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Defect structure of irradiated PH13-8Mo steel
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Abstract

PH13-8Mo bolts, which are considered for use in the ITER reactor, were irradiated up to doses of 0.5, 1 and 2 dpa. The
microstructure was investigated with transmission electron microscopy and its evolution is discussed with reference to the
mechanical properties. PH13-8Mo is a precipitation hardened martensitic steel, but a large amount of austenite has been
observed as well. The precipitation hardening results from the formation of small coherent NiAl precipitates in the
martensite phase. Their size, size distribution and density are found to be unaffected by neutron irradiation. The disloca-
tions in the martensite phase are mainly a/2h111i type screw dislocations, whereas in the austenite phase mainly a/2h110i
type screw dislocations are present. The line dislocation structure did not change during irradiation, but small irradiation
induced defects were observed. Using the Orowan model, it is argued that the latter are responsible for the irradiation
hardening.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

For the design of ITER, bolts are considered for
attaching the first wall panels to the blanket module
[1]. The main requirements for the bolt material are
high strength, satisfactory fracture toughness, and
good resistance against fatigue and neutron irradia-
tion [2]. More specifically, the stress relaxation
under irradiation is a key factor, as the bolts must
retain their stress to keep the panels in place.

One of the candidate alloys is PH13-8Mo, a pre-
cipitation hardened martensitic steel. The general
thermal cycle for this steel consists of a normaliza-
tion process and an ageing process. After the nor-
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malization process, the alloy is transformed
completely to the martensite phase [3], although in
the weld of this alloy [4] or after fast quenching
[5], some austenite is still observed.

Ageing the solution-treated material for 4 h at
temperatures above 500 �C induces hardening which
is the result of the precipitation of the ordered NiAl
phase [3,5,6]. This phase has a B2 (CsCl) crystal
structure with a lattice parameter of 0.2882 nm.
The lattice mismatch with the martensite structure
is very small and hence, large coherent particles
can be formed which make the steel highly resistant
to overageing [3]. A side effect of this treatment is
the reversion of some martensite to austenite which
remains after the subsequent cooling to room tem-
perature [3].

The mechanical properties of this material,
before and after irradiation have been described
.

mailto:wvrenter@sckcen.be


W. Van Renterghem et al. / Journal of Nuclear Materials 360 (2007) 128–135 129
by Hooijmans et al. [7] and Schmalz et al. [8]. As a
result of the precipitation hardening, a high yield
strength of 1331 MPa at 20 �C and 1129 MPa at
300 �C is measured before irradiation. The evolu-
tion of the yield strength under tensile conditions
as a function of dose demonstrates that this material
hardens under irradiation up to 1525 MPa at 20 �C
and 1300 MPa at 300 �C after a dose of 2.5 dpa. The
irradiation-induced stress relaxation is limited and a
relatively high fraction of 60% of the initially
applied stress is retained after irradiation to 2.5 dpa.

For better understanding of the mechanical
properties under irradiation, an investigation of
the defect structure of irradiated PH13-8Mo bolts
was performed. Transmission electron microscopy
(TEM) was applied to determine the defect structure
and its evolution versus dose. The objective of this
investigation is to relate the changes in microstruc-
ture to the changes in mechanical properties.
2. Experimental procedures

The composition of the investigated PH13-8Mo
steel is given in Table 1. The material was received
in the form of bolts with a shaft of 1.5 mm, in the
solution-annealed and quenched conditions. Preci-
pitation hardening was performed at NRG-Petten
[7]. The steel was solution treated at 930 �C for
1 h, cooled in furnace to 150 �C and further cooled
in air to a temperature below 15 �C. The material
was kept at that temperature for at least 2 h. Subse-
quently, the material is precipitation-hardened at
560 �C for 4 h.

