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SUMMARY 
 
We r eport o n w ork s upported by  t he D OE O ffices of  F usion E nergy S ciences and N uclear E nergy on nano-
structured f erritic al loys ( NFAs) that c ontain an ultrahigh de nsity of  n m-scale Y -Ti-O nan ofeatures ( NFs). O ur 
objective is to explore the characteristics (number density, size distribution, volume fraction and structure) of the 
NFs. Small angle neutron s cattering ( SANS), transmission el ectron microscopy ( TEM), and  at om pr obe 
tomography ( APT) w ere us ed t o c haracterize t he N Fs i n MA 957 i n bot h as -extruded r ound bar  ( US hea t) and  
thick walled tube (French heat) conditions, as  well as the US MA957 following long term thermal aging (LTTA) 
and friction stirred welds (FSW). MA957 was found to contain ≈  1 -10x1023 NFs with an average diameter of ≈  
2.5 n m. T he s maller N Fs ar e c ubic py rochlore Y 2Ti207 oxides. T he N Fs c oarsen s lowly at  10 00°C and  ar e 
moderately degraded by severe deformation during friction stir welding.  
 
INTRODUCTION AND BACKGROUND 
 
Nano-structured f erritic al loys ( NFA) hav e hi gh t ensile an d c reep s trength permitting s ervice up t o more t han 
800°C, manifest remarkable resistance to radiation damage and can manage high concentrations of helium [1,2]. 
Note reference 1 contains a review of the literature up to about 2008 and will be used as the citation for a number 
of results i n the literature described in this report. A summary of  more recent work on N FA is described in [2]. 
NFAs t ypically c ontain 14( 12-16) w t.%Cr, a long w ith Mo or  W  an d Y  an d T i ( 14YWT). T hey ar e c alled N FAs 
because they contain an ultrahigh density of 1-5 nm Y-Ti-O features (NFs), which are largely responsible for their 
outstanding properties. The NFs provide dispersion strengthening, help stabilize dislocation and fine grain 
structures, reduce excess concentrations of displacement defects by enhancing vacancy-self-interstitial 
recombination a nd t rap h elium i n f ine, an d r elatively harmless ( or, i ndeed, pot entially be neficial) bub bles [ 1-4]. 
International Nickel Company (INCO) developed MA957 as the first commercial vendor 14Cr ODS alloy in the late 
1970s for use in liquid-metal fast breeder reactors [5]. Note, however, we distinguish the 14CrYWT NFAs from 
ODS alloys, like higher Cr and Al INCO MA956 and Plansee PM2000, since the latter contain coarser (> 5 nm) 
oxide p hases an d are generally n ot as  s trong. Experimental O DS/NFA he ats, for a r ange of  c ompositions and 
processing routes, w ere studied in Japan by S. Ukai and co-workers in t he 1990s, leading to the high 
performance Kobe J 12YWT NFA. Early TEM an d X RD s tudies i ndicated the presence of  v ery f ine s cale ox ide 
features in alloys such as MA957 and J12YWT [1] and 1-3 nm Y-Ti-O were first observed in APT by Kim et al. in 
2000 [6].  

NFA pr ocessing t ypically i nvolves m echanical al loying ( MA) r apidly s olidified metallic powders w ith Y 2O3 oxide 
powders by ball milling. The Y and O dissolve in the Fe-Cr-Ti matrix and subsequently precipitate with Ti during 
consolidation by  hot extrusion or  h ot i sostatic pr essing ( HIPing). NFAs are t hen usually further pr ocessed and  
fabricated i nto v arious pr oduct f orms by  a variety of pos t-consolidation t hermal mec hanical t reatments ( TMT). 
Ideally, the TMT result in fine grain sizes and high dislocation densities that, along with the NF, contribute to high 
NFA strength and, potentially, better fracture toughness.  

Optimizing NFAs requires understanding of  the de tailed c omposition a nd s tructure of  t he NFs, as well as  how  
alloying elements and processing variables affect their character. While it is clear that a suite of characterization 
tools are needed to develop such understanding, various techniques are not yet fully consistent with one another. 
In ad dition t o u nderstanding t he basic N F c haracter, other q uestions t hat ar e addressed i n t his w ork ar e NFA 
stability during extended service at high temperatures and finding joining methods that do not severely degrade 
the NFs. 

 

MATERIALS AND METHODS 

Three heats of  MA957, or iginally manufactured by  INCO, were s tudied [ 7]. The first two heats are as -extruded 
1150°C, 25mm round bar that were acquired from Pacific Northwest National Laboratory are referred to as US-
MA957 (DBB0114 and DBB0122). Both of these heats have been used for various research topics described in 
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this r eport an d i t has  bee n as sumed t hey ar e ef fectively s imilar. T he t hird he at i s a 9 mm t hick, 65 mm o uter 
diameter tube fabricated by center drilling an extruded bar followed by hot extrusion (HBB-0127). This heat was 
acquired from CEA Saclay in France via Oak Ridge National Laboratory and is referred to as French-MA957. The 
processing descriptions are nominal in both cases and the specific thermal mechanical treatment conditions are 
unknown. T he me asured c ompositions ( at%) of t he US M A957 f rom a  pr evious s tudy on t he U S h eat [7] and  
current APT measurements on the French heat are shown in Table 1. 

Table 1. Compositions of the MA957 Heats 

at% Fe Cr Ti Mo Y O Ni Al Mn Si C Cu S P 
 DBB0114* 82.97 14.32 1.123 0.170 0.128 0.786 0.089 0.183 0.065 0.059 0.073 0.009 0.011 0.007 
 DBB0122* 82.19 14.97 1.206 0.177 0.125 0.781 0.093 0.142 0.067 0.049 0.171 0.009 0.012 0.009 
 HB-0127** 83.36 14.65 0.925 0.176 0.114 0.396 0.112 0.042 0.061 0.060 0.005 - - - 

* Ref [7]; ** APT measurement 

  

Long term thermal a ging ( LTTA) h as be en c arried out o n the U S-MA957 b etween 800°C and 10 00°C i n 50 °C 
increments for times up to more than 19kh. MA957 coupons were tightly wrapped in high Cr alloy foil, to minimize 
loss of  t his el ement [9], a nd enc apsulated in quartz t ubing c ontaining dr y H e. A ging, w hich is ong oing, was 
interrupted periodically for microhardness measurements and nano-microstructural characterization studies. The 
outer region of the coupons was removed to avoid the effect of Cr depletion and other near surface effects.  

