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ABSTRACT 

An atom probe field ion microscopy characterization of A533B and Russian VVER 440 
and loo0 pressure vessel steels has been performed to determine the phosphorus coverage of 
grain and lath boundaries. Field ion micrographs of grain and lath boundaries have revealed 
that they are decorated with a semi-continuous film of discrete brightly-imaging precipitates 
that were identified as molybdenum carbonitride precipitates. In addition, extremely high 
phosphorus levels were measured at the boundaries. The phosphorus segregation was found to 
be confined to an extremely narrow region indicative of monolayer-type segregation. The 
phosphorus coverages determined from the atom probe results of the unirradiated materials 
were in excellent agreement with predictions based on McLean's equilibrium model of grain 
boundary segregation. The boundary phosphorus coverage of a neutron-irradiated weld 
material was significantly higher than that observed in the unirradiated material. 

INTRODUCTION 

Since the pressure vessel of a nuclear reactor is exposed to elevated temperatures and a 
flux of neutrons for extended periods, there is the possibility that changes in the microstructure 
will occur during service that may cause the steel to become embrittled. It is important to be 
able to measure and accurately predict these changes so that the integrity of the pressure vessel 
is guaranteed and the possibility of extending the lifetime of the pressure vessel may be 
estimated. Atom probe field ion microscopy is one technique that provides sufficient resolution 
to enable these changes to be experimentally measured. This ultrahigh resolution technique 
enables solute clustering, precipitation and solute segregation to lattice defects including lath 
and grain boundaries to be directly characterized.'*2 Details of the atom probe technique may be 
found elsewhere. 

One common element present in pressure vessel steel that is well known to render steels 
susceptible to temper embrittlement is phosphorus, in this paper, experimental atom probe 
characterizations of the phosphorus coverage at lath and grain boundaries in some A533B and 
Russian 15Kh2MFA steels are compared to the predictions estimated by the McLean model of 
equilibrium segregation. 

EXPERIMENTAL 

The nominal compositions of the steels used in this investigation are summarized in 
Table 1. The Russian 15KhZMFA (VVER 440) and 15KhZNMFA (VVER 1000) steels are 
significantly different from their Western counterparts in that they contain much higher levels of 
chromium and vanadium and slightly higher levels of molybdenum. The A533B was examined 
in the unirradiated state after a thermal a ing treatment of 566 h at 288OC and also after neutron 

15Kh2MFA Weld 28 steel was examined in the unirradiated condition after typical thermal heat 
treatment to produce precipitation hardening4 and also after neutron-irradiation to a fluence of 
1 x 1019 n cm-2 (E > 1 MeV) with a flux of 4 x 1011 n cm-2 s-1 in the Rovno Unit 1 reactor at a 
temperature of -290°C. The Weld 37 and the VVER 440 and VVER 1000 8 kg laboratory melts 
were only examined in the unirradiated state. 
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Table I. Nominal composition of the steels used in this investigation. The balance of these 
compositions is iron and the compositions are given in atomic percent. 

Element A533B Weld 28 & 37 VVER440 VVER lo00 I I 
Chromium 
Molybdenum 
Vanadium 
Copper 
Nickel 
Manganese 
Silicon 
Carbon 
Phosphorus 

0.05 1.71 
0.25 0.37 - 0.20 
0.35 0.11 
0.57 0.14 
1.37 0.95 
1.01 0.69 
0.55 0.23 
0.011 0.045 

2.77 
0.39 
0.33 
0.30 
0.07 
0.36 
0.36 
0.67 
0.032 

2.48 
0.34 
0.11 
0.05 
1.15 
0.4 1 
0.49 
0.79 
0.016 

The microstructural characterizations were performed on the ORNL energy compensated 
atom probe field ion microscope. Details of this instrument may be found elsewhere.s The field 
ion micrographs were recorded with a specimen temperature of between 60 and 70 K. All atom 
probe analyses were performed with a specimen temperature of 50 to 60K and a pulse fraction of 
20%. 

The amount of solute segregation at interfaces was estimated with the use of a method 
based on the Gibbsian interfacial excess.67 The Gibbsian interfacial excess' of element i, fi, may 
be determined directly from an atom probe analysis with the use of the following relationships: 

where Ni(excess) is the excess number of solute atoms associated with the interface, Ni is the total 
number of solute atoms in the volume analyzed, Ni(a) and Ni(p), are the number of solute atoms 
in the two adjoining regions a and p either side of the dividing surface, and A is the interfacial 
area over which the interfacial excess is determined. All these parameters may be directly 
estimated for all elements in the steel. This method provides a fundamental estimate of the level 
of segregant at an interface. 

Predictions based on the McLean model of eauilibrium semegation 

Since the parameters for phosphorus segregation are reasonably well established in 
 steel^,^^'^ it is possible to compare the atom probe results with model predictions. In thermally 
aged or unirradiated material, the amount of phosphorus coverage at the boundary may be 
predicted from the McLean model of equilibrium segregation. The equilibrium concentration 
of solute at the boundary is given, for dilute solutions, by 

-AG/RT 
(2) 

B c e  

1 + B c e  
where c is the solute content available for segregation, AG is the free energy change associated 
with segregation to the boundary, R is the gas constant, and T is the absolute temperature. The 
constant B, the vibrational entropy of the grain boundary region, was assumed to be 1. A free 
energy change of AGp = -56,700 +12.4 T was used in these calculations.'2 The results of this 
model for the equilibrium coverage of phosphorus as a function of temperature for the nominal 
phosphorus levels in the steels are shown in Fig. 1. 

