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AGEING AND TEMPERING OF FERROUS MARTENSITES
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Department of Metallurgy and Science of Materials, University of
Oxford, Parks Road, GB-Oxford 0X1 3PH, Great Britain

*Department of Materials Science and Engineering, M.I.T.,
Cambridge, M. 02139, U.S.A.

Abstract The Tow temperature ageing of a Fe-15wt%Ni-lwt%C martensite (Ms tem-
perature -35 C) has been investigated using field-ion microscopy and atom probe
microanalytical techniques. It is demonstrated that both the amplitude and the
wavelength of the carbon composition fluctuations observed during room-
temperature ageing increase with time, indicating that the alloy decomposes by
a spinodal process. The carbon-rich regions approach a limiting composition of
FegC during this reaction.

The tempering behaviour of a high-cobalt~-nickel secondary hardening steel, AF
1410, was also studied. The composition of the fine MpC carbides formed during
the standard tempering treatment at 510 C was determined, and coarser particles
of MpC and MC formed during overaging at 593 C were also analyzed, Some evi-
dence of atomic ordering was observed in the Fe-Ni-Co-rich matrix; such an
effect would help to explain the high resistance to dislocation recovery which
is observed in this class of steels.

1 - INTRODUCTION.

It has recently been demonstrated that field ion microscopy (FIM), in conjunction
with atom probe microanalysis (AP), is an extremely powerful tool for the investiga-
tion of ageing and tempering processes in ferrous martensites (1-6). The dense,
complex microstructures produced in martensitic steels are ideally suited for study
in the FIM, and the ability of the AP to analyse quantitatively for carbon gives it
a unique capability for probing the chemical nature of the decomposition processes
which occur during heat treatment, At the 3lst International Field Emission
Symposium, we reported the first results of a study of the room temperature ageing
of Fe-Ni-C martensites (6), which indicated that a spinodal decomposition reaction
may be occurring. In the current paper, we present additional results, obtained
over a wider range of ageing conditions, which confirm this interpretation and pro-
vide a basis for a more quantitative interpretation of the phenomenon. We also
report a preliminary study of the tempering reactions occurring in a complex secon-
dary hardening steel, AF 1410, which is of interest because of its outstanding com-
bination of strength and toughness.

2 - EXPERIMENTAL

Al1 work was carried out using the Oxford FIM 100 atom probe (7). Experimental pro-
cedures were as described previously (6). All analyses were carried out using a
pulse fraction (pulse voltage/d.c. standing voltage) of 15%. Specimen blanks were
usually heat treated and aged or tempered prior to final polishing to form FIM tips.
However, in order to study the distribution of carbon atoms in virgin martensite,
some specimens of the Fe-15wt%Ni-1wt%C alloy (Ms temperature -35 C) were prepared in
the metastable austenitic state, and were subsequently quenched in situ in the atom
probe to form martensite, which was then analysed immediately.
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3 - STUDIES OF FE-15wt%Ni-1lwt%C STEEL

The use of martensites of low Ms temperature is essential for the investigation of
Tow-temperature ageing phenomena, in order to avoid the problem of auto-tempering
during quenching. High-nickel alloys have been widely employed for this purpose,
and here we report some extensions to previous atom probe studies of these materials
(5,6).

(a) Virgin martensite Earlier work (5,6) has shown the occurrence of carbon cluster
ions of the type €2+, C3+, C3++, etc., in the mass spectra of freshly formed marten-
sites. It is of importance to establish whether such clusters are genuine features
of virgin martensites, or if they are artefacts of the AP analysis method. 1In order
to investigate this further, freshly-quenched specimens of the Fe-Ni-C martensite
were analysed at each of 100K and 50 K. At least 10,000 ions were collected from
each specimen under each set of experimental conditions. The results of the indivi-
dual experiments are shown in Table 1, and the percentage distributions of the
various carbon ion species are summarised in Table II. The ‘'corrected‘' values of
overall carbon concentration listed in Table I refer to values derived by applying a
statistical analysis to take account of the pile-up of ions of the same mass-to-
charge ratio at the detector in the high-resolution atom probe (7). This effect is
greater at lower temperatures, where the field evaporation rate is less regular.
Carbon cluster ions are evident both at 50 K and 100 K, being significantly more
abundant at the higher temperature. This suggests that very Tocalised atom move-
ments on the specimen surface may be responsible for their formation, although the
results are not conclusive in this respect. Analyses recorded at 50 K appear to
show a marginally higher total carbon content, even after statistical correction of
the data. However, there is somé ambiguity in peak assignments, since {(e.g.) C+ and
C2++ species occur at the same mass-to-charge ratio. For convenience in handling
the data, it is generally assumed that each peak consists only of the species of
lowest mass number. This leads to a slight underestimation of the total carbon, and
the discrepancy will increase as the proportion of cluster ions in the analysis
increases. The additional error is clearly small.

