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Abstract Atom probe field ion microscopy has been used to characterize nickel aluminides in 
addition to the changes in the microstructure of pressure vessel steels as a result of exposure to 
neutron irradiation. Ultrafine intragranular copper precipitates and phosphorus segregation to 
grain and lath boundaries have been quantified in the pressure vessel steels. In boron-doped 
Ni,Al, the boron additions were found to segregate to dislocations, low angle boundaries, 
antiphase boundaries, stacking faults, and grain boundaries. In boron-doped NiAl, boron 
segregation to grain boundaries and ultrafine MB, precipitates were observed. In 
molybdenum-doped NiAl, enrichments of molybdenum, carbon, nitrogedsilicon, boron, and 
iron were observed at the grain boundaries together with molybdenum precipitates and low 
molybdenum matrix solubility. 

1. INTRODUCTION 

The atom probe field ion microscopy (APFIM) technique [1,2] is particularly suitable for the 
characterization of segregation to grain boundaries, the detection of solute clusters, the determination 
of the size, number density and composition of ultrafine precipitates, and the quantification of the 
solubility levels of solutes in the matrix. The energy-compensated atom probe has atomic resolution 
and is able to perform fully quantitative composition determination due to its high mass resolution 
( d A m  >2500). This instrument is therefore an excellent method for atomic level microstructural 
characterization of complex engineering alloys. 

2. CHARACTERIZATION OF PRESSURE VESSEL STEELS 

The embrittlement of the pressure vessel of a nuclear reactor during service is a serious concern in 
terms of safe operation and it is also one of the primary factors that controls the possibility of reactor 
plant life extension. The changes in the microstructure that are produced in pressure vessel steels and 
related model alloys by neutron-irradiation and long term thermal ageing have been studied 
extensively by atom probe field ion microscopy. The distribution of the solutes in the pressure vessel 
steel may change during service due to a combination of the elevated temperature (-288°C) and 
exposure to neutron irradiation. These APFIM studies have revealed that there are two important 
mechanisms that may produce embrittlement in these materials. The first is from a combination of 
intragranular precipitation and solute clustering in the matrix and the second is from segregation to and 
precipitation along the grain and lath boundaries. 

2.1 Intragranular Precipitation 

Atom probe and transmission electron microscopy characterizations of an A533B pressure vessel steel 
weld have demonstrated that the excess copper in the alloy forms copper precipitates on the grain and 
lath boundaries and dislocations and reduces the copper content of the matrix to the equilibrium value 
during the stress relief treatment [3,4]. A typical set of matrix analyses for an A533B type pressure 
vessel steel weld [5] is summarized in Fig. 1. These results are consistent with the copper solubility 
predicted from the ThermocalcTM program. Together with the copper content of the alloy, the time, 
temperature, and quench rate of the stress-relief heat treatment have been determined to be important 
parameters for the susceptibility of the steel to embrittlement under neutron irradiation since they 
define the copper content of the matrix in the unirradiated condition. 
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If this material is subsequently thermally aged for up to -100,000 h at the service temperature of the 
reactor, 288OC, no significant changes in the copper content of the matrix are observed. However, if 
the material is subjected to neutron-irradiation at 288OC, the copper level of the matrix decreases and 
continues to decrease with increasing fluence, as shown in Fig. 1. This reduction in the matrix copper 
content is accompanied by the formation of ultrafine intragranular copper precipitates that embrittle the 
steel. A field ion micrograph of one of these darkly-imaging copper-enriched precipitates is shown in 
Fig. 2a. A 2% D reconstruction [6] of one of these copper-enriched precipitates in an A533B 
pressure vessel steel weld neutron-irradiated to a fluence of 3.5 x l O I 9  n cm-2 (E > 1 MeV) is shown 
in Fig. 3. In this reconstruction of a plane-by-plane atom probe analysis, the positions of the solute 
atoms within the cylinder of analysis have been randomly distributed within each (001) plane. The 
cylinder of analysis was 2.5 nm in diameter. It is evident from this reconstruction that the precipitate- 
matrix interface is ramified. Several different estimates of the size of this precipitate can be made. If 
the estimate is based on the diameter of the core of the copper solute, the diameter is 1.7 nm. If the 
estimate is based on the maximum extent of the copper, the diameter is 2.9 nm. If the estimate is 
based on the maximum diameter of the solute-enriched region, the diameter is significantly larger at 
4.4 nm. Atom probe analysis revealed that these copper precipitates are also enriched in nickel, 
manganese and silicon. The average composition of this precipitate was 8.5f2.3 at. % Cu, 
4.4*1.7% Ni, 5.6+1.9% Mn, 4.lf0.4% Si 0.3f0.3% P and 76.6+3.5% Fe. The solute enrichment 
factors were Cu = 170, Ni = 7.7, Mn = 5.1 and Si = 3.3. The maximum local (i.e., planar) 
concentrations were 13.7 at.% Cu, 10.8 % Ni, 15.9% Mn and 10.8% Si. It should be emphasized 
that the copper content of these precipitates formed during neutron irradiation is significantly lower 
than the equilibrium value. The precipitate was also significantly enriched in phosphorus compared to 
the matrix. Similar ultrafine precipitates have been observed in the same material that was neutron- 
irradiated to a lower fluence of 6.6 x 1OI8 n cm'2 (E > 1 MeV) but were present in a lower number 
density (-1 x m-3 after 3.5 x 1019 n cm-2). However, these copper- 
enriched precipitates were not observed after long-term thermal ageing (-100,000 h) at the same 
temperature [5,7]. 