The specimens were irradiated at NRG-Petten in
the STROBO-03/04/05 irradiation experiments in
the high-flux reactor [9]. The average neutron flux
(E > 1.0 MeV) was calculated to be 0.689 · 1014

n cm�2 s�1 and the irradiation was performed at a
temperature of 300 �C. The bolts were irradiated
for 75, 125 and 250 full power days giving doses
of around 0.5, 1 and 2 dpa, respectively.

The radioactivity of one bolt is of the order of
1010 Bq. Therefore, most steps of the specimen prep-
aration had to be performed in a hot cell. Slices were
cut from the shaft of the bolt and mechanically
Table 1
Chemical composition (wt%) of PH13-8Mo

C Mn Si P S

PH13-8Mo <0.027 0.06 0.02 0.005 0
polished to a thickness of about 100 lm. Reducing
the size of the specimen also reduces its activity
and after the mechanical polishing, the activity
was sufficiently low to take the specimens out of
the hot cell and to treat them in a fume hood. The
specimen was glued on a golden grid of 3 mm with
a hole of 1 mm using M-bond 610 adhesive. The
final step in the specimen preparation was electro-
chemical polishing. The electrolyte consisted of 5%
perchloric acid and 95% methanol. The temperature
was �50 �C and the applied voltage was 40 V.

The specimens were investigated in a JEOL 3010
TEM operating at an accelerating voltage of
300 kV. Conventional bright field, dark field, weak
beam imaging and electron diffraction techniques
were used. The local thickness of the specimen was
determined using convergent beam electron diffrac-
tion (CBED) patterns under two beam conditions
[10].
3. Results

3.1. Grain structure

The bright field TEM-image in Fig. 1(a), shows
the lath-like grain structure which is typical for
the martensite phase in low carbon steels [11]. From
XRD measurements, it has been reported that the
martensite in PH13-8Mo has a bcc lattice [3]. The
diffraction patterns obtained during this TEM
investigation, however, proved that both the bcc
martensite and fcc austenite were formed. For
example, in the diffraction pattern in Fig. 1(c) the
(002) reflections of both the austenite and the
martensite phase are present. A small angle of 9�
was measured between the two (002) type reflec-
tions. This angle is in agreement with the Kurdju-
mov–Sachs orientation relation between the
austenite phase and the martensite phase [11]. It
was observed in dark field images that all martens-
itic bcc laths have the same orientation and also
the austenitic fcc grains have the same orientation.

Only a few examples are shown in Fig. 1, but simi-
lar images were obtained in the unirradiated speci-
men as well as in all irradiated specimens. It was
Cr Mo Ni Al Fe

.001 12.72 2.19 8.20 1.07 75.71



Fig. 1. (a) Bright field image of the grain structure of PH13-8Mo
and (b) dark field image of the grain structure in the 0.5 dpa
specimen using the (200) reflection of the austenite phase. (c) The
corresponding diffraction pattern showing the orientation rela-
tion between the martensite (a 0) and the austenite phase (c).

130 W. Van Renterghem et al. / Journal of Nuclear Materials 360 (2007) 128–135
attempted to quantify the volume fraction, but
using TEM images, the results are inaccurate
because only the projected structure of a limited
area can be visualized. The TEM images show no
obvious differences in the volume fraction of each
phase upon irradiation.

3.2. Precipitates

Because of the bcc crystal lattice of the martensite
phase, planes with Miller indices of which the sum is
uneven, for example {100} or {111} planes, do not
generate reflections in the diffraction patterns. As
shown in Fig. 2(a), however, some intensity was
observed at those positions. When a dark field image
is recorded using these reflections, images as in
Fig. 2(b) are obtained which show the presence of
a large number of spherical particles forming small
coherent precipitates. Because of their coherence
they are not visible in bright field images or dark field
images using a martensite matrix reflection, as in
Fig. 2(c).

