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UNIT OF MEASURE ABBREVIATIONS USED IN THIS REPORT 

at. pct atomic percent lb pound 

DC degree Celsius mg milligram 

g gram mg/cm3 milligram per cubic 
centimeter 

g/cm3 gram per cubic 
centimeter min minute 

gpL gram per liter mm millimeter 

h hour pct percent 

in inch V volt 

in/in "min- 1 inch per inch wt pct weight per cent 
per minute 

kg kilogram 



LOW.CHROMIUM HEAT .RESISTING FERRITIC ALLOYS 
STRENGTHENED BY THE CHI PHASE 

By M. L. Glenn 1 and J. S. Dunning 1 

ABSTRACT 

The Bureau of Mines is conducting research on substitutes for 
chromium-containing alloys in order to conserve imported critical and 
strategic materials. Part of this research concentrates on finding 
low-chromium substitutes for heat-resisting stainless steels for the 
temperature range 600 0 to 800 0 C. Ferritic alloys are emphasized that 
have oxidation resistance provided by chromium contents as low as 10 
pct and stress rupture strength provided by the precipitation of the 
chi(X)-phase intermetallic compound, (Fe36Cr12 (Mo, Ti)10)' 

Initially, research was concentrated on selecting an alloy composi
tion having a minimum chromium content with strengthening provided by 
the X-phase. An Fe-(10-12 pct)Cr-6 pct Mo-(1.5-2.0 pct)Ti alloy was 
selected. 

After the alloy selection, the tensile, stress rupture, and oxidation 
properties were determined. Stress rupture properties were found to be 
similar to those of 304 stainless steel. However, the alloys possessed 
brittleness during both stress rupture and tensile testing, possibly as 
a result of too high a content of molybdenum and titanium. Higher than 
expected oxidation rates were found that may be caused by the high 
molybdenum content. 

'Metallurgist, Albany Research Center, Bureau of Mines, Albany, OR. 
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INTRODUCTION 

The Bureau of Mines is conducting re
search to find substitutes for alloys 
containing chromium as part of its effort 
to minimize the Nation's mineral needs 
through conservation and substitution. 
High-temperature (800 0 to 1,000 0 C) al
loys and heat-resisting (600 0 to 800 0 C) 
stainless steels, critical to defense, 
aerospace, and other industries, require 
substantial chromium contents for which 
there are no known substitutes. The 
goal of this research has been to develop 
low-chromium substitutes for the heat
resisting stainless steels. 

Heat-resisting alloys require resist
ance to both oxidation and stress rupture 
at elevated temperatures. In the heat
resisting austenitic stainless steels, 
oxidation resistance is provided by a 
high chromium content (18 to 25 pct); 
stress rupture resistance at elevated 
temperatures is provided by the austen
itic structure, which is stabilized by a 
high nickel content (8 to 22 pct) and to 
a lesser extent by minor alloy constitu
ents. Low chromium contents in the range 
of 9 to 12 pct can provide oxidation re
sistance for temperatures as high as 
800 0 C (28).2 However, such an alloy 
(without -nickel and with a low carbon 
content) would have a ferritic structure 
that would be relatively weak at 600 0 

to 800 0 C. Therefore, the approach of 
this research has been to utilize the 9 
to 12 pct Cr content for oxidation re
sistance, and to provide strengthen
ing to such a ferritic alloy by precipi
tation hardening. 

Commercial ferritic heat-resisting al
loys develop strength by solid-solution 
hardening with elements such as Cr, 
Mo, and V, and by the precipitation of 
carbides of these and other elements. 

2Underlined numbers in parentheses re
fer to items in the list of references at 
the end of this report. 

Unfortunately, such strengthening mecha
nisms are most effective below 600 0 C. 
Precipitation hardening with second 
phases such as carbonitrides (22), nickel 
aluminides and titanides (12-,-21), and 
copper compounds (22) are also--limited 
above 600 0 c , 

Alloys strengthened with the inter
metallic compounds called the Laves 
phase, the R-phase, and the X-phase have 
better stability above 600 0 C. Much re
search has been done on alloys precipi
tation hardened with Laves phases such 
as Fe2Ti, Fe2Ta, and Fe2Mo (2-3, 8-10, 
14, 16-17, 23, 26-27,35, 37).-To reduce 
the -Problems caused--by--swelling and 
embrittlement of austenitic stainless 
steels in nuclear reactors, the atomic 
energy agency of Belgium developed a fer
ritic stainless steel containing 13 pct 
Cr. This steel is precipitation hardened 
with a X-phase having the formulation 
Fe36Cr12Mo3Ti7 (1, ~). Commercial mar
aging stainless steels with composi
tions Fe-(10-15 pct)Cr-(10-20 pct)Co-(3-6 
pct)Mo utilize the precipitation of a 
combination of the Laves phase, the 
X-phase, and the R-phase (an Fe-Cr-Mo-Co 
rhombohedral phase) for strengthening (~, 

l..!.., 24, ~). 

