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OBJECTIVE

The objective of this work is to develop an understanding of the effect of composition on the
ferritic/martensitic steels that are of interest for fusion applications and to use that knowledge to
develop steels with improved properties.

SUMMARY

Although the results of studies on reduced-activation ferritic/martensitic steels have demonstrated the
excellent properties of 7-10Cr-2WVTa martensitic steels [1-5], little information is available
concerning the effect of chromium over the 5-10% range, where the steels transform to martensite
when normalized or quenched.  In this work, the effect of chromium, tungsten, and tantalum was
investigated for the martensitic 5-9% Cr steels.  The effect of boron was also investigated, because it
has often been used in these types of steels to improve properties.

PROGRESS AND STATUS

Introduction

Although the results of irradiation experiments on reduced-activation ferritic/martensitic steels show
the general superiority of 7-10Cr-2WVTa martensitic steels over the 2.25% Cr (all compositions are in
wt. %) bainitic steels and 12% Cr duplex steels [1-10], little information has been generated
concerning the effect of chromium over the 5-10% range where the steels transform to martensite
when normalized or quenched.  In this work, the effect of chromium, tungsten, and tantalum was
investigated for the martensitic 5-9% Cr steels.  The effect of boron was also investigated, because it
has often been used in these types of steels to improve properties.

Experimental Procedure

Compositions of the steels used in this experiment and their designation are given in Table 1. 
Nominally the steels are Fe-5Cr-2W-0.25V-0.1C (designated 5Cr-2WV), the 5Cr-2WV with 0.5% Ta
(5Cr-2WVTa1), the 5Cr-2WV with 0.1% Ta (5Cr-2WVTa2), an Fe-5Cr-3W-0.25V-0.1C (5Cr-3WV),
the 5Cr-3WV with 0.05% Ta (5Cr-3WVTa1), the 5Cr-3WVTa1 with 0.005% B (5Cr-3WVTa1B1), the
5Cr-3WVTa1 with 0.013% B (5Cr-3WVTa1B2), an Fe-7Cr-2W-0.25V-0.05Ta-0.1C (7Cr-2WVTa), an
Fe-7Cr-3W-0.25V-0.05Ta-0.1C (7Cr-3WVTa), the 7Cr-2WVTa with 0.005% B (7Cr-2WVTaB), Fe-
9Cr-2W-0.25V-0.1C (9Cr-2WV), the 9Cr-2WV with 0.05% Ta (9Cr-2WVTa), and the 9Cr-2WVTa with
0.005% B (9Cr-2WVTaB).

In the Oak Ridge National Laboratory alloy development program for reduced-activation steels [10],
eight 18-kg electroslag-remelted heats of 2.25, 5, 9, and 12% Cr heats containing various amounts of
W, V, and Ta  were prepared by Combustion Engineering Inc, Chattanooga, TN.  In addition to Cr, W,
V, C, and Ta, elements normally found in such steels (e.g., Mn, Si, etc.,) were adjusted to levels
typical of commercial practice [10].  Material from the original 18-kg heats of the 5Cr-2WV steel and
the 9Cr-2WVTa was used as the master alloy to prepare 450-g vacuum arc-melted button heats for
all but the 5Cr-3WV, for which an  Fe-2.25Cr-2W-0.25V-0.1C steel was the master alloy.



Table 1  Chemical composition of steels investigated (wt. %)a

Steels C Mn Si Cr V W Ta B

5Cr-2WV 0.12 0.49 0.23 5.04 0.24 2.01

5Cr-2WVTa1 0.11 0.46 0.20 4.67 0.25 2.11 0.05

5Cr-2WVTa2 0.12 0.45 0.19 4.65 0.25 2.14 0.10

5Cr-3WV 0.096 0.40 0.12 4.97 0.23 3.00

5Cr-3WVTa1 0.11 0.44 0.22 4.63 0.25 3.01 0.05

5Cr-3WVTa1B1 0.11 0.43 0.21 4.61 0.25 2.87 0.05 0.005

5Cr-3WVTa1B2 0.11 0.42 0.21 4.61 0.24 2.99 0.05 0.013

7Cr-2WVTa 0.12 0.42 0.19 7.01 0.24 2.01 0.05

7Cr-3WVTa 0.12 0.42 0.19 6.98 0.24 2.97 0.05

7Cr-2WVTaB 0.12 0.42 0.19 7.02 0.24 1.98 0.05 0.004

9Cr-2WV 0.12 0.51 0.23 8.95 0.24 2.01

9Cr-2WVTa 0.11 0.44 0.21 8.90 0.23 2.01 0.06

9Cr-2WVTaB 0.094 0.40 0.21 8.38 0.23 2.02 0.06
Other elements analyzed (highest value of eleven heats is shown):  P 0.16, S 0.009, Mo 0.02,a