The f riction s tir welding ( FSW) was c arried o ut by E dison W elding I nstitute where t wo 100 ×  17  × 2 mm  US-
MA957 sectioned plates were butt-welded in the long dimension direction at a tool spindle speed of 130-160 rpm 
and travel speed of 150-200 mm/min [9,10]. Hardness traverses were previously carried out across the weld and 
coupons were removed f rom t he m iddle o f t he F SW z one for na no-microstructural c haracterization [ 9]. In t he 
current s tudy t he micro-nanostructure of t he F SW ex amined by a v ariety of  c haracterization methods. T he 
characterization was also repeated on FSW after an 1150°C anneal for 3 hours, followed by air-cooling, using the 
same encapsulation procedure as for the LTTA samples. These annealing treatments were intended to explore 
the possibility of re-precipitating solutes dissolved by severe deformation during FSW.  

The micro-nanostructures of the MA957 heats were characterized by SANS, APT and TEM. Nominally, APT has 
near at omic r esolution f or meas uring t he c omposition of  t he N Fs, as  w ell as  t heir nu mber de nsities and  s ize 
distributions. However, A PT s amples only a v ery s mall v olume o f m aterial ( ≈10-3 µm3), w hich i s a particular 
drawback for NFAs with s omewhat inhomogeneous distributions o f the NFs. Further, effects such as t rajectory 
aberrations of the field emitted ions, caused by different evaporation fields for the matrix and the precipitates, can 
confound ac curate me asurements o f t he c omposition as  w ell as  t he s izes a nd s hapes of  t he N Fs. SANS 
determines av erage s ize, number de nsity, a nd v olume f raction o f NFs in bulk m aterial, but  cannot di rectly 
measure their c ompositions, or  eas ily d istinguish t he presence of  different t ypes of  NFs. However, the r atio of 
magnetic s cattering t o nu clear s cattering ( M/N) does c ontain i nformation about t he c omposition of  t he non -
magnetic NFs. The combination of a number of TEM techniques can provide, perhaps, the most comprehensive 
characterization of t he N Fs, as  w ell as  t he b alance of  N FA mi crostructures; however, T EM s uffers s everal 
practical c hallenges l ike f eature s ize a nd s ignal r esolution limits. T hus all of  t hese tools, as  well as ot hers not  
discussed in this report, are needed to develop a robust understanding of the NFs in NFAs. Here, we apply APT, 
SANS and selected TEM methods to the various heats and conditions of MA957. Note, the results of additional 
TEM studies will be reported separately. 

SANS 

The S ANS m easurements w ere p erformed at t he N IST C enter f or N eutron Research i n B ethesda, M D o n t he 
NG7 SANS instrument [11] at a neutron wavelength of λ = 0.5 nm with the two-dimensional 3He detector located 
1.54 m from the sample and offset by 40.65 cm to increase the q-range up to more than 3 nm-1. The differential 
scattering cross section dΣ(q)/dΩ of the scattering features were derived from two-dimensional scattering 
measurements on 10x10x2 mm3 MA957 coupons in a 1.7 T horizontal magnetic field.  The magnetic field permits 
measurement of  b oth nuclear ( n) and magnetic (m) s cattering, where the later depe nds on the angle f rom the 
horizontal magnetic field direction, θ, as.  
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dΣ(q)/dΩ(θ)tot = dΣ(q)/dΩn  + cos2(θ)dΣ(q)/dΩm (1) 

 
The f ield w as a pplied in the ex trusion direction to i mprove the magnetization of t he Fe matrix, as sumed t o be  
saturated [12,13]. Approximately 5 m illion detector c ounts were acquired f or e ach run. The me asured intensity 
was converted to an absolute differential scattering cross section, dΣ(q)/dΩ, by subtracting background and empty 
container s cattering and u sing t he s ample mas s an d meas ured t ransmission t o normalize a nd c alibrate t he 
scattering intensity data to a water standard. The NF scattering was determined by subtracting the dΣ(q)/dΩ for a 
control that did not contain NFs. The control is a Fe14Cr0.9Ti0.3Mo alloy that was milled and HIP consolidated at 
1150°C. Eq. 1 , was us ed to der ive d Σ(q)/dΩn and d Σ(q)/dΩm from t he dΣ(q)/dΩ data av eraged over t he ent ire 
detector range of q and θ and to evaluate magnetic to nuclear scattering ratio, dΣ(q)/dΩm/dΣ(q)/dΩn = M/N(q). The 
M/N were also evaluated by fitting M/N(q) averaged over a wide q-range as a function of cos2(θ). Plots of the log 
of the averaged dΣ(q)/dΩ data as a function of q2 for three θ = 0 ± 30°, 45 ± 15°, and 80 ± 10° were also used to 
present and examine the data.   
 