The dependence of segregation after a quench from a high to a lower temperature as a 
function of time t may also be predicted from the following relationship 

cb= 
-AG/RT ' 
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where a1 = Cb(=)/C at the low temperature, a2 = cb/c at the high temperature just prior to 
quenching, D is the diffusion coefficient at the lower temperature, and d is the thickness of the 
boundary. Some examples of the increase in the phosphorus coverage at a boundary during a 
typical stress relief treatment in the A533B steel and the precipitation hardening stage of the 
heat treatment at 700°C are shown in Fig. 2. At these annealing temperatures, the phosphorus 
coverage increases rapidly attaining over 95% of the equilibrium value in 1 h and almost 99% 
after 10 h aging at 700 "C. The effects of a post-irradiation annealing treatment of 200 h at 400 
and 475°C in the Russian 15Kh2MFA Weld 37 steel and an A533B steel are shown in Fig. 3. 
The phosphorus coverage is predicted to increase by approximately 1.7 times in the 4OOOC 
treatment and by 3 times in the 475OC treatment. These simulations also indicate that these 
annealing treatments which were designed to eleviate the effects of copper precipitation have an 
undesirable side effect of generating significantly higher phosphorus levels at the boundary. 
The increase in phosphorus coverage during long term thermal aging 288OC is shown in Fig. 4. 
It should be noted that the predicted increase in phosphorus only accounts for the thermal 
component and does not include additional effects due to the neutron-irradiation during actual 
service in a nuclear reactor. These predictions indicate that the phosphorus coverage will 
continue to increase throughout the lifetime of the reactor. It should also be noted that the post- 
irradiation anneal at 475OC may generate a higher phosphorus coverage than what is observed 
after 30 years of service at 288OC. 

RESULTS AND DISCUSSION 

Some examples of field ion micrographs of decorated lath boundaries in the A533B and 
Russian steels are shown in Fig. 5. In both series of steels, the boundaries exhibit some 
brightly-imaging regions which were identified by selected area analysis in the atom probe to be 
ultrafine molybdenum carbonimde precipitates. Since the size of these precipitates was found 
to range up to only -1 nm in diameter, it was not experimentally possible to ascertain whether 
the phosphorus detected at the boundary was associated with the precipitates (either as a 
carbonitrophosphide or at the carbide-matrix interface) or simply as a boundary segregant. It is 
unlikely that these ultrafine precipitates would be detected by transmission electron microscopy. 
In the Russian steels, the coverage of these precipitates was found to decrease in the vicinity of 
the larger vanadium carbide precipitates that were also present along the lath boundaries. 
Although the coverage of these precipitates varied from a continuous film in some regions of 
certain materials to isolated precipitates in other segments of the boundary, it appears to be a 
general feature of both these types of molybdenum-containing pressure vessel steels. 

The results of the atom probe determinations of the average phosphorus coverage at lath 
and grain boundaries are summarized and compared to the predictions of the McLean model of 
equilibrium segregation in Table 2. The results for all the unirradiated specimens are in good 
agreement with the predictions obtained from the McLean model of equilibrium segregation. 
Atom probe analyses of the matrix immediately adjacent to the boundary did not reveal elevated 
phosphorus levels and therefore the phosphorus segregation was indicative of monolayer-type 
segregation. In the case of the unirradiated Weld 37, an additional experiment was performed at 
a section of a lath boundary that was within 5 nm of a 10 nm thick lenticular vanadium carbide 
precipitate and yielded a much higher result of 24% phosphorus coverage. The neutron- 
irradiated A533B and Weld 28 materials were also found to exhibit significantly higher levels of 
phosphorus coverage than their unirradiated varients. 

It should be noted that in spite of the high phosphorus coverage of 11%, unirradiated 
Weld 28 was found to be ductile at room temperature. It is therefore possible that the 
detrimental effect of phosphorus is to some extent compensated for by the presence of the 
molybdenum carbonitride film at the lath boundaries. Since precipitate-matrix interfaces are 
typically weaker than boundaries, it is unlikely that molybdenum carbonimde films would 
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Fig. 1. Predicted equilibrium phosphorus 
coverage at boundaries for the 5 steels 
examined as a function of temperature. 
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Fig. 3. Predicted increase in phosphorus 
coverage at boundaries during annealing at 
400 and 475OC. 
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Fig. 2. Predicted increase in phosphorus 
coverage at boundaries during the 
precipitation hardening heat treatment at 
700OC (20.016 at. % P) or stress relief heat 
treatment at 650OC (0.011 at. % P) 
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Fig. 4. Predicted increase in phosphorus 
coverage at boundaries after thermal 
aging at 288°C for 30 years. 



improve the cohesion of the boundary. However, the carbonitride film may play an important 
role in modifying the behavior of the phosphorus so that it does not cause temper embrittlement. 

Fluence 
Material (n cm-2) 

E >  1 MeV 

A533B Unirradiated 

VVER 440 Unirradiated 
VVER 1000 Unirradiated 

Weld 28 Unirradiated 

1 1019 

I x 1019 

Weld 37 Unirradiated 

Table 2. 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. 

P Content r, Coverage Prediction 
(at. %) atoms cm-2 (layers) (layem) 

0.01 1 5.7 x 1013 3 %  5 %  
0.01 1 1.8 x 1014 10 % 

0.032 8.2 1013 5 %  7 %  
0.016 1.3 1014 8% 5% 

0.045 2.0 1014 11 % 10 % 
0.045 4.0 x 1014 24 % 

0.058 2.8 1014 13% 12 % 
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Fig. 5. Field ion micrographs of decorated boundaries in a) A533B unirradiated, b) A533B 
neutron-iniadiated, c) VVER 440 unirradiated, d) Weld 37 unirradiated, e) Weld 28 
unirradiated, and f> Weld 28 neutron-irradiated. 