Nb<0.01, Cu 0.04 Al 021, As 0.004, Sn 0.004

The 450-g heats were cast as a 12.7 x 25.4 x 127 mm ingot; half of each ingot was hot rolled to a
thickness of 6.4 mm and half to a thickness of 0.76 mm.  Mechanical properties tests were made on
normalized-and-tempered steel.  The steels were austenitized for 0.5 h at 1050ºC in a helium
atmosphere, after which they were quickly cooled in flowing helium.  Specimens were tested in two
tempered conditions:  1 h at 700ºC and 1 h at 750ºC. 

Tensile specimens 44.5-mm long with a reduced gage section of 20.3 x 1.52 x 0.76 mm were
machined from 0.76-mm sheet with gage lengths parallel to the rolling direction.   Specimens were
heat treated after machining.  Tests were conducted at room temperature, 200, 300, 400, 500, and
600ºC in vacuum on a 44-kN Instron universal testing machine at a nominal strain rate of 0.0004 s . -1

One-third-size Charpy specimens 3.3 x 3.3 x 25.4 mm with a 0.51-mm-deep 30º V-notch and a 0.05-
to 0.08-mm-root radius were machined from the normalized 6.4-mm plate along the rolling direction
with the notch transverse to the rolling direction.  Specimens were tempered after machining.  Details
on the test procedure have been published [11-14]. 

Results

Microstructure

The microstructures of the steels were examined by optical microcopy, and all were found to be
100% martensite.  Prior-austenite grain sizes were estimated (Table 2), and for the 5Cr steels, it is
clear that tantalum causes a decrease in  prior-austenite grain size.  A similar effect of tantalum was



observed previously for the 9Cr-2WVTa steel when compared with a 9Cr-2WV steel [1].  For a 5Cr
steel, it appears that increasing the tungsten had the effect of increasing the grain size, and that
boron may have an effect of reducing the grain size (Table 2).  For the 7 Cr steel, this effect of
tungsten and boron on the grain size was not as obvious, as is the case for boron in the 9Cr steels,
where little change was noted.

                         
Table 2  Estimated grain sizes of normalized-and-tempered steels

Steels Estimated Grain Size
ASTM No.        Size (µm)

5Cr-2WV 6 45
5Cr-2WVTa1 9 16
5Cr-2WVTa2 10 11

5Cr-3WV 6.5 39
5Cr-3WVTa1 8 22

5Cr-3WVTa1B1 8.5 19
5Cr-3WVTa1B2 10 11

7Cr-2WVTa 10 11
7Cr-3WVTa 9.5 14

7Cr-2WVTaB 9.5 14
9Cr-2WVTa 9.5 14

Tensile Behavior

5Cr-W-V-Ta-B Steels

Figure 1 shows the room-temperature yield stress for the seven 5Cr steels for the two normalized-
and-tempered conditions (normalized and then tempered either at 700 or 750°C).  When no tantalum
was present, there was no effect of increasing tungsten from 2% (5Cr-2WV) to 3% (5Cr-3WV). 
Tantalum additions caused a slight increase in strength for the 5Cr-2WV steel, especially for the
700°C temper.  However, there was no difference between 0.05 and 0.10% Ta.  There was no
difference in the strength of the 5Cr-2WVTa1 and 5Cr-3WVTa1 steels after the 700°C temper, but
the 5Cr-3WVTa1 was strongest after the 750°C temper.  The addition of B to the 5Cr-3WVTa1 steel
produced little difference in the strength of this steel relative to the 5Cr-3WVTa1 for the 700°C
temper, but there was a reduction in strength for the boron-containing steels when tempered at
750°C.

Tensile tests were conducted at room temperature to 600ºC for steels tempered at 700 and 750ºC;
only data for the 750ºC temper (a typical tempering temperature for these steels) will be presented in
detail.  After tempering at 750ºC (Fig. 2), the yield stress of the 5Cr-3WVTa1 steel was considerably
higher than that of the other steels up to 500°C, with all of the tantalum-containing steels being
considerably stronger than those without tantalum—the 5Cr-2WV and 5Cr-3WV steels—which had
similar strengths.  There was only a small difference in the yield stress and ultimate tensile strength
for the 5Cr-3WVTa1, indicating that the steel had little work-hardening capacity.  Because of this
small difference in yield and ultimate of the 5Cr-3WVTa, the ultimate tensile strengths of the



Fig. 1.  Yield stress at room temperature of 5Cr steels of different composition.

