boundaries (i.e., subgrain, lath, pocket boundaries, etc.)

and blocking the motion of dislocations, which assure the

high creep strength at elevated temperature. 

To obtain the desired microstructure mentioned above,

traditional heat treatment of these steels included the

normalizing and tempering. Normalizing at 1040~1070
oC with subsequent air cooling lead to form the martensite

structures with various sub-structures and amounts of dis-

locations. Following tempering at a temperature between

the Ac1 and Ar3 allows the precipitation of the M23C6

and developing of the tempered lath structure.2) One

notable observation was that the strengthener MXs formed

during cooling at the austenization temperature, and they

remained very stable upon subsequent heat treatment. In

the past few years, many researchers studied the heating

processes effect on the evolution of microstructure and

mechanical properties. For example, Yoshino et al.3) re-

ported the effect of normalizing temperature on the

evolution of precipitation. Totemeier et al. 4) studied the

creep strengthen upon the off-line normalizing temperature.

Besides, Tokunaga et al. 5) tracked the transformation of

precipitates during tempering at the Ac1 temperature by

thermal analysis. In this work, the heating of Gr. 91 at

760~1000 oC was carried out to study the 1) micro-

structural evolution(both the ferrite grain and precipitates),

2) changes of hardness, and 3) main microstructural

element of strengthening.
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2. Experimental Procedures

The material studied in this work was the commercial

Gr. 91 steel tube(in normalized and tempered condition,

Table 1). The as-received tubes (i.e., in manufactured

condition, named as “new” hereafter) were cut into

several pieces in the size of 10 × 10 × 5 cm3, then heated

at various temperatures above Ac1 (760~1000 oC) for two

hours with a heating and cooling rate of 200 oC/h.

Microstructural study of the specimens included analyses

using OM(optical microscopy), SEM(scanning electron

microscope, JSM-5610) with energy dispersive spectro-

scope(EDS, Oxford Inca), EBSD(electron back-scattered

diffraction, attached in a field emission SEM FESEM-

MIRA II LMH) and TEM(JEM-2100F) equipped with

EDS(Oxford Inca). For OM and SEM observation,

specimens were metallographic polished and then etched

with the Vilella’s etchant(1 g picric acid and 5 ml hydro-

chloric acid in 100 ml ethanol). Specimens for EBSD

measurements were finished with polishing in colloidal

silica for 1.5 hrs. The 3 mm disk thin foil TEM specimens

were jet-polished by using an electrolyte consisted of

50 ml perchloric acid and 950 ml acetic acid at 25 oC.

The carbon extraction replicas of the precipitates for

TEM analysis were prepared by evaporation of a carbon

film onto the metallographically polished and etched

surface(same as the preparation of OM and SEM spe-

cimens), followed by dissolving the matrix in Vilella’s

reagent. Prior to the TEM observation, the replicas

scooped on the 3 mm copper grids were cleaned with

Table 1. Chemical composition of the Gr. 91 specimen used in this work (wt%).

C Mn Si P S Ni Cr Mo V Al Nb

0.12 0.48 0.38 0.018 0.001 0.08 8.65 1.01 0.22 0.016 0.09

Fig. 1. EBSD inverse pole figure with the highlights on the misorientations of grain boundary: (a)~(i) corresponded to new ~1000 oC

specimens (as marked in figures), respectively. The fraction of the LAGB was added in the upper-right corner of each image.
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ethanol and distilled water. The identification of the types

of the precipitates was carried out by EDS analysis in

combination with selective area diffraction pattern

confirmation.6,7) The microhardness of the specimens was

measured on the SEM studied specimens with a load of

200 kgf with 20 times of measurements per specimen.

3. Results and Discussion

3.1 Evolution of ferritic matrix structure

Fig. 1 shows the typical EBSD inverse pole figure

maps with highlights on the misorientations angle of

grain boundaries of the specimens. The quantitative results

on the fraction of the LAGB(low angle grain boundary)

are listed on the upper-right corner of each map. The

map of the new specimen(Fig. 1a) shows a typical

structure of the tempered martensite(the tempered lath is

clearly shown). The misorientations angle of the grain

boundary distribution and fraction of the LAGB (46 %)

agreed well with the previous reports8,9) in the TMF

steels. With an increase of the temperature from 760 to

825 oC(Fig. 2c~d), the matrix has no significant change,

which remained as the tempered martensite structure,

except an increase in the fraction of LAGB. However,

when temperature increase from 850 to 950 oC(Fig. 2e~h),

the tempered martensite changed to the ferrite structure,

i.e., equiaxed ferritic grains rather than tempered lath as

shown in Fig. 1a~d. With a further increase of tempera-

ture, the equiaxed grains coarsened, with slight decrease

in the fraction of LAGB(Fig. 1e~h). When temperature

increased to 1000 oC, a fresh martensite5) structure

formed(Fig. 1i). The lath width was smaller than that of

original one, however, the fraction of the LAGB was

similar to the original one. Different colors in Fig. 1

represent different orientations as indicated in the standard

triangle(inserted in the lower-left corner of Fig. 1a). The

presence of all colors in similar frequencies indicates the

test specimens do not exhibit a strong texture, which

means that the heating did not affect the texture of the

Gr. 91 steels.

