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Ferritic/Martensitic materials such as T91 (9Cr–1Mo) and HT-9 (12Cr–1Mo) are candidate materials for
nuclear reactor fuel cladding. In order to ensure a full understanding of these materials microstructure
in this study a comprehensive characterization of these alloys was conducted. A heat of HT-9 and T91
was produced and the micro-structural changes from the as cast state to the final heat treated sheet prod-
uct were characterized. Metallography revealed an overall picture of the different microstructures while
neutron diffraction performed during the materials heat treatment revealed insight about texture, ther-
mal expansion and transition temperatures. 3D atom probe showed the exact overall composition and
the local composition the carbides formed in the material.

Published by Elsevier B.V.
1. Introduction

The Ferric/Martensitic stainless steel alloys HT-9 (12Cr–1Mo)
and T91 (9Cr–1Mo) have beneficial properties (e.g. swelling resis-
tance, low corrosion, good thermal conductivity, low thermal
expansion, etc.) for advanced fast reactor application. The crystal-
line body centered cubic (bcc/bct) structure coupled with a large
amount of interphases (martensitic laths) gives these samples
great resistance to irradiation-induced swelling [1–6]. In Klueh
and Nelson [7] an extensive study summarizing many results from
the literature was presented. In addition, HT-9 has relatively good
corrosion properties for fast reactor environment such as lead bis-
muth eutectic [8]. With the perspective of a nuclear renaissance it
was found important to report a study of the materials state during
and after proper heat treatments. It was found that a study report-
ing the crystal structure over temperature and to prove that the
resulting carbides are indeed M23C6 carbide being present at the
grain boundary might be needed. Especially since this particular
heat of HT-9 and T91 is used at Los Alamos at different ion beam
studies [1,9]. In this work the materials processing starting from
casting to the final sheet product of HT-9 and T91 was performed
and the material was analyzed in order to establish a baseline for
future manufacturers and to report the material used for further
experiments. After casting, samples of each alloy were deformed
(forging and rolling) and heat treated. After the deformation and
heat treatment, metallographic analyses were performed on the
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samples. In addition, neutron diffraction was performed during
the heat treatment to analyze the exact thermal expansion
(changes in d-spacing) texture and phase fractions.
2. Experiment

2.1. Materials synthesis

Heats of HT-9 and T91 were produced using a vacuum furnace
with the capacity of producing a heat of 25 kg at one time. The
composition was monitored during production. The exact compo-
sition of the materials HT-9 and T91 was determined from chemi-
cal analysis shown in Table 1.

The as cast material was cut in 20 mm thick slice and further
forged and rolled. The forging took place at 1000 �C. The samples
were hit with a pressure of 3.4 MPa three times in one direction
and once on their side for a 30% reduction at each hit. After forging,
the material was hot rolled in air at 900 �C to a final thickness of
6.35 mm. Then, the materials were heat treated according to the
literature suggestions [3] to a tempered martensitic condition. This
consisted of normalization at 1050 �C for 1 h in argon followed by
an air cool and then tempered at 760 �C in argon followed by an-
other air cool.
2.2. Analysis

In the following section, each analytical step is described in
detail.

http://dx.doi.org/10.1016/j.jnucmat.2010.05.005
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2.2.1. Metallography and hardness measurements
In between each production step, optical microscopy was per-

formed on the materials. After cutting the samples using a slow
Table 1
Results of the chemical analysis on HT-9 and T91 (units are in wt.%).

O N C S V W P Co

HT-9 0.016 0.031 0.171 0.004 0.34 0.58 0.007 0.009
T91 0.012 0.008 0.082 0.002 0.28 0.02 0.006 0.007

Fig. 1. HT-9 (a) and T91 (b) cast structure taken from equiaxed zone 500�. Micrograph fr
from the rolled materials. Micrographs from HT-9 (g) and T91 (h) from the fully heat tr

Table 2
Vickers micro-hardness measurements on the samples investigated.

Cast HT-9 Cast T91 Forged HT-9 Forged T91 H

HV 460 368 492 370 2
Grain size (lm) 3246 3075 883 622 N
speed cutting saw, the sample was ground and polished using
SiC paper with 1200 grit followed by polishing down to 1 lm dia-
mond polishing as a last step. After polishing, the sample was
Cu Ti Fe Mn Si Cr Mo Ni Al

0.025 0.002 84 0.61 0.41 12.1 0.97 0.59 0.007
0.022 0.003 88 0.52 0.31 9.2 0.97 0.45 0.006

om HT-9 (c) and T91 (d) of the forged material. Micrograph from HT-9 (e) and T91 (f)
eated material.

ot rolled HT-9 Hot rolled T91 Heat treated HT-9 Heat treated T91

54 278 306 269
M NM NM NM
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etched using an enchant acid mixture having the components
20 ml H2O, 20 ml HNO3, 20 ml HCl, and 10 ml HF.