The dΣ(q)/dΩ for features with a size r, volume V and number density N, is given by 
   

dΣ(q)/dΩ) = NV2(∆ρ)2{3[sin(qr) – qrcos(qr)]/(qr)3}2                  (2) 

 
The { }2 term i s t he f orm f actor f or w ell-separated s pheres. T he ∆ρ is t he s cattering l ength de nsity di fference 
between the matrix and NF, ∆ρ = ρ(mat) - ρ(nf). The ρ values are the known magnetic or nuclear scattering length 
for a specified isotope divided by the atomic volume. Since the composition and atom volume in the NFs, hence 
the nuc lear s cattering c ontrast, ∆ρn, ar e not  k nown, d Σ(q)/dΩn cannot be us ed t o ana lyze t he S ANS d ata. 
However, the Y-Ti-O NFs are unlikely to be m agnetic, and this assumption has been verified by  measuring the 
temperature dependence dΣ(q)/dΩm [12,13]. Assuming the par ticles ac t as magnetic holes in a saturated Fe-Cr 
ferromagnetic matrix allows the ∆ρm = ρ(matrix)m which is known; note, this requires properly accounting for the 
alloy composition [12, 13]. The distribution and average size of the NFs, N and their corresponding total volume 
fraction, f , were derived by least squares f itting computed scattering curves (Eq. 2) to the measured dΣ(q)/dΩm 
data, assuming a log-normal NF size distribution. In some cases the M/N varied significantly with q and the data 
assuming a single scattering feature over the entire q range did not provide a good fit to the data. In these cases 
the dΣ(q)/dΩm data was fit to two features with different r and M/N. Typically the second feature was very small 
with r ≤  0. 5 nm with a low M/N < 1. It is not clear if these small features are real, or if they are artifacts of the 
approximate control subtraction procedure. In any case, the first larger feature is assumed to represent scattering 
from the actual NFs and precipitates. Further details on the data analysis is described elsewhere [12-14].  

The M/N ratio also contains information on the NF composition due to their effect on the nuclear but not magnetic 
scattering. The composition cannot be uniquely determined from the M/N ratio, but rather the measured M/N can 
be compared to calculated M/N from NFs with assumed compositions such as the equilibrium bulk oxide phases 
Y2Ti2O7 and Y 2TiO5. The measured M/N, however, i s t o s ome ex tent af fected by t he ap proximation as sociated 
with s ubtracting a c ontrol t hat m ay not  fully r epresent t he s cattering not  associated w ith t he NFs. F urther, t he 
assumption that the matrix is magnetically saturated may be invalid in some cases.  

APT 

APT was performed using an Imago Local-Electrode Atom Probe (LEAP) 3000X HR. Samples are prepared by 
either electropolishing or using an FEI Helios 600 focused ion beam (FIB). Electropolished samples were made 
from ~0.5x0.5x20 mm bars using the two stage process described by Miller [15]. FIB sample preparation used the 
trench met hod outlined by  T hompson [16]. Each s harpened t ip is c leaned t o r emove G a da mage f irst us ing a  
5KeV and then a final 2 KeV beam at 28 pA. The LEAP samples were examined in voltage or laser mode for a 
variety of run conditions. Temperatures ranged from 33K to 60K and laser pulse energies varied from 0.05 nJ to 
0.45 nJ w ith a gr een (λ = 532 nm) laser. Laser a nd v oltage pu lses w ere he ld at  200kHz r epetition r ate, t he 
evaporation rate was typically between 0.5% and 1%, and in the voltage mode the pulse fraction was either 20 or 
25%. 
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The Imago I nteractive V isualization a nd Analysis S oftware ( IVAS) package w as us ed f or r econstruction and  
analysis of  t he L EAP dat a. T o i mprove ac curacy of  t he r econstruction, S EM images of  t he nee dle pr ofile (52° 
stage t ilt) w ere t aken at t he s tart and , when pos sible, at t he end o f t he r un. T he ac tual l ength of  t he f ield 
evaporated region was determined by superimposing ovals representing the pre- and post-run tip radii onto the 
SEM image and comparing the measured length with the length of the IVAS reconstructed data. If the lengths did 
not match, the default evaporation field (Fe = 33 V/nm) was adjusted until the IVAS reconstruction length agreed 
with the measured value from the SEM.  

Analysis of  APT data requires identifying all pertinent ion mass to charge ratios (m/c) that form a wide spectral 
distribution composed of specific isotopes and charge states, including ionic species, like TiO+2, are also 
frequently field evaporated. The identity of an atom or ionic species is determined from the background-
subtracted s pectrum w ith m/c i ncrements as signed t o a par ticular p eak i n a p rocess c alled r anging. T he m/ c 
spectrum i s influenced by a l arge nu mber of  v ariables, s uch as v oltage versus l aser mod e, s pecimen 
temperature, l aser en ergy and even v ariations in t he s pecimens themselves. I dentifying the m/c p eaks c an be 
challenging bec ause c omplex i ron a lloys hav e m any ov erlapping and i nterfering peak s i n t heir m/ c s pectrum. 
However, elements like Fe, Cr, and Ti have a number of isotopes, resulting in multiple peaks with some that are 
more isolated. The multiple peaks were exploited to better estimate the total number of ions based on the natural 
isotope abundance ratios using a method called de-convolution. This method allows a more accurate ion count, 
but ion position in the reconstruction cannot be determined separately for each ion species in a single peak. Large 
post-peak tails from Fe+2 isotopes with mass numbers from 54 to 60 are also a problem because they overlap the 
peaks for Y+3 and sometimes TiO+2. The number of ions in these smaller peaks was characterized using the side-
band method of systematic background subtraction of the major element tails [17]. After background subtraction 
the peaks are generally isolated although their corresponding ion count still has an associated uncertainty.  

The N Fs w ere i dentified u sing b oth i soconcentration s urfaces and  t he m aximum s eparation d istance m ethods 
[18,19]. The total number of precipitates was counted by adding the number of complete precipitates to one-half 
of the precipitates on the edge of the data set [15], and was used to determine the number density as 
 

 

Nd =
N pζ
ΩN

 (3) 

 
Here Np, ζ, Ω, and N are the number of precipitates, the detector efficiency (37%), the atomic volume (based on 
bcc iron with a lattice parameter pf 0.288 nm), and the total number of  ranged ions, respectively. The size and 
composition of  t he N Fs w as det ermined us ing t he maximum s eparation me thod f or t he s olute i ons of  i nterest, 
namely Y, Ti and O, including their ionic forms like TiOxx and YOxx. The radius of gyration (lg) is one method for 
determining the s ize of precipitates and is equal to the distance f rom the precipitate center to a radial distance 
containing the en tire mass of  t he precipitate as  shown in Eq. 4 [ 15,20]. H ere, ni is t he number of at oms a t, r i, 
which is the atom’s distance from the center of mass, and n is the total number of atoms in the cluster. This so-
called radius of gyration is related to the actual physical radius of the cluster r,  as  r = 1.29lg [15,20].  

