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The f e r r i t i c steel 12 Cr-1 HoVW is a candidate material for use in the f i r s t wall of magnetic
fusion reactors. One of the primary concerns of materials in this application is service-induced
embrittlement from aging and i r radiat ion. Unirradiated Charpy impact data have been developed on
three typical heats of 12 Cr-1 MoVW steel and on heats that have been modified with nickel and chro-
mium additions for subsequent simulation of helium effects of i r rad ia t ion . The duct i le - to-br i t t le
transit ion temperature and the upper-shelf energy were reduced by nickel additions. The addition of
nickel while simultaneously maintaining a constant net chromium equivalent caused the transit ion tem-
perature to increase. The use of a subsize specimen is mandated by the small volume and high gamma
heating in high-flux research reactors used for very high-fluence i r radiat ion experiments.
Therefore, an understanding of the behavior of the subsize specimen is important in predicting
corresponding irradiation-induced transit ion temperature shi f ts and upper-shelf drops of fu l l -s ize
Charpy specimens. Data are reported from subsize Charpy impact specimens, and the f u l l - and subsize

[specimens are compared. The effect of specimen size on the c.pper-shelf energy of this material can
{be reduced better by volume normalization than by area normalization.

1. INTRODUCTION

The irradiat ion-resistant properties of

f e r r i t i c (martensitic) steels, such as those

based on 12 Cr-1 Mo and 9 Cr-1 Mo, have led to

consideration of these alloys for use as fusion

reactor f i rs t -wa l l and blanket structural com-

ponents. Under the high-energy (up to 14.1 MeV)

neutron flux from the deuterium-tritium fusion

reaction, not only would a large number of

atomic displacements occur but large amounts of

transmutation helium would also be generated.

A major concern under these conditions is reduc-

t ion of the fracture resistance of these alloys

by irradiat ion damage and transmutation helium.

Because no adequate source of deuterium-

t r i t ium fusion neutrons exists, an alternative

method for simulating 14-MeV neutron irradiation

effects must be used. In alloys containing

nickel , such effects can be simulated in mixed-

spectrum fission reactors, in which the two-step

rn

transmutation reaction of Ni with thermal

neutrons produces helium. The relationship

between helium concentration and displacement

damage for austenitic and ferritic steels for

various test reactors and a tokamak neutron

spectrum has been established.1 This technique

has been w'd1 ly used to study helium effects in

austenitic s-ainless steels containing high

nickel concentrations. However, the coranercial

steels based on 12 Cr-1 Ho generally contain

less than 0.5S Ni, which is not adequate for

this helium simulation. If these alloys con-

tained about 2X Ni, irradiation in the High

Flux Isotope Reactor (HFIR) would produce about

the same ratio of helium to displacements per

atom as the original alloys would develop

during service in a tokamak-type reactor.1

Impact testing is planned to assess the

effects of simultaneous heliun and displace-

ment damaqe on the degradation in fracture
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resistance of 12 Cr-1 Mo-base steels. This
wi l l be done by irradiating nickel-doped
12 Cr-1 MoVU steels in HFIR.2 However,
because of irradiation volume limitations
i t wil l be possible to irradiate only subsize
Charpy-type impact specimens. Therefore, to
characterize the effects of the nickel doping
on the 12 Cr-1 Mo steels more fu l ly before
irradiation and to evaluate the capabilities
of the subsize impact specimen, both f u l l -
and subsize Charpy V-notch impact specimens
were tested.

2. EXPERIMENTAL

Four electroslag-remelted (ESR) heats of

12 Cr-1 HoVW ferritic steels with varying

nickel contents were prepared by Combustion

'(Engineering, Inc., Chattanooga, Tennessee

(C-E). The compositions of the alloys were

based on the commercial Sandvik alloy HT9.

This alloy, containing about 0.22 C and

including the carbide-forming eltments vanadium

(-0.3X) and tungsten (-0.5S), is referred to

here by its generic designation, 12 Cr-1 MoVW;

it contains nominally 0.5% Ni.