m-3 compared to -3 x 

Significant differences in the composition of these ultrafine copper-enriched precipitates have been 
found in the neutron-irradiated steels and thermally aged Fe-Cu-Ni model alloys. For example, in an 
Fe-1.28wt.% Cu-1.43% Ni model alloy, a rapid increase in the copper level of the precipitates is 
observed with the aging time at 400 and 500°C [7 ] .  After isothermal ageing for 10 h at 500"C, the 
-20 nm diameter precipitates are almost pure copper (Le., 98 at.% Cu). The nickel enrichment factors 
were found to be much lower (<-1.5) in the thermally aged model alloys than in the neutron-irradiated 
pressure vessel steels (up to 10). In addition, examination of composition profiles through 
precipitates aged at different times and temperatures indicates that the nickel originally present in the 
precipitates is rejected towards the interface and even out of the precipitates as they grow or coarsen. 
Therefore, results from accelerated thermal ageing of model alloys should not be used to predict the 
kinetics of copper precipitate evolution in pressure vessel steels under neutron irradiation. 

In addition to these copper precipitates, several other types of intragranular precipitates have been 
observed in the atom probe [3,4,8,9]. The type of precipitate found depends on the type and 
composition of the steel. In high phosphorus neutron-irradiated A533B model steels and Russian 
15KhZMFA (VVER 440) steel welds [9], ultrafine phosphorus clusters have been observed, as 
shown in Fig. 2b. In both unirradiated and neutron-irradiated A533B steels, ultrathin molybdenum 
nitride disks and spherical molybdenum carbide precipitates have been observed, as shown in 
Figs. 2c and 2d. In the vanadium containing Russian 15Kh2MFA and 15Kh2NMFA (VVER 1000) 
steels, spherical vanadium carbide precipitates have been observed [9]. 

2.2 Grain and Lath Boundary Segregation 

Field ion microscopy has revealed that the grain and lath boundaries in Russian 15Kh2MFA and 
A533B steels are decorated with a thin film as shown in Fig. 5. Atom probe results indicate that this 
semicontinuous film consists of molybdenum carbonitride precipitates and the boundaries also exhibit 
significant levels of nickel, manganese, and phosphorus segregation. No significant difference in the 
distribution of these molybdenum carbonitride precipitates between the unirradiated and neutron- 
irradiated materials was observed. This type of film has been observed in both Russian 
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15Kh2NMFA steels and also in Western A302B steels and appears to be a common feature of 
molybdenum-containing pressure vessel steels. 

The amount of solute segregation at interfaces may be estimated with the use of a method based on the 
Gibbsian interfacial excess, Ti, [ 10-121. The results of phosphorus segregation to lath boundaries in 
a number of different pressure vessel steels are summarized in Table 1. It is evident that the 
phosphorus coverage in the unirradiated materials is relatively low (3-1 1% of a monolayer) and the 
values are in agreement with the predictions based on the McLean model of equilibrium segregation 
[8,9]. However, in all the neutron-irradiated pressure vessel steels examined, the coverage was 
found to increase significantly from the unirradiated condition. It should be noted that the phosphorus 
coverages measured in the Russian steels are significantly higher than that required to cause temper 
embrittlement in model Fe-P alloys and are therefore a serious concern for safe operation of the 
nuclear reactors. This result also has a serious implication on the plant life extension of high 
phosphorus pressure vessel steels since annealing treatments designed to reduce the copper 
embrittlement will further increase these high phosphorus coverages. 