  

lg = Σniri/n          (4)

 

Consistent with other studies [21, 22], the clusters were found to nominally contain significant quantities of Fe and 
Cr. This is believed to be an APT artifact associated with trajectory aberrations caused by different evaporation 
fields between the matrix and the clusters [21, 22]. If, as is the case for the NFs, the species in the cluster have 
lower ev aporation f ields, they ar e emi tted pr eferentially and earlier t han t he m atrix i ons. T his c auses a di mple 
shaped local topology change in the needle tip, that images as a dark region in field ion microscopy micrographs. 
In this case, the c luster s pecies an d ad joining mat rix i on trajectories overlap ( are mixed w ith) on e-another. An 
increase atom density in the cluster signals this condition. In contrast to the actual sequence of ion emissions, the 
reconstruction algorithm assumes the atoms are uniformly emitted from the tip of the needle one layer at a time in 
the z-direction. The consequences of this approximation are further discussed below with a specific example.  

However, as a practical matter, the excess Fe should be removed in establishing the cluster compositions. If other 
information suggests that the cluster is unlikely to contain any significant quantity of Fe, then a practical expedient 
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is to simply remove it in estimating the cluster composition, using only the solute content. High concentrations of 
matrix solutes, l ike Cr, are also ar tificially enr iched in the clusters. Examples of  other APT ar tifacts, include the 
possibility of pre-emission of some species that are then not detected, surface diffusion, perhaps s timulated by 
the high electric fields and the presence of low index poles, fine scale structures like precipitate-matrix interfaces, 
surface l edges and l edge k inks, unev en t emperature di stributions dur ing t he l aser pul se an d s everal ot hers. 
Indeed, g iven t he l ocal v ariations i n t he bi nding e nergies of  v arious at oms i n a c luster, t he overall e mission 
process i nherently i nvolves a w ide r ange of ev aporation pot entials. I n t he pr esent c ase, a v ariety of  t hese 
aberrations appear to be operative. The Y is concentrated in the center of the clusters while the Ti and especially 
the O atoms are nominally more diffuse. A corrected composition can be found by  completely removing the Fe 
and other ma trix e lements ( e.g., C r) bas ed o n t he r atios of t he s olute t o F e i n t he m atrix [ 21,22,23]. I t is not 
necessary t o c arry out  dec omposition and d econvolution on t he m/ c s pectrum of  c lusters r emoved f rom t he 
matrix, since the ov erlapping peak s and p ost peak  t ails of  t he ma jor el ements in t he c luster m/c s pectrum are 
greatly reduced. 

TEM 

The nanos cale f eatures were obs erved i n b oth t hin TEM f oils an d on  extraction r eplicas. P recipitates w ere 
extracted from the NFAs by etching the surface, applying a 10-20 nm carbon coating, and then electrochemically 
removing a dep osited carbon f ilm with a s olution of 1%  t etra m ethyl am monium c hloride-10% ac etyl ac etone-
methanol. Thin T EM f oils w ere pr epared i n an FEI-Helios-FIB us ing t he i n situ l ift-out t echnique. T he f inal 
thickness of the thin foil is between 30 an d 70 nm. A final, low energy Ga beam (2kVand 5.5pA) cleaning s tep 
was used to remove the high-energy ion damage to achieve high quality samples. Scanning transmission electron 
microscopy (STEM) high angle annular dark field imaging (HAADF) studies were performed using an FEI TITAN 
at 3 00 k V. Conventional bright f ield s cattering c ontrast ( diffraction c ontrast) TEM i maging a nd high-resolution 
transmission electron m icroscopy (HRTEM) imaging (phase c ontrast) s tudies were per formed on ei ther an FEI 
TITAN at 300 kV or an FEI T20 TEM/EDX at 200 kV. EDX spectra were recorded in STEM mode with the stage 
tilted to alpha=10˚, at a spot size of 3 or 4, and condenser aperture of 70 µm, which is the optimal experimental 
condition for taking EDX data from such small features. The analysis of the HRTEM images was carried out by 
fast Fourier transformation (FFT). The lattice spacing and inter-planar angles were measured by using Image J 
and Adobe Photoshop 6.0. 

RESULTS AND DISCUSSION  

Characterizing the NFs and precipitates in MA957 

SANS 

SANS measurements were performed on the US MA957 during four separate NIST campaigns and two 
campaigns in t he c ase of  the F rench heat.  F igure 1a s hows ex ample absolute q = 45±15 av eraged dΣ(q)/dΩ 
curves.  The 45±15 curve has the largest q range and includes contributions from the nuclear plus ≈  50% of the 
magnetic scattering.  Both heats show an almost identical bulge in scattering compared to the control. Figure 1b 
shows an example NF dΣ(q,q)/dΩ curves, derived by subtraction of the control from the NFA scattering, plotted as 
a function of q2. The solid lines are two-feature least square fits to the q averaged data at 0 ± 30°, 45 ± 15° and 80 
± 10°. 
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a. 

 
b. 

Figure 1. a) Comparison of US-MA957, French-MA957, and control scattering 45° curves; b) example fits to 
scattering data for NFs in the US-MA957. 