Micro-hardness measurements were performed on each sample
after polishing using a Buehler micromet-4 micro-hardness tester.
Fig. 2. T91 neutron diffraction data graph from HIPPO.
2.2.2. Neutron diffraction analysis
The phase changes during heat treatment were analyzed by

performing neutron diffraction experiments using the High Pres-
sure Preferred Orientation (HIPPO) instrument at Lujan center at
Los Alamos National Laboratory. The furnace at HIPPO allows
reaching a maximum temperature of 1050 �C while performing
the neutron diffraction experiment. The samples were first heated
to 1050 �C using a heating rate of 200 �C/h then furnace cooled and
re heated to 760 �C (200 �C/h heating rate) followed by a furnace
cooling step back to room temperature. In addition to determining
the phase changes and phase fractions, HIPPO also allows for tex-
ture measurements during heat treatment. During the heating
the sample was held for 5 min at a constant temperature so diffrac-
tion patterns with low background noise can be made. But in order
to keep a fast cooling rate a diffraction pattern were taken every
2 min without holding the temperatures. Therefore the cooling
patterns are much noisier and inaccurate since the data take is
averaged over a temperature range of �30 �C.

For important points in the temperature profile (at the begin-
ning of the measurement at holding temperature, etc.) texture
measurements were performed. During this measurement the
sample was rotated to 0�, 45�, 67.5� and 90� to get full 360� sample
coverage [10].

The post neutron diffraction data analysis was performed using
the software GSAS [11].
Fig. 3. Texture plots of the sample HT-9 at the beginning of the experiment (a)
1050 �C (b), after the cooling cycle at 760 �C for bcc (c) and fcc (d). HT-9 at 750 �C fcc
(e), bcc (f) and 200 �C (g).
2.2.3. 3D atom probe analysis
One sample of HT-9 as heat treated was analyzed using a Local

Electrode Atom Probe (LEAP) system (LEAP 3000x-HR) located at
the Montanuniversität Leoben in Austria. The measurements were
performed under ultra high vacuum condition with a puls repeti-
tion rate of 200kHz at a temperature of 47 K. Several LEAP samples
were measured while one with a large carbide is presented in
Fig. 6. Ten million atoms were collected on the sample shown.
The reconstruction and post measurement analysis was performed
Table 3
Lattice constant calculated form the d-spacing measurements of the orientation [2 0 0] of th
nm. HT-9 was heated up to 1050 �C, T91 was heated up to 1060 �C.

Temperature (�C) HT-9 bcc (nm) Error (fm) HT-9 fcc (nm) Err

100 0.2881362 6.20 – –
200 0.2884986 6.00 – –
300 0.2887812 6.10 – –
400 0.2890890 6.10 – –
500 0.2894022 6.20 – –
600 0.2897318 5.90 – –
700 0.2900324 5.30 – –
800 – – 0.3649338 55
820 – – 0.3650228 27
840 – – 0.3652686 12
860 – – 0.3654266 92
880 – – 0.3655506 96
900 – – 0.3657624 11
920 – – 0.3660032 10
940 – – 0.3661674 10
960 – – 0.3664386 99
980 – – 0.3667162 10
1000 – – – –
1020 – – – –
1040 – – – –
1050/1060 – – 0.3675838 7
using the software IVAS™ (Imago Visualization and Analysis Soft-
ware) from IMAGO INC. [12].
e HIPPO experiment. Only the data of the first heating cycle are shown. All units are in

or (fm) T91 bcc (nm) Error (fm) T91 fcc (nm) Error (fm)

0.2878274 15 – –
0.2885794 9.20 – –
0.2887890 10.0 – –
0.2891698 10.6 – –
0.2895220 11.3 – –
0.2898108 13.1 – –
0.2901842 10.9 – –

.9 0.2906470 8.80 – –

.5 0.2907602 11.2 – –

.8 – – 0.3652516 33.2E

.0 – – 0.3655102 14.1

.0 – – 0.3656996 13.6

.3 – – 0.3658752 14.0

.1 – – 0.3660614 11.8

.2 – – 0.3662132 11.8

.0 – – 0.3664354 14.0

.4 – – 0.3666182 13.1
– – 0.3667920 13.5
– – 0.3669198 14.1
– – 0.3671124 15.5

.90 – – 0.3666414 7.6



(a) HT-9 

100C bcc 

(b) HT-9 

1060C fcc 

(c) HT-9 

250C bcc 

(d) HT-9 

250C fcc 

(e) HT-9 

750C fcc 

(f) HT-9 

750C bcc 

0.0 1.0 2.0 3.0 

(g) HT-9 

200C bcc 

Fig. 4. Texture plots of the sample T91 at the beginning of the experiment (a) 1050 �C (b), after the cooling cycle at 250 �C (c) at 760 �C (d) and at 175 �C (e).
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3. Results