Table 1. Summary of the average phosphorus coverage at lath and grain boundaries as measured in 
the atom probe and predicted by the McLean model of equilibrium segregation [8,9]. 

Material 

A533B 

VVER 440 
VIER 1000 

VVER440 
(Weld 28) 

VVER 440 
(Weld 37) 

Fluence 
(n cm-2) 

E >  1 MeV 

Unirradiated 
1 x 1019 

Unirradiated 
Unirradiated 

Unirradiated 
I x 1019 

Unirradiated 
1.15 x 1020 

P Content 
(at. %) 

0.01 1 
0.01 1 

0.032 
0.016 

0.045 
0.045 

0.058 
0.058 

rFJ 
atoms cm-2 

5.7 1013 
1.8 x 1014 

8.2 x 1013 
1.3 x 1014 

2.0 x 1014 
4 . 0 ~  1014 

2.8 x 1014 
1.3 x io15 

P Coverage 
(layers) 

3 %  
10 % 

5 %  
8 %  

11 % 
24 % 

13% 
60% 

McLean 
Prediction 

(layers) 

5 %  

7 %  
5 %  

10 % 

12 % 

3. CHARACTERIZATION OF INTERMETALLICS 

The nickel aluminides have attractive technological applications due to their superior high temperature 
properties. However, these materials are brittle at room temperature and this makes fabrication 
difficult and therefore limits their application. One of the methods of improving the properties of 
these types of materials is to add microalloying elements. The atom probe is an extremely effective 
technique to determine the location of these solute additions in the microstructure and has therefore 
been applied to a number of different types of nickel aluminides. 

3.1 Ni,A1 

The addition of as little as 200 ppm of boron to L1,-ordered Ni,A1 results in a dramatic increase in the 
ductility [ 13,141. In boron-doped Ni,Al, the boron additions were found to segregate to dislocations, 
low angle boundaries, antiphase boundaries, stacking faults, and grain boundaries [ 15-17], as shown 
in Fig. 5. Atom probe single atom analysis has demonstrated that the brightly-imaging spots evident 
in these field ion micrographs are boron atoms. The boron coverage at the grain boundaries was 
found to vary significantly. In some boundaries, the coverage was low, Fig. 5h, whereas in others 



there was evidence of a thin precipitate, Fig. 5g. This variation was also observed along an individual 
segment of a grain boundary, as shown in Fig. 5f. Most of this boundary exhibited low coverage 
with only an isolated boron atom evident. However, there is a small facet that exhibited significantly 
higher boron coverage. This observation indicates that the local boundary plane can have a strong 
influence on the segregation behavior. No ultrafine precipitates have been observed in these Ni-24.2 
at % A1 alloys. However, boron clustering has been observed in Ni-25% A1 and Ni-26% A1 [ 181. 

I atoms cm-2 

3.2 NiAl 

% 

Boron additions to the B2-ordered NiAl have a significantly different effect on the microstructure and 
the mechanical properties. Although small additions (-20 ppm) improve the ductility, larger amounts 
significantly increase the yield strength. Atom probe analyses have revealed that boron segregates to 
the grain boundaries, as shown in Fig. 6. However, this only accounts for a small portion (4%) of 
the total boron. Unlike boron-doped Ni,A1 which exhibits significant matrix boron solubility, atom 
probe analysis of the matrix in an NiAl + 0.15 at. % B alloy revealed that the boron solubility was 
low (0.003 f 0.007 after 1 h at 500°C and 0.026 rt 0.003 after 1 h at 1100°C) [ 191. The majority of 
the boron was determined to be in the form of ultrafine precipitates, as shown in Fig. 7. Atom probe 
analysis revealed that the precipitate composition was consistent with a MB, type precipitate and their 
size ranged from 1 to 20 nm. The metallic content varied from precipitate to precipitate and was a 
mixture of Ti, V, Cr, and W. Therefore, these precipitates were formed from the trace elements in the 
material. Some carbon was also detected in the precipitate. These precipitates produce a significant 
amount of precipitation hardening and are therefore detrimental to the mechanical properties. This 
precipitation hardening also offsets the benefits of the boron segregation to the high angle grain 
boundaries. These ultrafine precipitates have also been observed in un-doped single crystal NiAl 
[20], as shown in Fig. 8. The number density of these precipitates can be decreased by reducing the 
amount of trace impurities in the alloy by zone refinement. Alternatively, the number density of the 
precipitates can be reduced and their size increased by an appropriate heat treatment. 