(b) Room temperature ageing Neon FIM images of the virgin martensite and of
material aged for 10 days at room temperature are shown in Figs 1 and 2 respec-
tively. The emergence of periodic darkly-imaging areas on ageing can be clearly
seen., It has previously been demonstrated that these correspond to carbon-rich
regions (5,6). The evolution of the carbon composition fluctuations in these
regions has now been studied in detail for ageing times of up to 68 days. The maxi-
mum ampiitudes of the concentration variations have been obtained from analysis of
composition-depth profiles, and the wavelengths of the fluctuations as well as the
volume fractions and particle sizes of the carbon-rich areas have been obtained from
autocorrelation analysis of the data (8). The results are summarised in Figs. 3 and
4, The very earliest stages of the decomposition.reaction are difficult to follow,
because of statistical Timitations, and because of the existence of carbon cluster
ions in the analyses (see above). However, it is clear that two broad regimes
exist, In the first stage, at ageing times below about 200 hours, the amplitude of
the composition fluctuations increases progressively, while the wavelegth changes
very little. 1In the second stage, at longer times, the amplitude of the fluc-
tuations saturates at a composition corresponding closely to FegC, and the wave-
Tength increases progressively with time (with a time exponent of approximately
1/3). The resuits are in excellent agreement with those from a parallel high-
resolution electron microscopy study by Taylor (9), and demonstrate unambiguously
that a spinodal decomposition reaction is occurring. This is probabiy the first
time that such a reaction process has been positively identified in an interstitial
alloy system,

(c) Ageing at higher temperatures A number of ageing treatments have been carried
out at temperatures above room temperature, extending the earlier work of Miller et
al (5). The results of these studies are summarised in Table III. As the tem-
perature is raised, an increasing proportion of the high-carbon regions show maximum
carbon concentrations in excess of 15 at% C, indicating that a further stage of
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decomposition is occurring. It is clear from the electron microscopy work of Taylor
(9) that this stage corresponds to nucleation and growth of the epsilon carbide
phase. The atom probe results confirm that there is a range of ageing times and
temperatures over which the carbon-rich FegC regions coexist (unstably) with the
epsilon phase. Although the competition between these decomposition reactions
complicates the determination of the metastable miscibility gap underlying the spi-
nodal reaction, the results thusfar indicate-that the FegC composition of the high
carbon phase boundary 1is temperature insensitive over the range examined. Further
controlled ageing studies over a range of temperatures and alloy carbon contents are
underway to clarify the metastable phase relations in this important system.

4, AF 1410 STEEL

The secondary hardening steel AF 1410 has the composition Fe-14wt%Co-10wt%Ni-2wt%-
Cr-1wt%Mo-0,15wt%C (equivalent to Fe-13.5at%Co-9.7at%Ni-2.2at%Cr-0.6at%Mo-0.7at%C).
It belongs to a relatively new class of high-cobalt-nickel alloys which exhibit
outstanding combinations of strength and toughness in the tempered state. One
effect of cobalt is to retard the rate of recovery of the dislocation substructure
of the as-quenched martensite, leading to the formation of an exceptionally fine
dispersion of secondary carbides during the tempering process (10). The mechanism
by which cobalt retards recovery is unknown, although one suggestion is that a form
of short-range order may be present in the ferrite matrix, which would be expected
to inhibit dislocation climb. It is of interest to investigate this point using
the FIM/AP technique, and also to study the evolution of the phase chemistry of the
complex secondary carbides formed during tempering, which might provide a further
clue to the stability of the microstructure. We report here a preliminary study of
AF 1410, after the standard tempering treatment (5h at 510 C), and after an addi-
tional over-aging treatment (24h at 593 C).

{a) FIM images Neon FIM images of the steel in the standard and overaged condition
are shown in Figs 5-7. The main features of the microstructure are: 1. carbide
particles which have the brightest contrast due to the presence of Mo atoms, 2.
boundaries which have dark line contrast, and 3. contrast features from the ferrite
matrix,

Carbide particles can be seen most clearly in images taken at voltages below best
image voltage and at temperatures above 80 K, Fig. 5. At lower temperatures and at
higher image voltages, the carbide contrast is much reduced, Fig. 6. The carbides
formed after the standard heat treatment are needle-like. Those needles lying
paraliel to the specimen surface exhibit an array of brighter spots or the image,
Fig. 5a, while the rest only appear as one or two bright spots, Fig 5b. The average
particle size in this condition is about 3nm long and 0.5-0.8 nm in diameter. The
estimated density of such particies is of the order of 1018 cm-3. The interparticle
spacing is about 5 nm. Coarse carbides are easily observed in overaged specimens,
and are around 10 nm in diameter, Fig. 7.