In addition to preparing the basic alloy

(heat XAA-3587), steels were also prepared with

the same basic composition, but with 1 and

2% Ni (heats XAA-3588 and XAA-3589,

respectively). Finally, a 12 Cr-1 MoVW-type

alloy with 2X-Ni was prepared (heat XAA-3592)

in whir.h the ferrite-forming element con-

centrations were increased to give the steel a

net chromium equivalent similar to that of the

nickel-free base alloy.1*3 To adjust the net

chromium equivalent to account for the nickel

additions, the ferrite-forming elements Cr, Ho,

and W were added but were kept within the

Sandvik HT9 composition range specified for

them.

Two additional commercial ESK heats were

also tested (96O7-R2 and 91354). Heat

96Q7-R2 is the national fusion program heat,

and 91351 is a heat from the breeder proqram.

The chemical compositions of the alloys tested

and their tensile properties have been

reported.1>4

The steels were tested in the normalized-

and-tenoered condition. The steel platas from

which the specimens were taken were

austenitized for 0.5 h at 1050°C in an argon

atmosphere, and then air cooled. Tempering

treatments were also carried out in arqon,

followed by air cooling. The three 12 Cr-1 MoVVJ

stsels and the steel with 1» Hi were tempered

2.5 h at 780°C, the 2% Ni alloy was tempered 5 h

at 700°C, and the 2X Ni (adjusted) alloy was

tempered 8 h at 700°C. This resulted in a ten- •

pered martensitic microstructure for all heats

except the 2% Ni (adjusted) heat. It also con-

tained about 25$ 6-ferrite. The reason for the

different tempering temperatures is discussed

elsewhere.

Two types of impact specimens were tested for

each heat. Full-size specimens were used

according to ASTH specification E 23 with dimen-

sions of 1.0 by 1.0 by 5.5 cm containing a

0.2 cm deep 45° V-notch with a 0.025-cm-root

radius. Subsize specimens were 0.5 by 0.5 by

2.54 cm in overall dimensions containing a

0.076-cm-deep 30° V-notch with a 0.005- to

0.008-cm-root radius. All specimens were of the

L-T orientation.5

Both types of specimens were tasted on a

specially modified pendulum-type instrumented

impact machine. Fcr testing the full-size spec-

imens, the impact machine was configured and

calibrated in exact accordance with AST.1 E 23.

To test the subsize specimens, the machine was

modified by replacing the standard anvils and

tup. The modified anvils supported the subsiie

specimen sn that its relative position with

respect to the pendulum was the sa\«ie .is '.nat

for the full-size specimen; i.e. the center of



percussion of the pendulum is maintained at the

point of impact while the specimen is kept just

touchinq the striker with the pendulum hanging

free. The 4:1 ratio of soan-to-specimen width

was -naintaineri, and the mini-mum distance be-

tween the anvil radii being 2.0 cm. This

follows the E 23 definition of span in contrast

to the practice of previous researchers.6 The

tup thickness for the subsize specimen was

reduced to 0.4 cm to allow clearance of the

specimen halves between the anvils. Specimen

temperature conditioning for both size speci-

mens was by means of a hot air—cold nitrogen

gas chamber in conjunction with a rotary posi-

tioning arm.'' Temperatures were maintained

within 2°C.

Each individual Charpy data set was

Ijfitted to a hyperbolic tangent function for

obtaining transition temperature and upper-

shelf energy.

3. RESULTS AND DISCUSSION

To establish baseline impact notch tough-

ness for 12 Cr-1 MoVW, the three standard

HT9 heats were compared. The upper-shelf

data from full-size specimens of the C-£ heat

fell between the breeder and fusion ESR heats,

and all had similar transition temperatures

(Fig. 1). The results from the breeder and

fusion heats compare quite well with reported

information.*• The test results of the

subsize Charpy specimens for the same three

heats (Fig. 2) agree qualitatively with those

of full-size specimens. The transition

temperatures of the subsize specimen data

sets are all about equal to each other,

although the lower enerqy of the upper rhelf

of the fusion ESR heat was not reflected

in the subsize specimens. In an absolute

comparison, the transition temperatures

as measured with the subsize specimens were

about 20co lower than those measured with the
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FIGURE 1
Impact energy of full-size Charpy specimens for
three heats of 12 Cr-1 MoVW steel
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FIGURE 2
Impact energy of subsize Charpy specimens for
three heats of 12 Cr-1 MoVW steel

full-size specimens. This is consistent with

previous work on subsize V'-notched impact

specimens whose orientation, product form, heat

treatment, and other parameters were he)d

constant.a~9 Note that the transition tem-

perature reported hnre is arbitrarily defititjri

as the temperature corresponding to one-half

the upper-shelf enemy. Althouqh tfns loes not

agree with rare conventional definitions



(e.g., absolute energy levels or fracture

appearance), it is self consistent and is useful

in comparing ifferent sizes of Charpy-type

impact specimens.