In NiAl containing 0.7 at. % molybdenum, atom probe analysis [21] indicated extremely low 
solubilities of the molybdenum and other trace impurities in the matrix: Ni- 50.4 k 1.2 at. % Al - 
0.005+ 0.001 % Mo, 0.007 f 0.002 % Fe, 0.005 f 0.001% Si and N and 0.0004 +_ 0.0004 %V. The 
majority of the molybdenum was found to be in a low number density (-1 to 2 x lo2' m-3) of 10- to 
50-nm-diameter spherical Mo- 3.3 k 0.6 at. % A1 precipitates with residual amounts of 0.06 f 0.03% 
B, 0.04 k 0.02% Ni, 0.01 f 0.01% Fe, and 0.04 k 0.02% V. The precipitates were embedded in the 
NiAl matrix, as shown in Fig. 9, and also at grain boundaries. Calculations based on an Orowan 
mechanism indicate that these precipitates generate an increase in yield stress of between 82 and 210 
MPa which is in good agreement with the differences in the yield stresses of the molybdenum-doped 
(254 MPa) and undoped alloys (154 MPa). A field ion micrograph of a C3 coincident site lattice grain 
boundary is shown in Fig. 10. Due to the favorable orientation of the plane of the grain boundary with 
respect to the specimen axis, extensive characterization of this boundary was possible. The Gibbsian 
interfacial excesses of the solutes along this boundary are summarized in Table 2. Despite the 
relatively low coverages, significant enrichments of molybdenum, nitrogen and silicon, carbon, boron, 
and iron are evident. 

Table 2. The Gibbs Interfacial Excesses of solute at a 
C3 coincident site lattice grain boundary in NiAl + 0.7 at. % Mo. 

I Element I Gibbs Interfacial Excess, I Coverage I 

N/Si I 6.5 x loi2 I 0.38 I 
C 
B 
Fe 

1.1 x loi2 
5.7 x 10" 
3.8 x 10'' 

;:E 1 
0.02 



A reconstruction of the solute distribution along this boundary is shown in Fig. 1 1. Although most of 
the solute was distributed uniformly along the boundary, there was some evidence of regions of 
higher than average local concentrations of iron, molybdenum, nitrogen and carbon atoms. There 
was also some evidence of molybdenum-nitrogen enrichment. This small non-uniformity in the solute 
distribution may arise from small changes in the boundary plane or the presence of boundary 
dislocations changing the local atomic environment and thereby influence the segregation behavior. 
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Figure 2: FIM micrographs of a) 
copper-enriched precipitate in neutron- 
irradiated A533B, b) phosphorus cluster 
in neutron-irradiated 15Kh2NMFA 
steel, c) molybdenum nitride and d) 
molybdenum carbide in neutron- 
irradiated A533B steel. 

Figure 3: 2% D reconstruction of a 
copper precipitate in neutron-irradiated 
A533B weld [6] .  

Figure 4 : Field ion micrographs of lath boundaries in 
neutron-irradiated a) A533B pressure vessel steel weld 
and b) Russian 15Kh2MFA weld. 
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Figure 5 : Field ion micrographs of a) dislocation, b) antiphase boundary, c)  low angle 
boundary, d) stacking fault and e-h) high angle grain boundaries in boron-doped Ni3AI 



Figure 6 : Field ion micrograph of a grain 
boundary in boron-doped NiA1. 

Figure 7 : Field ion micrograph Of ultrafine 
precipitates in boron-doped NiAl. 
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Figure 8 : Field ion micrograph of ultrafine 
precipitates in single crystal NiAl. 

Figure 9 : Field ion micrograph of a 
molybdenum precipitate in NiA1+0.7% Mo. 
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Figure 10 : Field ion micrograph of a 
decorated Z3 grain boundary in NiAl doped 
with 0.7% Mo. 

Figure 11 : Distribution of solute along the C3 
grain boundary in NiAl doped with 0.7% Mo. 