The boundaries are lath or possibly twin boundaries from the original martensitic
substructure. Some boundaries of this kind can be seen in the micrograph of Fig.
5b, running diagonally across the image, and about 5 nm apart.

FIM images taken at 50 K show that some areas in the matrix have double rings at the
low index poles, for example the central low-index plane of Fig. 6a. Also, in some
cases a very regular, localised two-dimensional array of image spots is seen, for
example at the extreme left of the micrograph of Fig. 6b. This suggests that some
ordering of the matrix may have taken place during tempering. Because of the
Timited extent of such regions, it is possible that this may be a form of short-
range order in which localised regions attain a very high degree of regularity. An
effect of this kind has already been postulated to occur in the case of binary Fe-Co
alloys, on the basis of neutron diffraction evidence (11), and a similar effect has
also been suggested in maraging steels (12).
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(b) Atom probe analysis The matrix. Typical matrix compositions are given in
Table IV. Co and N1 account for about 25% of the matrix. The presence of Cr in the
matrix indicates that not all of this element has been incorporated into the carbide
phase. Detailed analysis showed that there was some Cr segregation at martensite
boundaries. The Cr enriched boundaries may contain more than 3% Cr over a 2 nm wide
area, and the local concentration could be much higher if most Cr atoms were loca-
lised at the plane of the boundary. No significant variations of solute content in
the matrix have been detected between standard and overaged conditions. Although Cr
should be soluble in Fe-Co-Ni alloys, Cr segregation might be promoted by ordering,
which could involve the rejection of Cr from the ordered regions. Unfortunately, no
well-ordered regions have so far been analysed, so their composition remains unknown.
Mo, a strong carbide forming element, has apparently gone virtually completely into
the carbide phase, since no Mo has been detected in the matrix in either heat treat-
ment condition.

Carbides Table V gives the measured carbide compositions. In the standard heat-
treatment condition, since the carbides are smaller than the size of the probe hole,
it is inevitable that ions from the matrix are collected during probing of the car-
bide. If the matrix contribution is subtracted, assuming no Ni and Co in the car-
bide, and taking the matrix composition to be as given in Table IV, the result is
very close to the MpC composition. The ratio of Cr:Mo:Fe is about 1.3:1:0.8. A
similar ratio in MpC carbide has also been obtained by Stiller et al in an atom
probe study of a high-speed tool steel (13).

Two kinds of carbides have been detected in overaged specimens. One is a coarsened
form of the MpC carbide which is Cr-rich with a Cr:Mo ratio of 1.0-1.8 and a much
reduced Fe content compared to the MpC carbides in the standard heat treatment con-
dition. The other appears to be a carbon-deficient MC, which is a Mo-rich carbide
with a Cr:Mo ratio of 0.4-0.6. Typical mass spectra from each type of carbide are
shown in Fig. 8. The observation of decreasing Fe content of alloy carbides with
increased ageing, and the different Cr:Mo ratios of MpC and MC carbides are in
excellent agreement with the results of Stiller et al (13), for a somewhat similar
secondary hardening steel.

From the Cr:Mo ratios in the carbides and the fact that apparently all the Mo is in
the carbides, only half of the Cr of the bulk composition stays in alloy carbides,
and the rest of the Cr, (1%), should then be in the matrix. This agrees well with
the matrix analyses, Table IV. Pilling and Ridley (14) have shown that the Mo:Cr
ratio in MoC decreases with carbon concentration in a 2.25wt%Cr-1lwt%Mo low carbon
steel, and increases with tempering time. Hence a certain amount of Cr, dependent
on the ratio of Mo:C in the bulk, can act as a carbide-former, together with Mo in
M2C carbide. This solubility of Cr in MpC, together with a higher diffusivity of Cr
relative to Mo can explain why a Cr addition shifts the secondary hardening peak in
10Ni-8C0-1M0-0.12C steels to lower temperature, as Speich et al have demonstrated
(10). Excess Cr in the matrix could also have an important role, for example via
solid solution strengthening, or by segregation, which might impede matrix recovery
processes. Further studies are needed in order to determine the relative importance
of these effects, and to assist in the design of improved steels of this type, which
may well prove to be of major importance in a number of critical engineering appli-
cations.
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Table I: Composition of As-quenched Fe-Ni-C Martensite