3.1. Metallography and micro-hardness results

Metallographic analysis and micro-hardness measurements
were performed on all the samples. The results of the micro-hard-
ness measurements can be seen in Table 2. After casting a course
Perlite/Ferrite structure it can be seen in Fig. 1. After forging the
large grained structure is disrupted. The hot rolling causes a slight
texture in the material. After the full heat treatment a fine Ferritic
lath structure is observed. The fine structured material makes it
(a) T91 

100C bcc  

(b) T91 

1050C fcc  

0.0 1.0

(e) T91 

175C bcc 

(c) T91 

250C bcc 

(d) T91 

760C bcc  

Fig. 5. LEAP results on HT-9 (a) and line scan across the carbide
difficult to measure an accurate grain size therefore this was not
measured.

T91 seem to have less of a martensitic lath structure than HT-9.
The micro-hardness shows that T91 is significant softer than the
HT-9.

3.2. Neutron diffraction

The results of the HIPPO measurements and GSAS peak fits per-
formed on HT-9 and T91 after the hot rolling stage are presented in
Table 3 and Figs. 2–5. In Figs. 2 and 3 the d-spacing are plotted vs.
2.0 3.0 

found in the tip (b). EELS TEM images of HT-9 (c) and (d).
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intensity for all the measurements taken at different temperatures.
These plots show the phase transformations at the temperature
and the thermal expansion. It appears that the HT-9 material trans-
forms to Austenite at around 840 �C and stays austenitic also dur-
ing the furnace cooling. Only the tempering at 760 �C allows the
material to transform into bcc. Following the quenching from tem-
pering 49.3 vol.% of the material is still fcc and 50.7 vol.% is bcc.
During annealing the volume fraction of bcc increases up to
69.3 vol.% while the fcc phase fraction reduces to 30.7 vol.% at
760 �C in HT-9. At the end of the slow cooling cycle the material
is fully bcc. The texture plots taken at each significant temperature
(100 �C, 1060 �C, 250 �C, 750 �C) and room temperature are given
in Fig. 4. It can be seen that there is a slight texture (1 1 1) in rolling
direction. This slight texture seem to be present throughout the en-
tire heat treatment cycle.

The material T91 seem to transform into austenite at 850 �C and
transforms back into bcc at the quenching step at a temperature
around 300 �C. At the end of the heat treatment cycle (room tem-
perature) it can be seen that the material is fully bcc after the
quenching and before the actual annealing step. It is clear that
the material transforms easier into bcc than the HT-9 does. The
texture plots taken at the holding temperatures are shown in
Fig. 5. It can be sent hat the material has a 2.2 times random struc-
ture of (1 1 1) in the rolling direction as well. No obvious difference
between HT-9 and T91 can be seen.
3.3. 3D atom probe and TEM results

The 3D atom probe results are presented in Fig. 6b and c. In this
particular measurement carbides were found. It can be clearly seen
(a) 

(b) 

Fig. 6. Plots of the thermal lattice exp
that the carbide is enriched in Cr, C, and slightly V and W. Fe and Si
is depleted. The line scan shows more detail (Fig. 6c). The TEM-
EELS data indicate that the carbides are mainly found on grain
boundaries and that the grain structure is rather fine 2–5 lm
(Fig. 6d and e).
4. Discussion

In all treatment stages some carbide are visible. It appears that
after the heat treatment these carbides are located at the grain
boundaries mainly (Fig. 6). The LEAP measurements clearly show
that the carbides consist of 50 at.%Cr, 20 at.%C, 25 at.%Fe and others
(W, V, Si) which can be related to M23C6 with mainly Cr as the me-
tal. No significant Cr depletion or Fe enrichment was found sur-
rounding the carbide. The TEM shows that the carbides are
mainly located at interfaces. This is in agreement with a study con-
ducted on X20CrMoV12.1 [13].

Considering that this heat of HT-9 has 2 times the amount of C
than T91 the difference in hardness should be related to this fact. In
this study no chromium depletion was found but �0.08 wt.% more
C (in HT-9 than in T91) are able to bind about 1.4 wt.% of additional
Cr in M23C6 carbides. Since HT-9 has 3 wt.% more Cr it is assumed
that a local depletion around carbides is supplied by the 3 wt.%
more Cr in the material preventing corrosion phenomena.