The formation of NiAl enriched precipitates in
PH13-8Mo steel has been reported in literature
[3,5,6]. They are found to be coherent with the mar-
tensite and have a B2 (CsCl) crystal structure with a
lattice parameter close to that of the martensite
phase. In the diffraction pattern, reflections are
generated at the same location as the martensite,
but because the scattering factors of Ni and Al are
sufficiently different, no diffraction reflections are
forbidden and also the {100} and {111} reflections
are visible in the diffraction pattern.

The size and density of the precipitates were mea-
sured from dark field images recorded using a super-
structure reflection like in Fig. 2(b). Under those
conditions, only the precipitates are bright, allowing
the measurement of their density and size. The
average size was (7.0 ± 0.5) nm and the density
(1.9 ± 0.4) · 1022 m�3.

No NiAl precipitates were found in the austenitic
phase, but occasionally, M23C6 carbides were
observed. Contrary to the NiAl precipitates, the car-
bides have a coarse shape and are much larger. They
are formed close to the grain boundaries between an
austenitic and a martensitic lath.

The precipitates which were found in the martens-
itic phase of the unirradiated material are still present
in the irradiated specimens. Examples for each dose
and the corresponding diffraction patterns are shown
in Fig. 3. In the diffraction patterns, superstructure
reflections generated in coherent NiAl precipitates



Fig. 2. (a) Diffraction pattern showing the (200) reflection of the
martensitic phase of PH13-8Mo steel (a 0) and a superstructure
reflection (NiAl) on the (100) position. (b) Dark field image using
the (100) superstructure reflection, showing the size and density
of the precipitates and (c) dark field image of the same region
using the (200) matrix reflection of (a). The coherent precipitates
are not visible under these conditions.

Fig. 3. Dark field images showing the precipitates in the
specimens irradiated to (a) 0.5 dpa, (b) 1 dpa and (c) 2 dpa.
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Table 2
Average size and density of NiAl precipitates in the martensitic
phase of PH13-8Mo steel

Specimen (dpa) Average size (nm) Density (1022 m�3)

0 7.4 ± 0.5 1.9
0.5 7.7 ± 0.5 2.0
1 7.4 ± 0.5 1.8
2 7.4 ± 0.5 2.6
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are still present. This means that no amorphization of
the precipitates has occurred, as could be expected at
this high irradiation temperature [12].

The precipitate density, size and size distribution
of the three irradiated specimens were determined
and the results are reported in Table 2. For all spe-
cimens the average size equals about (7.4 ± 0.5) nm.
The precipitate density fluctuates around 2.0 ·
1022 m�3. Also the size distributions are compara-
ble. The average sizes, size distributions and densi-
ties show that no precipitates are removed and
that they did not grow or shrink. Consequently,
these results show that the irradiations at 300 �C
have not affected the precipitates formed in the
martensitic phase of PH13-8Mo steel.
Fig. 4. Determination of the Burgers vector of the dislocations
by three dark field images. In (a) and (b) the specimen is oriented
close to the [111] zone, while in (c) it is oriented close the [101]
zone. The diffraction vectors used are indicated. The white arrows
point towards 5 of the dislocations which are extinct in (b) and
(c). The insets in (a) and (c) show the projections of the four
h111i directions on the image plane.
3.3. Dislocations

In both the martensite and the austenite grains, a
considerable amount of dislocations is found. The
measured dislocation density equals (4 ± 1) ·
1014 m�2 for both phases. The high dislocation den-
sity is most probably due to the presence of the two
phases with a different crystal structure which intro-
duces stress in the material. In general, a high amount
of dislocations is formed in the martensite laths [11].

The type of dislocation was determined from
extinction conditions in comparison with the
expected dislocation types. The martensite phase
has a body-centered cubic structure and in these
types of crystals, dislocations with an a/2h1 11i
Burgers vector are preferentially formed [13]. The
austenite phase has a face-centered cubic structure
and dislocations having an a/2h110i Burgers vector
are expected [13].