Fig. 2.  (a) Yield stress and ultimate tensile strength and (b) uniform and total elongation of 5Cr steels
of different composition tempered at 750°C

5Cr-2WVTa1 and 5Cr-2WVTa2 steels were higher than that of the 5Cr-3WVTa1, even though the
latter steel had a much higher yield stress from room temperature to 500°C.  There was a large
decrease in yield stress and ultimate strength of the 5Cr-3WVTa in going from the 500 to 600°C test
temperature relative to the change for the 5Cr-2WVTa1 and 5Cr-2WVTa2 steels [Fig. 2(a)].  In fact,
the yield stress of the 5Cr-3WVTa1 at 600°C fell below that of the 5Cr-2WVTa1 and 5Cr-2WVTa2
steels, even though the latter were much weaker at the lower temperatures.  The 5Cr-2WVTa1 was
stronger than the 5Cr-2WVTa2 at all temperatures but 600°C, where they had similar strengths.



The 5Cr-2WVTa1 had the lowest ductility over the entire range, with considerable variability among
the other steels [Fig. 2(b)].  The 5Cr-3WVTa1 showed a relatively large increase in total elongation at
the highest test temperatures (400-600°C).  Contrary to this increase in total elongation at 600°C for
the 5Cr-3WVTa1, the uniform elongation showed a relatively large decrease, again emphasizing the
lack of strain-hardening capacity for this steel.  

When the properties of the tantalum-containing steels with boron were compared to the tantalum-
containing steels without boron, the boron-containing steels were the weakest after both the 700 and
750°C [Fig. 3(a)] tempers.  The uniform and total elongations generally reflected the strength
behavior in that the ductility was relatively high [Fig. 3(b)].  At the highest test temperatures, the total
elongation increased, similar to the increase observed for 5Cr-3WVTa1.  At 600°C, the uniform
elongation decreased, which is also similar to the behavior of the 5Cr-3WVTa1.

Fig. 3.  Comparison of the (a) Yield stress and ultimate tensile strength and (b) uniform and total
elongation of boron-containing 5Cr steels with other 5Cr compositions after tempering at 700°C.

7Cr-W-V-Ta-B Steels

For the 7Cr composition, the effect of a 1 % W or 0.005% B addition to the 7Cr-2WVTa steel
composition was examined.  (Note that all of the steels with tantalum and boron except the 5Cr-
2WVTa2 and 5Cr-2WVTa1B2 contained 0.05% Ta and 0.005% B.  Therefore, these elements will
not be designated by a number for the 7 and 9Cr steels, and when comparisons are made with 5Cr-
2WVTa1, the latter steel will be designated 5Cr-2WVTa.)  Although the 7Cr-3WVTa steel was
generally slightly stronger than the other two steels over the range room temperature to 600°C, the
difference was relatively small after either the 700 or 750°C [Fig. 4(a)] temper.  Similarly, there was
relatively little difference in the uniform and total elongation of the three steels [Fig. 4(b)].  Despite
being the strongest, the 7Cr-3WVTa steel generally had the highest uniform and total elongation.  



Fig. 4.  (a) Yield stress and ultimate tensile strength and (b) uniform and total elongation of 7Cr steels
of different composition tempered at 750°C.

9Cr-W-V-Ta-B Steels

The addition of the tantalum to 9Cr-2WV composition to produce 9Cr-2WVTa caused an increase in
strength after both the 700 and 750°C [Fig. 5(a)] temper.  When tempered at 750°C, the 
strength of the 9Cr-2WVTaB is similar to that of the 9Cr-2WVTa, except at 600°C, where there was a
large  reduction in the strength of the 9Cr-2WVTaB relative to the other steels, and it becomes the
weakest.  The 9Cr-2WV is weakest below 600°C.

The ductilities did not show large differences between the different steels [Fig. 5(b)].  All the steels
showed an increase in total elongation in going from 500 to 600°C, with the greatest increase
occurring for the 9Cr-2WVTaB, which also showed an increase in going from 400 to 500°C.  

Fig. 5.  (a) Yield stress and ultimate tensile strength and (b) uniform and total elongation of 9Cr steels
of different composition tempered at 750°C.