3.2 Evolution of precipitates

Fig. 2 is the typical SEM micrographs of the spe-

cimens. In the new specimen(Fig. 2a), a high density of

M23C6
1) was dispersed in the grain boundary and grain

interior(matrix). Careful observation found that the pre-

cipitates in grain boundaries are coarser than those in

grain interior. When the temperature increased from 760
oC to 825 oC(Fig. 2b~d), no significant change of the

precipitates was observed. However, at the temperature

of 850~950 oC, the decrease of number density and

volume fraction of the M23C6 was obviously(Fig. 2e~i),

indicating the dissolution of the M23C6. In addition, no

Laves phase was formed in any of the specimens, as

Fig. 2. Typical SEM images of the Gr. 91 specimens after heated. (a)~(i) corresponded to the new ~1000 oC specimens (as marked in

figure), respectively.
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examined by BSE(back scattered electron) imaging. The

formation of a secondary phase(Lave phase) was com-

monly reported in the long-term aged, and/or crept

9~12%Cr heat resistant steels, which provided an evidence

on the degradation of microstructure and creep re-

sistance.10,11) Since the Laves phase was rich in Mo

(which allows for identifying its presence with high

brightness in a BSE micrograph due to the Z-contrast),

the identification and measurement of the Laves phase

could be carried out by SEM-BSE imaging. It yielded a

much higher brightness for Mo compared to that of Cr.12)

Detailed analyses of the precipitates were carried out

by TEM examination. Fig. 3 shows the typical thin foils

(a1~d1) and carbon extraction replicas (a2~d2) TEM images

of the specimens. As can be seen in Fig. 3(a1, a2, b1 and

b2), the M23C6 and rod-like elongated precipitates coars-

ened slightly, whereas the shape did not seem to change

much. However, when the temperature increased to 925
oC(Fig. 3c1 and c2), most of the elongated/rod-like M23C6

became needle-like shape, with a decrease in the fraction

and number density. This provided ample evidence of the

dissolution of the M23C6 precipitates, and correspondingly,

that the critical dissolution temperature of the M23C6 is

~905 oC.13) The needle-like fine Fe3C was nucleated in

the 900~1000 oC heated specimens. As the temperature

increased from 900 oC to 1000 oC(Fig. 3d1 and d2),

M23C6 dissolved, leaving only a few coarsened one in

matrix. However, the tiny plate-like Fe3C was frequently

observed in the matrix, whose formation was also

reported in a normalized Gr. 91 steel by Yoshino et al. 14)

The MX precipitates were so stable. As clearly shown in

Fig. 3a2~d2(marked by dashed circle), that the morph-

ologies and size show no significant changes upon heating.

Furthermore, it can be seen in the thin foil TEM

images(Fig. 3a1~d1), the dislocation density in the 1000 oC

heated specimen(Fig. 3d1) was very high, compared to

that in other specimens, which provided obvious evidence

of the formation of a fresh martensite structure.15)

3.3 Evolution of microhardness

Fig. 4 shows the variation in microhardness upon

heating temperature changes. Obviously, the hardness did

not change in the temperature of 760~800 oC. However,

with the temperature increase from 800 oC to 850 oC, the

hardness decreased with the increase of temperature,

reaching a bottom value(around ~175 HV) at the 850~

925 oC. Further increase of temperature from 925 oC to

1000 oC causes an increase of hardness, which is much

Fig. 3. Micrographs of TEM thin foils (a1~d1) and carbon extraction replicas (a2~d2): (a1, a2) new, (b1, b2) 850
o
C, (c1, c2) 925

o
C and (d1,

d2) 1000
o
C. Some of the MX(dashed circle), and M3C(arrows) type precipitates were indicated with dashed circles or arrows in (c2) and (d2).

Fig. 4. Variation of the hardness with the heat treatment tempera-

ture of the Gr. 91 steels.
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higher than that of the previous one.

The variation of the hardness with the temperature

agreed well with microstructural evolution: i) stability of

hardness in the temperature up to 800 oC was due to the

tempered martensite(Fig. 1(a~d)), ii) decrease of the

hardness in 800~850 oC is due to the formation of ferrite

during cooling, iii) low hardness in 850 oC~925 oC

heated specimens was due to the full transformation to

ferrite(Fig. 1e~g), and iv) an increase of the hardness in

925~1000 oC was due to the formation of fresh mar-

tensite(Fig. 1i).

Considering the precipitation strengthening in 9 % Cr

heat resistance steel, the precipitates in the T91 steel do

not seem to contribute much to the overall hardness.

Even though the 950 oC and 1000 oC samples has a less

fraction of precipitates than that of the new and

760~925 oC treated specimens, it has a higher hardness,

(Fig. 2~4), indicating that the hardness of TMF heat

resistant steels is largely dependent upon the matrix

structure.

4. Conclusion

In this study, the microstructural evolution and hardness

changes of the Gr. 91 tempered martensite ferritic steels

upon heating at 760~1000 oC for two hours were

investigated by SEM, EBSD, TEM and microhardness

tester. The following is a summary of the findings:

1) Three kinds of microstructure were obtained de-

pending on the heat treatment temperature, i) tempered

martensite structure (760~850 oC), with an increase of

the fraction of LAGB, ii) ferrite structure (850~950 oC),

with highest LAGB fraction, and iii) fresh martensite

structure (950~1000 oC), with a decrease of the LAGB

fraction to the level of the as-received sample.

2) The main precipitates M23C6 coarsen slightly when

the temperature increased up to 850 oC. However, they

began to dissolve with the temperature increased from

850 oC to 1000 oC. Meanwhile, the formation of M3C

was observed in the specimens heated at 900~1000 oC.

3) The hardness decreased with the increase of tem-

perature up to 925 oC, and increased(higher than the

original one) with the further increase up to 1000 oC,

which agreed well with the microstructural evolution.

4) The hardness of Gr. 91 steel is largely dependent

upon the matrix structure rather than the precipitates.
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