The effect of nickel additions and chromium

equivalent adjustments on the full-size Charpy

impact prooerties (Fig. 3) of 12 Cr-1 MoVW

agree well with typical effects in lower alloy

pearlitic steels.10 Additions of nickel tend

to decrease both the transition temperature and

upper shelf. Additions of Cr, Mo, and H and

the resultant two-phase microstructure tended

to raise the transition temperature. The

results of the subsize specimens (Fig. 4) again

agree qualitatively with those of the full-size

Charpys' although their transition temperatures

are also about 15 to 20cC lower than those of

{the corresponding larger specimen sets.

To improve the correspondence of the full-

and subsize data sets, the data were normalized

by a nominal fracture area and fracture volume.

The impact energies of the specimens were nor-

malized by dividing by the nominal fracture

area Bb (0.8 and 0.21 cm2 for full- and subsize

specimens, respectively) and the nominal frac-

ture volume (Bb) 3 / Z, (0.72 and 0.098 cm3 for

full- and subsize specimens, respectively),

win re B is the specimen width and b is the

depth of the ligament.

At lower energy levels, at which flat frac-

ture is predominant, an area normalization

would be expected to correlate the data better.

At higher energy levels, at which more material

is plastically deformed and shear lips develop,

a volume based normalization should yield

better results.

The best correspondence between the full-

and subsize data sets was for upper-shelf

energies normalized by nominal fracture volume.

However, agreement was still only fair, with

the energy per unit volune being consistently

greater for the subsize specimens. The unrtopcd
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FIGURE 3
Effect of nickel additions and chromium equiva-
lent adjustment on the full-size Charpy speci-
men impact energy of 12 Cr-1 MoVW steel
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FIGURE 4
Effect of nickel additions and chromium equiva-
lent adjustment on the subsize Charpy specimen
impact energy of 12 Cr-1 MoVW steel

C-E ESR heat XAA-3587, for example, shows that

the volume normalized upper-shelf energy for

the subsize specimens exceeds that of the full-

size by about 10% (Fig. 5). Normalization on

an area basis produced no agreement between the

different specimen siies. The transition tem-

peratures .mil upper-shelf enerqies for H!1 ?ix

heats are summarized in Table 1.



TABLE 1
Transition temperature and upper-shelf energy of f u l l - and subsize

Charpy impact specimens of 12 Cr-1 HoVW steel

Heat

9607R2
91354
XAA-3587
XAA-3588
XAA-3589
XAA-3592

temperature*3

(

r II 1 1

size

-2.4
3.9

-2.5
-13.0
-33.8
13.2

°C)

size

-21.1
-20.0
-16.1
-32.2
-49.5
6.5

Unadjusted

full
size

115
146
137
133
106
102

(J)

Sub-
size

20.7
Z0.1
21.0
21.0
18.0
16.5

Upper-shelf energy

Area
normalized*3

11

Full
size

142
185
170
163
132
1Z7

/en2)

Sub-
size

98
95
99

100
85
78

Volume
normalizedc

(j

Full
size

160
202
189
183
147
141

/cm3)

Sub-
size

213
205
215
216
184
169

aTemperature at one-half the upper-shelf energy.

''Test energy divided by Bb, where B "is the specimen width and b is the ligament
size.

cTest energy divided by (Bb) 3 / 2 , where B is the specimen width and b is the
ligament size.

FIGURE 5
Effects of area and volumetric normalization of
the impact enerqy for full- and subsize speci-
mens of the Combustion Engineering 12 Cr-1 Mo
steel, heat XA-3587

The primary use of the subsize specimens

in the fusion r?actor research program is to

measure the changes of fracture resistance from

irradiation embrittlement; the results of the

subsize specimen will be useful as comparative

baseline data. However, if direct comparisons

with full-size Charpy results and the use of

existing correlation methods for such data are

required, development of a more sophisticated

analysis or testing method will be necessary.