 
The average r, N, f, and M/N for the US and French MA957, and the corresponding one standard deviation errors, 
are shown in Table 2.  The precipitate size is essentially identical in both heats, while the N and f are nominally 
slightly smaller in the F rench-MA957. There is a larger difference in the M/N ratio, ranging f rom ≈ 1. 1 (French 
heat) to 1.9 (US heat). As noted previously, there are a number of reasons that explain the range of measured 
M/N. First, the measured M/N depend on the magnetization of the matrix that may not have been fully saturated in 
all cases, leading to lower M/N. Further, the method for isolating the NF scattering by subtracting the scattering 
from a nom inal control is approximate and m ay lead to some di fferences in the measured M/N. O f course, the 
variations in the M/N may also reflect real differences in the NFs and precipitates in the two heats of MA957. The 
M/N can be calculated for assumed NF compositions and structures of Y2Ti2O7 and Y2TiO5; the M/N are both ≈  
1.4 in both cases.  This suggests that the NFs in MA957 are not stoichiometric bulk oxides. Higher Ti and lower 
atom densities lead to smaller M/N, while lower Ti and higher atom densities increase M/N. Any Cr and Fe that is 
artificially included in small NF due to SANS resolution limits, or as actual constituents of the Y-Ti-O or other fine 
scale scattering features, also increase M/N. Further, it has been shown that differences in alloy compositions and 
processing c onditions hav e a s ignificant effect o n the M/N [13], s o h eat-to-heat v ariations are no t u nexpected. 
Given the uncertainties in measuring and interpreting M/N, the SANS data are broadly consistent with somewhat 
non-stoichiometric oxide compositions and atom densities. 
 

Table 2. SANS N,<r> and f for the  US and French MA957 

Alloy N (#/m3) r fv M/N 

US-MA957 9.40±0.93X1023 1.33±0.01 0.93±0.08 1.92±0.14 

French-MA957 7.56±1.00X1023 1.32±0.03 0.72±0.04 1.13±0.12 

APT 

APT measurements were carried out on one French and n ine US MA957 samples. Small Y-Ti-O enriched NFs 
were observed in all cases and larger precipitates were found in some of the reconstructions. Figure 2a shows a 
region containing a relatively uniform distribution of small NFs. Figures 2b and c show front and side views of a 
sample containing a mixture of small NFs and larger precipitates in the US MA957. The large precipitates appear 
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to be aligned, most likely on a grain boundary lying just outside the data set. The single French MA957 sample 
had a very high density of small, uniformly distributed NFs.   
 

 
Figure 2. Isoconcentration surfaces showing: a) A US MA957 needle with a uniform distribution of small NFs; b) 
front and c) side views of a needle with large precipitates on the edge of the data set, possibly on a boundary. 

 
APT run conditions such as temperature, laser or voltage mode, laser power, sample orientation, etc. can affect 
the m/ c r esolution. T he A PT compositions for t he U S M A957 in T able 3 are for a m/c s pectrum with h igh 
resolution that was analyzed us ing the peak decomposition and de-convolution methods described above. The 
first two columns in Table 3 compare the previously measured bulk composition to that measured in the volume 
shown in Figure 2b and c. The agreement is generally good except for the Y. This difference is probably due to 
the fact that the small volume sampled contains a locally high volume fraction of the large precipitates. Table 3 
also s hows t he matrix c omposition of  t he APT dataset shown in F igure 2 af ter r emoving t he pr ecipitates. T he 
matrix analysis shows that the Y, O and Ti are highly depleted relative to their bulk values, consistent with the fact 
that these elements are associated with the NF and larger precipitates.  
 
The NFs and precipitates were separated into large (r>2.5 nm) and small (r<2.5 nm) size categories for 
composition m easurements. N ote the l arger pr ecipitates of ten fall on t he edge of  the r econstruction v olume, 
hence c annot be c ompletely anal yzed. T he c ompositions of  t he s mall N Fs and a l arger pr ecipitate i n t he US-
MA957 shown in Figure 2a are shown in Table 4. Note, as previously discussed, the nominal Fe and Cr contents 
are high du e to t rajectory aber rations. Corrected c ompositions are al so s hown in Table 4.  The av erage Y /Ti/O 
ratio of the small NFs in both US and French-MA957 are similar at ≈  14/44/42 and 13/48/40, respectively. The 
average Y/Ti/O ratio for the larger precipitates is ≈  18/34/48 for the US -MA957. Note the Y/Ti and O/(Y+Ti) are 
much l ower t han for the equ ilibrium oxide phas es i n the Y -Ti-O syst em: Y2TiO5 (25/12.5/62.5) and Y 2Ti2O7 
(18/18/64). However, these results are consistent with other atom probe data [1,2].  

 

66



 

Table 3. Bulk chemistry and APT total and matrix compositions of US MA957 

At% Nominal APT US-
MA957 

APT US 
MA957 
Matrix 

Fe 82.97 82.49 84.06 
Cr 14.32 14.51 14.71 
Ti 1.123 1.181 0.648 

Mo 0.170 0.118 0.120 
Y 0.128 0.318 0.006 
O 0.786 0.929 0.075 
Ni 0.089 0.113 0.116 
Al 0.183 0.095 0.012 
Mn 0.065 0.078 0.079 
Si 0.059 0.070   0.032 
C 0.073 0.006   0.006 
Cu 0.009 -   0.014 
B - 0.003   0.002 

Co - 0.043   0.052 
V - 0.044   0.045 

Nb - 0.004 - 
 
 

Table 4. Composition of small NFs in the MA 957 including a matrix corrected composition. 