Comparison of 5Cr, 7Cr, and 9Cr Steels

A comparison of the tensile properties of the 5Cr-2WVTa (0.5Ta —Ta1), 7Cr-2WVTa, and 9Cr-
2WVTa steels indicated that after the 750¡C temper the 5Cr-2WVTa  and 9Cr-2WVTa had similar
yield stresses and ultimate tensile strengths over the entire temperature range, with the strengths of
these two steels well above those for the 7Cr-2WVTa [Fig. 6(a)].  The uniform elongations for the
steels [Fig. 6(b)] were quite similar at all test temperatures.  Total elongations were also quite similar
for the 5 and 9Cr steels at all test temperatures, but the 7Cr-2WVTa steel showed a large increase
relative to the other two steels at 500 and 600ºC.

Fig. 6.  Comparison of (a) Yield stress and ultimate tensile strength and (b) uniform and total elonga-
tion of 5Cr-2WVTa, 7Cr-2WVTa, and 9Cr-2WVTa steels tempered at 750°C.

Charpy Impact Behavior

5Cr-W-V-Ta-B Steels

By comparing ductile-brittle transition temperatures (DBTT) of the 5Cr-2WV steel with the steels with
0.05 (5Cr-2WVTa) and 0.1% Ta (5Cr-2WVTa2) [Fig. 7(a)], it appears that 0.05% Ta has no effect
when tempered at 700°C, but there is an effect after tempering at 750°C.  A similar effect was
observed by comparing 5Cr-3WV and 5Cr-3WVTa1.  No effect of tungsten was observed when the
5Cr-2WV and 5Cr-3WV were compared for the 700°C temper, but the 3% W steel had the lowest
DBTT when tempered at 750°C.  This same effect was observed by comparing 5Cr-2WVTa1 and
5Cr-3WVTa1 (i.e.,  the 5Cr-3WVTa1 has the lowest DBTT).  On the other hand, a tantalum effect,
determined by comparing the 5Cr-2WVTa1 and 5Cr-2WVTa2 steels, was only observed for the
700°C temper.  The addition of boron caused a deterioration in the DBTT.

Neither tungsten, tantalum, nor boron favorably affected the upper-shelf energy (USE) (compare the
5Cr-2WV with the other six steels) after either the 700 or 750°C temper [Fig. 7(b)].  After the 750°C
temper, the presence of tantalum (either 0.05 or 0.1%) resulted in USE values approaching those of 



Fig. 7.  (a) Ductile-brittle transition temperature and (b) upper-shelf energy of 5Cr steels tempered at
700 and 750°C.

the 5Cr-2WV steel.  As was true for the DBTT, the boron additions caused a marked deterioration in
the USE.

7Cr-W-V-Ta-B Steels

For the 7Cr steels, the effect of tungsten and boron were studied.  The results indicated that boron
caused a deterioration of the DBTT [Fig. 8(a)].  An increase in tungsten from 2 to 3% favorably
affected the DBTT for specimens tempered at 700°C, but it had no effect after tempering at 750°C. 
The USE of the 7Cr-3WVTa steel was a little larger than that of the 7Cr-2WVTa steel after both
tempers, and the USE of the 7Cr-2WVTaB was little changed from the 7Cr-2WVTa [Fig. 8(b)].

Fig. 8.  (a) Ductile-brittle transition temperature and (b) upper-shelf energy of 7Cr steels tempered at
700 and 750°C.



9Cr-W-V-Ta-B Steels

The effect of tantalum on the Charpy properties of the 9Cr-2WV steel has been documented [15]. 
Fig. 9(a) shows this effect, and it also shows the effect of 0.005% B on the 9Cr-2WVTa steel.  In this
case, boron favorably affected the transition temperature after both the 700 and 750°C tempers.  The
USE values of the 9Cr-2WV, 9Cr-2WVTa, and 9Cr-2WVTaB steels were similar with perhaps a slight
advantage for the 9Cr-2WVTaB [Fig. 9(b)].

Fig. 9.  (a) Ductile-brittle transition temperature and (b) upper-shelf energy of 7Cr steels tempered at
700 and 750°C.

Comparison of 5Cr, 7Cr, and 9Cr Steels

When the 5Cr-2WVTa (0.5Ta—Ta1), 7Cr-2WVTa, and 9Cr-2WVTa steels were compared [Fig.
10(a)], the 5Cr-2WVTa had the lowest DBTT after both tempering treatments.  There was little 

Fig. 10.  A comparison of (a) Ductile-brittle transition temperature and (b) upper-shelf energy of 5Cr-
2WVTa, 7Cr-2WVTa, and 9Cr-2WVTa steels tempered at 700 and 750°C.



difference in the values for the 7Cr-2WVTa and 9Cr-2WVTa steels, the values for the 7Cr-2WVTa
being slightly lower.  Similarly, the USE of the 5Cr-2WVTa was the largest after each heat treatment. 
Again, there was relatively little difference between the 7Cr-2WVTa and 9Cr-2WVTa steels, with a
slight advantage for the 7Cr-2WVTa steel [Fig. 10(b)].