The excessive hardness of the HT-9 and T91 after casting is based
on the cementite present in this microstructure. While forging only
refines the microstructure the material increase its hardness
slightly. Only the rolling and heat treatment at higher temperature
allows getting a fine structured Ferritic microstructure. This shows
(c) TEM EELS results on HT-9 Fe 

(d) TEM EELS results on HT-9 Cr 

ansion on HT-9 (a) and T91 (b).
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clearly that a reactor component needs to undergo a full heat treat-
ment before it can be used as component.

The HIPPO analysis shows clearly that with the range of
austenitization both materials have a bcc to fcc phase change at
around 850 �C. This agrees temperature range of TTT diagrams
for X20CrMoV12 where the AC2 temperature is 870 �C [14]. Dur-
ing cooling it seems that T91 transforms back to bcc at about
300 �C while the HT-9 does not transform back to bcc during
the first cooling cycle. Only the tempering after quenching allows
the HT-9 to transform to bcc. It appears that the higher alloying
composition of HT-9 requires a higher driving force for the mate-
rial to change its phase. But since HIPPO does not allow higher
cooling rates HT-9 cannot transform at this given cooling rates.
Only the annealing steps allow the full bcc transformation to
happen.

Using the C equivalent equitation given in [15] it can be found
that the Ms temperature for HT-9 is 276 �C and the Mf temperature
is 61 �C while T91 has a Ms temperature of 350 �C and Mf 134 �C.
This temperatures are similar to what can be found in the TTT dia-
gram of [14] for X20CrMoV12 where at a temperature of 200 �C
and a cooling rate of 800 �C/1000 s a Ms volume fraction of �50%
can be seen. This agrees with the values found here and explains
0.00 100.00 200.00 300.00 400.00 500.00 600.00
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Fig. 7. Plots of the thermal lattice exp
while the material HT-9 did not fully transform into martensitic
after the first quenching step while the material T91 did.

In addition to the phase identification the peak shift with tem-
perature can be used to determine the thermal expansion of the
lattice. Fig. 7 presents the lattice expansion vs. temperature for
the bcc and fcc phase on HT-9 and T91.

Table 3 presents the actual measured lattice spacing and d-
spacing measured. Comparing the material T91 and HT-9 no signif-
icant difference in the lattice expansion was found. Both materials
have a larger lattice constant than what is reported in the literature
[16,17] for pure Fe. This is also in agreement with the literature
where Fe–Cr alloys were reported to have a lattice constant at
room temperature for Fe:Cr = 1:1 of 2.900 Å [18]. For HT-9 a ther-
mal expansion of the bcc phase of 3.33 � 10�5 Å/�C and a lattice
expansion of 1.06 � 10�4 Å/�C was found. While T91 shows a ther-
mal expansion of the bcc phase of 4.07 � 10�5 Å/�C and a lattice
expansion of 6.6 � 10�5 Å/�C.

A lattice expansion of 3.33 � 10�5 Å/�C would lead to thermal
expansion of 11.6 lm/mK. It is known that 420 stainless steel (a sim-
ilar 13%Cr steel) has a thermal expansion of 12.1 lm/mK in the tem-
perature range of 0–649 �C. Considering the uncertainty the
measurements performed here are clearly within the correct range.
BCC heating1
BCC cooling 1
BCC heating 2
Literature Fe bcc
FCC heating 1
FCC cooling 1
FCC heating 2
Literature Fe fcc

700.00 800.00 900.00 1000.00 1100.00 1200.00 1300.0
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No other phase than the Fe–Cr bcc and fcc phase were found at
this experiment. But phase fractions below 2–5% cannot easily be
detected using HIPPO.

The texture analysis shows that neither material does show a
strong texture at any state of heat treatment (Figs. 4 and 5).

5. Summary

� The materials HT-9 and T91 were produced and tested. The pro-
duction procedure and results match the data from the litera-
ture for HT-9 and T91.
� The 3D atom probe and TEM measurements confirmed that the

particles found at the grain boundary are M23C6 carbides with
mainly Cr as the metal. The carbides are located mainly at the
grain boundaries.
� The neutron diffraction measurements allowed measuring

accurately the increase of lattice spacing with temperature as
well as the phase transformation temperature. The lattice con-
stant increase with temperature agrees very well with the liter-
ature values and the macroscopic thermal expansion
coefficients given in similar materials datasheets. This result
can be used as a base for engineering application at elevated
temperatures.
� HIPPO allows also to measure texture on the samples. It was

found that the rolling texture is removed after the heat treat-
ment to the martensitic state. No difference in texture was
found.
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