Element at% Fe Cr Mo Ti Y O Al Mn Si B C Co V 

Small NF 73.82 12.71 0.133 5.536 1.550 5.713 0.133 0.089 0.044 - 0.044 - 0.089 

Corrected - - 0.215 38.86 12.09 46.77 0.957 0.150 - - 0.312 - 0.377 

Larger 
Precipitate 72.67 13.73 0.141 5.48 1.45 5.71 0.216 0.075 0.083 0.125 0.008 0.125 0.033 

Corrected - 6.70 0.248 32.59 9.53 47.63 1.36 0.043 0.149 0.814 - 0.590 - 

 
Figure 3 illustrates another artifact that can occur in APT measurements, in this case for a large precipitate. The 
specific run conditions were: 30K, 200kHz pulse rate, 0.5% evaporation rate, and 0.3nJ laser pulse energy.  The 
nominal precipitate length is more than 20 nm. The elongated shape of the feature and the distinct TiO tail on the 
bottom are APT artifacts. The precipitate ions have a lower evaporation field, thus are evaporated more rapidly 
and earlier than the matrix atoms, c reating a dimple in the needle surface. The resulting l ocal convex-concave 
radii r esulting in t he matrix-feature mixing ef fect an d some s preading in the x -y di rection as  no ted ab ove. The 
elongation artifact arises from the IVAS algorithm that assumes all the ions are uniformly removed, layer-by-layer, 
over a hemispherical tip shape, when in fact the Y, Ti and O ions are actually emitted earlier in the sequence, and 
at a higher z-position. As a result the position of the Y, Ti and O ions are artificially extended in the z-direction in 
the reconstruction. The TiO tail represents another artifact, since it always appears on the bottom of the 
precipitates, which in fact do not have a top and bottom. This behavior has been previously observed and may be 
indicative of a c ore/shell s tructure [ 22], a lthough t he ex act mec hanism i s not un derstood. O ne p ossible 
explanation is t hat the T iO ions i n a s hell r egion h ave a hi gher r equired ev aporation f ield t han the core of t he 
precipitate.  I f t he c ore ha s t he l owest ev aporation f ield t hese i ons ar e r emoved ( scooped out ) f irst l eaving a  
pocket still surrounded by the shell on the needle tip surface. After the core has been removed, the shell would 
continue to evaporate at a slower rate.  However, the reconstruction algorithm would incorrectly assign the shell 
ions to a deeper z-position at  the bottom of the precipitate. Other atom positioning artifacts of APT are surface 
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diffusion, perhaps stimulated by high electric fields, and preferential-delocalizing effects of the plane-pole 
crystallography of the needle tip.  

  
 

 
Y-YO-O-TiO-Ti 

Figure 3. a) Large elongated precipitate in US-MA957. 
 

 
The APT measurements give an average number density N ≈  1.8x10 23/m3 and average diameter <d> ≈  2.3 for 
the U S M A957, v ersus N  ≈  6.0x10 23/m3 and < d> ≈  3.1 for the French heat. Note significantly higher N h ave 
been previously found in other studies of US MA957, including some of our own results. The N and <d> of the 
NFs measured in SANS, APT and TEM are shown in Table 5, including data that will be reported separately [Y. 
Wu et. al. to be published]. The <d> are in good agreement for the various techniques in both heats of MA957. 
However the number densities vary over factors of ≈  3.5 to 5.5 between the various techniques and factors of ≈  
1.25 t o 3 .3 f or t he t wo h eats. T hese d ifferences ar e l ikely to be par tly due t o the i nhomogeneity in t he N F 
distributions. T he overall t echnique averages ar e s imilar f or t he two h eats: U S he at < d> = 2. 5 nm and N  =  
5.6x023/m3; French heat  <d> = 2.7 nm and N = 5.3 x023/m3.  
 
TEM 

 
Further composition comparisons, including TEM results, will be reported elsewhere. However, in summary, the 
TEM results show: 

 
Excluding T IOx and other c oarser c arbon/nitride p hases, HTREM-FFT me asurements of  pl ane s pacing’s and 
inter-planar angles show that the diffracting features in the size range from 8-20 nm are primarily consistent with 
variants of orthorhombic Y2TiO5, and in a few cases Y2Ti2O7, as well as unidentified phases. EDX shows Y/Ti 
ratios generally between 1 and 2, and the individual oxides are non-stoichiometric.  

 
The H RTEM-FFT di ffraction measurements of  pl ane spacing’s and  inter-planar ang les, as w ell as  electron 
powder di ffraction, s uggest t hat t he s maller < 8 n m N Fs ar e mos t c onsistent w ith c ubic Y2Ti2O7 with near 
stoichiometric Y/Ti ratios ≈  1 and with nominal O/(Ti +Y) ≈  2.1.  

 
The compositions and oxide structures measured by TEM are not consistent with the APT composition values. 
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These results represent a significant advance in the understanding of smallest NFs. Additional research is being 
carried out to establish the small NF (e.g., Y2Ti2O7) orientation relationships with the ferrite matrix. The fact that 
the N Fs now  appear t o be ne ar t o e quilibrium p hases, r ather t han f ar f rom equ ilibrium s olute c lusters a s 
previously believed based on APT data interpretations, is very important since it opens new opportunities for both 
experiment and modeling.  

Table 5. Number density and average diameter of NFs in MA957 

NF parameters Technique US-MA957 French-MA957 

Average diameter 
(<d> nm) 

TEM 2.5 2.6 

APT 2.3 3.1 

SANS 2.7 2.6 

Number density 
(N 1023 m-3) 

TEM 5.6 2.2 

APT 1.8 6.0 

SANS 9.4 7.6 

 

Friction Stirred Weld Study 

The US heat of MA957 joined by friction stir welding (FSW) was previously examined by TEM and SANS [9]. The 
severe def ormation i n t he joint r egion of t he F SW pr oduced a  un iform, fine -scale (≈  0.7 µm) equiaxed ferrite 
grain structure, with a high dislocation density. This contrasts with the baseline MA957 microstructure with grains 
elongated i n the extrusion di rection, w ith as pect r atios of  ≈  5/1.  The FSW process also appeared to slightly 
coarsen the N Fs, dec reasing N  by  an av erage f actor of  ≈  0.5±0.1 and increasing d by about a factor of ≈  
1.2±0.08. Microhardness and tensile measurements showed a modest reduction of ≈  7.5±1.5% in the strength of 
the j oint c ompared t o t he as -extruded M A957. I n t he pr esent w ork t he microstructures of  t he F SW a re r e-
examined using mor e advanced T EM a nd n ewly a pplied APT t echniques. T he F SW w as a lso s tudied in t he 
1150°C/3h annealed state to determine if any significant degree of thermal recovery of the NFs is possible.  