Discussion

Results obtained on the 5 and 9% Cr steels indicates that tantalum has a positive effect on the
strength (Figs. 1, 2, and 5).  For the 5% Cr steels this was observed for both the 2 and 3% W steels
with 0.05% Ta, although there was little difference between the strength of the 5Cr-2WV steel with
0.05 and 0.1% Ta.  

Tantalum also favorably affected the DBTT of the 5 and 9Cr steels.  For the 5Cr steels with 0.05%
Ta, the effect was significant only after a 750°C temper [Fig. 7(a)]; the 5Cr steel with 0.1% Ta
showed an effect after both tempers, as was the case for the 9Cr steels [Fig. 9(a)].  The USE did not
appear to be affected by tantalum for either the 5Cr [Fig. 7(b)] or 9Cr [Fig. 9(b)] steels.

The use of 3% instead of 2% W in the 5Cr steels had no effect on strength in the absence of
tantalum.  In the presence of 0.05% Ta, there appeared to be little effect after the 700°C temper, but
there was a positive effect on yield stress up to 500°C when tempered at 750°C [Fig. 2(a)]. 
However, at 600°C, the strength of the 5Cr-3WVTa1 steel deteriorated significantly, thus indicating
little or no advantage to the extra tungsten.  Furthermore, although the yield stress was highest, there
was little difference in the yield stress and ultimate tensile stress, indicating a lack of work-hardening
capability.  For the 7Cr-2WVTa and 7Cr-3WVTa, the 7Cr-3WVTa steel was generally stronger below
600°C, where there was little difference in strength [Figs. 4(a)].

The presence of 3% W seemed to have a positive effect on the DBTT for the 5% Cr steel after the
750°C [Fig. 7(a)].  There was essentially no effect of tungsten for the 7Cr steel after the 750°C
temper, with the appearance of a slight effect after the 700°C temper [8(a)].  The USE appeared little
affected by the extra tungsten for either steel [Figs. 7(b) and 8(b)]. 

The deterioration of the strength at 600°C, especially for the 5Cr steel, would not be favorable for the
creep strength.  The observation of strength deterioration appears to differ from results obtained by
Abe et al.[4,9] for 9Cr-XW steels (X=0, 1, 2, 3, and 4).  They found that the creep strength increased
with increasing tungsten up to 3%.  They did not report the effect of tungsten on tensile properties,
but the strength would be expected to parallel the creep strength.  The DBTT for the 9Cr-XW steels
had a minimum at 1% W. 

The tensile and Charpy results from the studies on the 5 and 7% Cr steels provided no reason to use
boron in a 5 and 7% Cr steel.  In fact the properties of the boron-containing 5 and 7% Cr steels were
inferior to those without boron. However, the boron addition to 9Cr-2WVTa steel did favorably affect
the impact properties.  

The strength comparison of 5Cr-2WVTa, 7Cr-2WVTa, and 9Cr-2WVTa steels indicated that after
tempering at 750°C, there was essentially no difference in the strength of the 5Cr-2WVTa and 9Cr-
2WVTa, and they were considerably stronger than the 7Cr-2WVTa [Fig. 6(a)].  The ductility of the
5Cr-2WVTa and 9Cr-2WVTa steels were similar.  If the apparent minimum in strength between 5 and
9% Cr is an accurate representation of these steels, then 9% Cr steels should be used over one with
around 7% Cr.  The F82H steel presently being used in an International Energy Agency collaborative
program has a nominal composition of Fe-7.5Cr-2W-0.2V-0.03Ta-0.1C.  



When the Charpy properties are compared for these three steels, the 5Cr-2WVTa has a clear
advantage.  In fact, the DBTT [Fig. 10(a)] and USE [Fig. 10(b)] of this steel after tempering at 700°C
are as good or better than those for the 7Cr-2WVTa and 9Cr-2WVTa steels tempered at 750°C. 
Since the 9Cr-2WVTa steel needs to be tempered at 750°C to get adequate toughness, it would
appear from the present tests that the 5Cr-2WVTa steel may have advantages in both strength and
impact toughness.
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