Total Carbon Concentration Atom pct of Carbon Ion Species
(atom pct) having various mass-Co-charge

ratios (in Total Carbon Atoms)
Uncorrected Corrected

Specimen %C %C Ce C12 Co4 Cig+C3s CgtCi2
1.H* 4,44 3.76 27.3 18.5 22.7 31.5 45,8
+0,16 1.6 1.4 1.5 1,7 *1.8
1.N* 3.92 3.41 31,5 6.3 19.7 32,5 47.8
+0.12 1.4 *1.1 *1.2 1.4 1.5
2.N 3.75 3.35 23.1 13.9 22.0 41,0 37.0
+0,17 +1.9 1.6 £1.9 2.2 2,2
LJ
2.4 4,29 3.50 36.7  20.9  17.8 24.6 57.6
+0.18 £2.1 1,7 1.6 +1.8 2.1
3.H 4,40 3.60 35.3 19.0 22.7 23.0 54.3
+0.19 2,1 1.7 1.8 1,8 2.2
4.N 3.92 -— 26.0 18.5 20.9 34.6 44,5
0,16 1.9 *1.7 +1.7 2.0 2.1

* H = ¢cold helium gas cooling, 50°K; N = liquid nitrogen cooling, 100°K. The data
from specimen 1 were collected first at 50°K and then at 100°K, whereas specimen 2
was examined in reverse sequence,

Table II: Comparison of Carbon Ion Distributions at 50°K and 100°K

Total No. of

Temperature Carbon Atoms Ce Ci2 C1g8 + C3p C2a
100°K 1098 346 179 357 216
490 113 68 201 108

546 142 101 189 114

Total 2134 601 348 747 438
Percentage 28.2 16.3 35.0 20.5
50°K 733 200 136 231 166

550 202 115 135 98

521 184 99 120 118

Total 1804 586 350 486 382

Percentage 32.5 19.4 26.9 21.2
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Table TII: Selected Area Atom Probe Analysis of Fe-Ni-C Martensite aged at
different temperatures (At.Pct Carbon)

Ageing Dark Areas Cases
Treatment Matrix Min-Max Total Cases, <15%, >15%
95°C/1 h 0.17-0.62 10.1-15,6 11 10 1
100°C/24 h 0.12-0.46 11.4-23.4 9 6 3
130°C/t h 0.12-0.17 9.561-25.3 48 19 29
150°C/1 h 0.20-0.38 12.9-28.6 10 2 8

Table IV: AF 1410 Matrix Composition, at%

Cr Ni Co Fe Si C Total ions
standard 1.01  10.39 14.7% 73.74 0.11 - 893
+0.33 +1.02 +1,19 +1.47 +0.11
overaged 0.98 8.69 15.82 74,49 0.11 0.01 1024
£0.31  +0.88 +1.14 +1.49  £0.01 +0.01

Table V: AF 1410 Carbide compositions, at%

C Cr Mo Fe Ni Co Si Total atoms
standard MpC 22.5 19,3 14.4 35.7 .4 .5 0.2 617
+1.7 1.6 +1.4 +2.0 +0.7 +0.8 0.2 including
matrix
M2C 33.1 28.3 21.2 17.4 - - - Corrected
+2.8 ¥2.6 £2.2 +2.0 value
overaged MxC 31.7 37.5 29.9 0.9 - - - 220
+3,1 3.3 £3.1 +0.6
MC 40,9 16.9 41.6 0.6 - - - 150
4,0 £3.0 4.0 0.6
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Fig. 1. As-quenched Fe-Ni-C martensite. Fig. 2. Fe-Ni-C martensite aged 10 days

Neon FIM image 100 X, 12 kV. at room temperature (17 C). Neon FIM
image, 100 K, 8.5 kV, showing dark
contrast due to periodic carbon-rich
reagions of composition FegC.
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Fig. 3. Increase in amplitude of carbon concentration fluctuations with ageing time
at room temperature. Vertical bars indicate the maximum range of peak amplitudes
observed.
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Fig. 4. Increase in wavelength, volume fraction and particle size of carbon
rich regions as a function of ageing time at room temnerature.

Fig. 5. AF 1410 steel, standard heat treatment condition. Neon FIM imace, 100K,
ghzw;ng fine secondary carbide particles (a) below BIV, 5.0 kV, and (b) at BIV,
4 kv,
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Fig. 6. As Fig. 5, but with images recorded at 50 K and 6.3 kV (BIV).
Note ring doubling in central pole of (a), and evidence of a reaular
superstrucutre at the extreme left of (b), which may indicate local order
in the matrix.

(a) (b)

Fig. 7. Overaged AF 1410 steel showing coarse carbides. Neon FIM images,
100 K. (a) MpC (9 kV), and (b) MC (6 kV).
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Atom probe mass spectra from the course carbides shown in