Figure 4 shows the FSW grain microstructure before and after annealing. Figure 4a shows the microstructure in 
the as -FSW condition consists of a un iform distribution of  f ine-scale equiaxed grains containing a h igh number 
density of dislocations. Figure 4b shows that the 1150°C/3h anneal does not have any discernable effect on the 
MA957 FSW microstructure at this length scale.  
 
The TEM at higher magnification in Figure 5 shows a high number density of NFs, in the as FSW. Figure 6 shows 
the NFs after annealing. The N ≈  5.6x10 23/m3 in the as-extruded condition versus 1.1x1023/m3 in both the FSW 
and FSW plus annealed conditions. The corresponding <d> are 2.5 and 2.9 nm, respectively. Note these are not 
one-to-one comparisons s ince the as -extruded data i s based on t he average of  a number  of  s tudies, while the 
FSW c ases ar e f or mor e recent an d l imited measurements. H owever, T EM s uggests t hat F SW s ignificantly 
decreases N  and s lightly i ncreases d.  T he f aceted i nterfaces of  t he f eatures, es pecially i n F igure 6 b, ar e 
particularly notable and consistent with oxide NFs down to the smallest sizes. The features are also aligned along 
grain boundaries and/or dislocations. 
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Figure 4. TEM images of the grain and dislocation microstructure in the MA957FSW (a) before and (b) after 
annealing 3h at 1150 °C. 

 
 

 
Figure 5. TEM images of NFs in the MA957 FSW. 

 
 

20 nm
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Figure 6. TEM images of the NFs in the FSW and annealed MA957. 

 
The APT reconstruction in Figure 7 shows a fine distribution of NFs that appear to be far more aligned with grain 
boundaries and dislocations than in the as-extruded MA957. However, the compositions of the NFs are similar in 
both cases. Figure 7 also clearly shows that the distributions of O and TiO are much broader than for the Y and 
YO species. Such possible core shell structures have been reported in several studies of steels with small Y-Cr-O 
and Y -Ti-O f eatures c haracterized by  APT [22]. H owever, t his also may b e an APT artifact du e t o c hemically 
dependent shifts in nominal versus actual atom positions which has been referred to as APT chromatic 
aberrations [22,23], as well as the trajectory aberrations and the artifacts due to evaporation field differences that 
result in a species dependent evaporation sequence, as discussed previously. In this case the YO and Y atoms 
are evaporated before other species.   
 

 
Figure 7. 3-D r econstruction of a MA957 F SW ana lyzed by  A PT. Separate TiO, Y O, Y  and O  map at oms ar e 
shown in the top 3 reconstructions. The Ti atoms are shown in black and NF in red isoconcentration surfaces in 
the bottom reconstruction.  
 

20 nm 20 nm

(a) (b)

Y

TiO

YO

O

Volume = 63 × 61 × 450 nm3
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The radius and composition of the NFs in the FSW were determined using a maximum separation distance of 0.8-
0.9 n m a nd erosion d istance of  0 .4-0.45 n m f or t he TiO, Y O and Y  ions. The d r anges f rom 1. 3 t o 3.6 nm, 
although a few larger than 5 nm were observed. The <d> ≈  2.2 nm and the average N ≈  1.7 ± 0.2 × 10 23/m3. 
These are only slightly smaller than the corresponding NF <d> and N in the as -extruded MA957, thus the APT 
data suggest that FSW has a minimal to modest effect on the NF. Table 6 summarizes the APT and TEM results 
along with previous SANS measurements [9]. Overall FSW has a minimal effect on <d> and results in decreases 
in N  by  f actors r anging f rom 1. 05 t o 5.5, and averaging 2.7. Annealing h as no  discernable effect o n t he NFs. 
However, s ince there was only one APT measurement on t his condition to date, the corresponding <d> and N 
remain to be determined.  

Table 6. Comparisons of N and <d> of the NFs in FSW MA957 

NF Parameter Technique US-MA957 FSW FSW + anneal 

 <d> nm 

TEM 2.5 2.9 3.0 
APT 2.3 2.2 TBD 

SANS 2.7 2.5 - 

 N 1023 m-3 

TEM 5.6 1.1 1.1 
APT 1.8 1.7 TBD 

SANS 9.4 3.5 - 

 
Small oxide particles are enriched in Ti, Y, O and Al, and their composition in the FSW sample is given in Table 7. 
Both measured and matrix-corrected [21] compositions are shown in Table 7. The Y/Ti/O ratios are ≈  15/40/45 
and the Y/Ti ≈  0.38, that again do  not correspond to known stoichiometric oxides. APT also found some larger 
features with N ≈  3±2×10 21/m3 and <d> ≈  6 nm. These features are sometimes found to be associated with one 
another. The larger features are generally enriched in Ti, Y, O and Al. The Y/Ti/O ratio of  the large features is 
21/29/50 and the Y/Ti ratio is 0.7, which is closer to the composition of Y2Ti2O7.  
 