The dark field images in Fig. 4 confirm that the
expected dislocation types are formed. The three
images were recorded from the same area, but using
different diffraction vectors. For Fig. 4(a) and (b),
the specimen was oriented close to the [111] zone
and the ð�211Þ and ð01�1Þ diffraction vectors were
used respectively. For Fig. 4(c), the specimen was



Fig. 5. (a) A typical dark field image of the specimen before
irradiation, showing that under these conditions the precipitates
do not contribute to the contrast. (b)–(d) Radiation damage in
PH13-8Mo steel with a dose of (b) 0.5 dpa, (c) 1 dpa and (d)
2 dpa. The damage can be recognized by the round dark contrast
formed by small dislocation loops, which is not present in the
unirradiated specimen.
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oriented close to the [10 1] zone and the diffraction
vector was ð12�1Þ. The dislocations indicated by
the white arrows in Fig. 4(a) are extinct in Figs.
4(b) and (c). Applying the g Æb = 0 extinction crite-
rion, the Burgers vector was calculated to be
a=2½�111�. In Figs. 4(a) and (c) the projections of
the different h111i directions on the image planes
are indicated. Most dislocation contrast lines are
parallel to these projections and the dislocations
with the a=2½�111� Burgers vector are parallel to
the projections of the ½�111� direction. It was calcu-
lated that only the ½�1 11� direction corresponds with
these two projections. Because the Burgers vector is
parallel to the direction of the dislocation, these dis-
locations are screw dislocations. Not all dislocations
in the martensite phase were analyzed in such detail,
but all of the observed extinction conditions and the
majority of the dislocation directions are in agree-
ment with a/2h111i type screw dislocations.

A similar analysis was performed in the austenite
phase, but to avoid overloading the paper, it will
not be discussed in detail. It was found that the
observed extinction conditions and dislocation lines
correspond in most cases with a/2h110i type screw
dislocations.

The type of dislocation and their density were
also investigated in the irradiated PH13-8Mo
specimens. Similar results as for the unirradiated
specimen were obtained. This means that, in the
martensitic phase, a/2h111i type screw dislocations
were found, while in the austenitic phase a/2h110i
type screw dislocations are formed. The dislocation
structure has not changed with irradiation.

3.4. Radiation damage

The major effect of the radiation on the micro-
structure of PH13-8Mo steel is the formation of
vacancies and interstitials which agglomerate and
form dislocation loops. These are the defects usually
introduced by irradiating a steel specimen [14]. The
contrast introduced by small dislocation loops can
be very similar to the contrast of small precipi-
tates and care has to be taken to distinguish between
both defects. In these samples, the coherency of the
precipitates can be exploited to this purpose. As
mentioned in Section 3.2, the precipitates are not
visible when using a matrix reflection for the dark
field image. Therefore, under those conditions, only
the irradiation-induced defects are visible.

Typical images are shown in Fig. 5. A dark field
image of the specimen before irradiation is shown in



Table 3
Density and average size of the radiation induced defects

Dose (dpa) Defect density (1022 m�3) Average size (nm)

0.5 0.4 3.8
1 1.6 5.6
2 2.8 6.2
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Fig. 5(a). Several dislocations can be seen, but the
background intensity is smooth. The dark field
images of the irradiated specimens of Fig. 5(b)–
(d), recorded under similar conditions, show a
different structure. The background is no longer
smooth, but a large amount of small defects deter-
mine the contrast. This contrast is not introduced
by the precipitates, although they are present in
the same area. In that case, a similar kind of con-
trast should be visible in the specimen before irradi-
ation, when a dark field image is recorded using a
matrix reflection, but no such contrast can be
observed in Fig. 5(a). Most probably this contrast
is introduced by small dislocation loops.