4. CONCLUSIONS

Six heats of 12 Cr-1 HoVW steels were impact

tested to examine the effect of nicket and

chromium equivalent variations on their frac-

ture resistance. Nickel, added intentionally

to more accurately simulate irradiation damage

in future experiments, lowered the upper-shelf

energies and the transition temperatures of the

steels. Adjusting the net chromium equivalent

of the nickel-doped steel to equal that of the

unrioped steel lowered the upper-sheJf energy

and raised its transition temperature.



Subsize impact specimens produced data

qualitatively in aqreement wjfi full-size spec-

imens but with lower transition temperatures.

Normal izatio/i of the fracture energy of fu 11 -

and subsize snecimens bv nominal fracture areas

produced little agreement between the different.

sized specimens. Use of the nominal fracture

volume improved the data coincidence, but

agreement was still within only about 20%.

ACKNOWLEDGMENTS

Thanks are due to the following who aided in

this work: T. 0. Owings for experimental

assistance; J. S. Taylor and B. D. Keck for

manuscript preparation; Irene Brogden and

Sigfred Peterson for manuscript editing; and

W. J. Stelzman and M. L. firossbeck for

Lmanuscript review.

REFERENCES

1. R.L. Klueh, J.V. Vitek, and H.L. Grossbeck,
Nickel-Doped Ferritic (Martensitic) Steels
for Fusion Reactor Irradiation Studies:
Tempering Behavior and Unirradiated and
Irradiated Tensile Properties, in: Effects
of Radiation on Materials: Eleventh
Conference, eds. H.R. Braqer and
J.S. Perrin, ASTM STP 782 (American Society
for Testing and Materials, 1982) pp. 648-
664.

2. J.M. Vitek et al., HFIR-MFE-T1, -T2, and
-RBI: Experiments to Evaluate the Effects
of Low-Temperature Irradiation on Ferritic
Steels, in: ADIP Quarterly Progress Report
for Period Ending September 30, 1980,
DOE/ER-0045/4 (U.S. Department of Energy,
1980), pp. 26-35.

3. C.J. Boyle and D.L. Newhouse, Met. ?roq. 37
(1965) 61-62.

4. W.L. Hu, Miniature Charpy Impact Test
Results for Irradiated Ferritic Allovs, ir
AOtP Semiannual Progress Report for 3er:30
Endinq September 30, 1982, D0E/ER-0'D45/9,
(U.S. Department of Energy, 1982) DO. 2-5-
271.

5. Standard Test Method for Plane-Strain
Fracture Toughness of Metallic Materials:
E 399-83, in: 1983 Annu. 800k ASTM Stand.
Vol. 03.01 (1983) pp. 518-553.

6. E.0. Fromm, M.P. Ludlow, and J.S. Perrin,
Remote Charpy V-Notch Impact Testing of
Pressure Vessel Steels, in: Transactions of
American Nuclear Society Internationa]
Conference on World Nuclear Energy
Accomplishments and Perspectives,
November 16-21, 1980, pp. 116-120.

7. T.A. Lechtenberg, The Procurement and
Characterization of the Electroslag Renelted
National Fusion Program Heat of 12 Cr-1 Mo
Steel, in: ADIP Semiannual Progress Report
for Period Ending March 31, 1982,
DOE/ER-0045/8 (U.S. Department of Energy,
1983) pp. 363-369.

8. G.E. Lucas, J.W. Sheckland, and G.R- Odette,
Developments in Small Scale Strength and
Impact Testing, in: OAFS Quarterly Progress
Report for Period Ending September 1983,
DOE/ER-0046/11 (U.S. Department of Energy,
1983) p. 43.

9. W.R. Corwin and A.G. Hougland, "Effect of
Specimen Size and Material Condition on
Charpy Impact Properties of 9 Cr-1 MoVW, in:
ADIP Semiannual Progress Report for Period
Ending March 31, 1983, DOE/ER-0045/10 (in
preparation).

10. J.A. Rinebolt and W.0. Harris, dr., Trans.
Am. Soc. Met. 43 (1951) 1175-1214.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.