Table 7. Composition of small NFs in the MA957 FSW. 
Element 

at.% Fe Cr Mo Ti Y O Al Mn Si B C Co V P 

Nominal 67.8 13.8 0.20 6.5 2.2 6.7 0.28 0.10 0.13 0.11 0.04 0.10 0.06 0.03 

Corrected - 10.4 0.39 34.4 12.7 38.5 1.4 0.56 0.43 0.61 0.17 - 0.15 0.13 

 
Long-term Thermal Aging (LTTA) Study 
 
Long-term t hermal a ging ( LTTA) s tudies ar e bei ng carried out  o n US-MA957 f rom 800 t o 1 000°C i n 50°C 
increments. We report here on SANS studies of the NFs after LTTA at 950 and 1000°C for times between 3kh 
and 19kh and TEM and APT characterization for the 1000°C, 19kh aging condition. The SANS results are shown 
in F igure 8. Significant c oarsening i s o bserved at  1000°C, as  c haracterized b y a dec rease in N fr om 9 .4 to  
2.3x1023 /m3 (Fig 8a)  an increase in <d> f rom 2. 7 to 3.9 nm (Fig. 8b) and a s light dec rease i n t he NF v olume 
fraction f (Fig. 8c) and microhardness (Fig. 8d). TEM measurements show decreases in N from 5.6 to 1.6x1023/m3 
and increases in <d> from 2.5 to 2.3 nm 

APT measurements also show that the NFs coarsen somewhat with decreases in N from 1.8 to 0.67x1023/m3 and 
increases i n <d> f rom 2. 3 t o 2 .6 nm. F inally T EM i ndicates s uch c oarsening w ith decreases in N  f rom 5. 6 t o 
1.6x1023/m3 and increases in <d> from 2.5 to 3.0 nm. These results are summarized in Table 8. On average N 
decreases by a factor of ≈  3.4±0.7 and <d> increases by a factor of ≈  1.33±0.15. Figure 9 comp ares the size 
distribution of the as-extruded and LTTA MA957 measured by APT and TEM, again showing a slight amount of 
coarsening.  
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One significant effect of the LTTA was a large reduction in the total Ti content of the MA957 from nominal levels 
of ≈  1.1 to 0.22 at .%. Most of  t he T i was found t o be  associated w ith the precipitates while the balance was 
missing from the matrix. However, the composition of the NFs is only modestly affected, with a slight decrease in 
Ti level. The average Y/Ti/O ratio for the small precipitates was 15.7/37.0/47.3, which is still highly non-
stoichiometric. This effect is under further investigation.  

Table 8. Comparison of N and <d> of NFs in as-extruded and LTTA MA957 

NF N or <d> Technique US-MA957 LTTA 

Average diameter 
(<d> nm) 

TEM 2.5 3 

APT 2.3 2.6 

SANS 2.7 3.9 

Number density 
(N 1023 m-3) 

TEM 5.6 1.6 

APT 1.8 0.67 

SANS 9.4 2.3 

 
 

 

CONCLUSIONS 

The mu lti-technique ana lysis t he N Fs and pr ecipitate ox ide p hases U S MA957 i n v arious c onditions an d a  
French-MA957 heat yielded the following conclusions.   

SANS, TEM and APT characterization of MA957 show N, <r> and F are in reasonable to good agreement for 
the various techniques, w ith 1-10x1023/m3, <d> ≈  2 -3 nm NFs, along with a lower density of various larger 
oxide precipitates.   

The nominal APT measurements indicate that the NFs contain a large amount of Fe. This is believed to be an 
APT artifact, largely associated with trajectory field evaporated ion aberrations.  

The compositions of the NF in APT measurements are deficient in Y and to a lesser extent O compared to 
stoichiometric Y2Ti2O7 and Y2TiO5 phases.  

The Y and O deficiencies may be due to either a core shell NF structures, or APT artifacts, or a combination 
of both. 

TEM indicates t hat t he larger ( > 8 nm) N Fs are pr imarily no n-stoichiometric Y 2TiO5 or ox ide ph ases t hat 
cannot be identified with Y/Ti ≈  1 to 2.  

TEM indicates that the smaller (< 8 nm) NFs are approximately stoichiometric Y2Ti2O7  oxide phases with Y/Ti 
≈  1.  

The N F N  dec rease i n F SW and F SW p lus an nealing c onditions c ompared t o the as  ex truded c ondition, 
accompanied by a slight increase in <d>.  

The overall effect of FSW on the strength of MA957 is modest.  

The NFs slowly coarsen for long term thermal aging at 1000°C for more than 19kh. 

The effects of thermal aging on the strength of MA957 are modest.  
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Figure 8. SANS measurements of a) N, b) <r> and C) f for LTTA at temperatures up to 1000°C and times in 
excess of 19 kh; d) corresponding microhardness changes.  

 
Figure 9. NF size distributions in as-extruded and  LTTA MA957 measured by a) APT and b) TEM. 
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	The average r, N, f, and M/N for the US and French MA957, and the corresponding one standard deviation errors, are shown in Table 2.  The precipitate size is essentially identical in both heats, while the N and f are nominally slightly smaller in the French-MA957. There is a larger difference in the M/N ratio, ranging from ≈1.1 (French heat) to 1.9 (US heat). As noted previously, there are a number of reasons that explain the range of measured M/N. First, the measured M/N depend on the magnetization of the matrix that may not have been fully saturated in all cases, leading to lower M/N. Further, the method for isolating the NF scattering by subtracting the scattering from a nominal control is approximate and may lead to some differences in the measured M/N. Of course, the variations in the M/N may also reflect real differences in the NFs and precipitates in the two heats of MA957. The M/N can be calculated for assumed NF compositions and structures of Y2Ti2O7 and Y2TiO5; the M/N are both ≈ 1.4 in both cases.  This suggests that the NFs in MA957 are not stoichiometric bulk oxides. Higher Ti and lower atom densities lead to smaller M/N, while lower Ti and higher atom densities increase M/N. Any Cr and Fe that is artificially included in small NF due to SANS resolution limits, or as actual constituents of the Y-Ti-O or other fine scale scattering features, also increase M/N. Further, it has been shown that differences in alloy compositions and processing conditions have a significant effect on the M/N [13], so heat-to-heat variations are not unexpected. Given the uncertainties in measuring and interpreting M/N, the SANS data are broadly consistent with somewhat non-stoichiometric oxide compositions and atom densities.