The density and size of the radiation induced
defects were measured. Similar results were
obtained in the austenite and the martensite phase,
and a single value for the entire specimen is given
in Table 3. With increasing dose, the loop size
increase from 3.8 nm to 6.2 nm and the density
increase from 0.4 · 1022 m�3 to 2.8 · 1022 m�3 were
determined. In the discussion, it will be argued that
this observation is in agreement with the irradiation
hardening reported by Schmalz et al. [8].
Fig. 6. Comparison of the calculated increase in yield stress with
different values for the dislocation loop strength to the experi-
mentally measured values.
4. Discussion

The tensile tests performed on the PH13-8Mo
specimens show that the hardness increases with
increasing dose [8]. It was observed in the micro-
structure analysis that the grain structure, the dislo-
cation structure and the precipitates are not
significantly affected by the radiation. Therefore,
the hardening can only be explained by the forma-
tion of small defects, like dislocation loops, which
were observed in the irradiated specimens.

Irradiation hardening as a result of small vacancy
or interstitial dislocation loops is a well known phe-
nomenon in steels. The hardening is explained by
the Orowan mechanism, which states that the small
dislocation loops act as dispersed barriers for dislo-
cation glide. The increase in yield stress (Dr) as a
result of these barriers depends on the number of
defects and their size and can be calculated [15] as:
Dr ¼ aMlbðNdÞ1=2
;

where M is the Taylor factor, a is a dimensional
constant related to the strength of the barrier, l is
the shear modulus, b the Burgers vector of the mov-
ing dislocation and Nd1/2 is the mean discrete obsta-
cle spacing with N being the number density of the
obstacles and d their diameter.

The measured stress increase is compared to the
calculated increase using the formula given above.
The values for the parameters are M=3.06 [16],
l = 80.6 GPa [3], and b = 0.254 nm, the average
length of the Burgers vector of the dislocations
observed in the austenite and martensite phase.
The measurements for N and d are given in Table
3. The value of a is not known, but the graph in
Fig. 6 demonstrates that reasonable agreement
between the experimental and the calculated values
can be obtained if a value of 0.15 is assumed for
a. For comparison, also the graphs for a = 0.1 and
0.2 are shown in Fig. 6.

No reference data were found in literature for
PH13-8Mo, but some values for a in F82H, a
ferritic/martensitic steel, were found [15,17]. For
F82H, the irradiation-induced dislocation loops
are considered as weak obstacles and the a value
equals 0.1. Comparison of the experimentally mea-
sured hardening and the hardening calculated based
on the Orowan mechanism, yielded a = 0.3. The
difference between these values was explained by
suggesting a contribution of other defects, like voids
or helium bubbles, to the hardening.

In view of the results for F82H, it can be con-
cluded that the value of a = 0.15 is not unreason-
able for the strength of the dislocation loops and
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that, for this alloy, the measured increase in hard-
ness can be explained by the formation of small
dislocation loops.

5. Conclusions

The evolution of the defect structure of PH13-
8Mo bolts irradiated to doses of 0.5, 1 and 2 dpa,
was evaluated using transmission electron micros-
copy and related to the changes in mechanical
properties.

It was demonstrated that both the martensite and
austenite phases are present in the provided speci-
mens. There is a Kurdjumov–Sachs orientation rela-
tion between the two phases. NiAl precipitates were
found in the martensite phase, but not in the austen-
ite phase. The precipitate density, the average size
and size distributions do not change after irradia-
tion, which shows that the precipitates are not
affected by the radiation. No changes in the disloca-
tion structure were observed. In the martensite
phase mainly a/2h111i type screw dislocations are
formed, whereas in the austenite phase the disloca-
tions were characterized to be a/2h110i type screw
dislocations.

Small irradiation-induced defects were observed.
Their density and size increase with increasing dose.
These defects are responsible for the irradiation
hardening measured in the mechanical tests. The
increase in strength was calculated based on the
Orowan mechanism of hardening. A good agree-
ment between the calculations and measurements
was obtained when a value of a = 0.15 is assumed.
The irradiation-induced increase in hardness can
be fully explained by the formation of the small
dislocation loops.
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