Alloys precipitation hardened with the 
Laves phase and X-phase intermetallic 
compounds have been the focus of Bureau 
of Mines research in this area. Initial 
research explored only the Laves phase 
strengthening mechanism (8-10), but after 
subsequent research showed--that X-phase 
alloys may be more stable at high temper
atures, research into X-phase alloys was 
included in the investigation. The goals 
of the X-phase research were to identify 
a low-chromium alloy using X-phase pre
cipitation for hardening and to determine 
the properties of the alloy as a function 
of heat treatment. This report of inves
tigations is the result of that research. 
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BACKGROUND 

A know led ge of the c omp lex f ou r - 1,600 ,----,------,,----r----,,----r----,-----, 

component Fe-Cr-Mo-Ti system is essen
tial for research on X-phase precipita
tion hardening alloys. The binary Fe
Mo and Fe-Ti diagrams (figs. 1-2) show 
that only the Laves or mu(~)-phase (some
times called an epsilon phase, £) precip
itates in these simple systems. Although 
the coexistence of both the Laves phase 
and the ~-phase in the Fe-Mo system is 
somewhat clouded (7,16, 19,32), the 
most current literature shows--a Laves 
phase precipitating below about 950 0 C 
and a ~-phase precipitating at higher 
temperatures (~). 

When chromium is added to these binary 
systems, the ternary systems Fe-Cr-Mo and 
Fe-Cr-Ti are formed (figs. 3-4). These 
systems have a ternary intermetallic com
pound called the X-phase. The X-phase 
has the a-Mn structure, and the chemical 
compositions are generally believed to be 
Fe36Cr12Mol0 (15, 34) and Fe36Cr12Til0 
(i, 22)· In combining the two ternary 
systems to form the Fe-Cr-Mo-Ti qua
ternary system, there are indications 
that the X-phase has the composition 
Fe36Cr12MoxTil0-x (x = 0,1,2, ••• 10), and 
that it is continuous in mixtures of the 
two ternary systems (~). 
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FIGURE 1. - Iron side of Fe-Mo phase diagram (18). 
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FIGURE 3. - 650°C isotherm from Fe-Cr-Mo ternary 

phase diagram (34). 
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Fernie (a) 

Fe 5 10 15 20 25 30 35 40 45 50 
CHROMIU M, wt p et 

FIGURE 4.· ',OOO° C isotherm from Fe-Cr-Ti ter
nary phose diagram (~). 

Ternary or quaternary (Fe-Cr-Mo-Ti) al
loys should be readily preci pitat i on 
hardenable because the solubility of Cr, 
Mo, and Ti in Fe increases substantially 
with temperature. For aging of the pre
cipitation hardenable alloys, the compo
sitions of interest are in the multiphase 
regions, a + X or a + X + Laves. As the 
two ternary diagrams show, the a + X 
phase region occurs at about 10 pct Cr 
and above. 

The Atomic Energy Agency of Btlgium has 
developed a X-phase alloy with the compo
sition Fe-13Cr-3.5Ti-2Mo (5). Within a 
limited titanium and molybdenum range, 
Belgian scientists found that titanium 
was twice as effective as molybdenum 
for providing strength and decreasing 
ductility--probably a result of the dif
ference in atomic weight. They found a 
drop in ductility from about 70 pct to 
zero when the combined Mo-Ti content, Ti 
+ 0.5 Ho, reaches about 4.5 pct (5). Bu
reau of Mines research was concentrated 
on a combined Mo-Ti content that is bal
anced to provide both good strengthening 
and good ductility over a much broader 
range of compositions. To achieve the 
primary goal of developing a lower chro
mi um, X-phase alloy, it was necessary to 
determine how the minimum chromium con
tent was affected by the molybdenum and 
titanium contents. The research was per
formed in two parts. Initially, small
scale (lOO-g) tests were used to select 
compositions for further investigation. 
Then, the properties of several larger, 
10-lb (4.5-kg) ingots of the selected 
compositions were determined. 

SELECTION OF ALLOY COMPOSITION 

PROCEDURE 

The 100-g test specimens were prepared 
by carefully weighing the following high
purity components: 

Fe: Glidden A276 electrolytic iron. 

Cr: Union Carbide Elchrome Regular 
electrolytic chromium. 

Ti: Timet ML-115 titanium sponge. 

Mo: Amax MMP molybdenum powder. 

Samples were triple-arc-melted in helium 
atmosphere at 200-mm pressure and were 
homogenized for 20 h in a tungsten ele
ment vacuum furnace at 1,225° C and 10-4 

Torr pressure. Chemical analyses of ran
domly selected samples were conducte d 
to verify composition and are shown in 

table 1. Nominal compositions will be 
used throughout this report. 

TABLE 1. - Chemical analysis of randomly 
selected alloys, weight percent 

Nominal composition, Cr Mo Ti 
wt pct 

Fe-13Cr-4.5Ti ••••••••••• 12.8 0 4.9 
Fe-8Cr-6Mo-l.5Ti •••••••• 8.2 6.1 1.3 
Fe-13Cr-6Mo-l.5Ti ••••••• 13.7 6.4 2.4 
Fe-lOCr-lOMo •••• , ••••••• 9.9 11.3 0 
Fe-13Cr-5Mo-2Ti ••••••••• 13 .0 5.2 1.4 
Fe-lOCr-2Mo-3.5Ti ••••••• 10.0 2.0 3.5 
Fe- 12Cr-2Mo-4Ti •••• • •••• 11.9 2.1 5.0 
Fe-12Cr-6Mo-2.5Ti ••••••• 11.9 6.6 1.6 
Fe-13Cr-6Mo-2.5Ti ••••••• 12.7 6.0 1.5 
Fe-12Cr-8Mo-l.5Ti ••••••• 12.8 8.8 .9 
Fe-12Cr-7Mo-2.5Ti ••••••• 11.8 7.6 1.3 
Fe-12Cr-10Mo-l.0Ti •••• • • 11.9 10.6 .5 
Fe - 6Cr-6Mo-2Ti • •• ••• •••• 5 . 9 6 . 6 1 . 1 
Fe-lOCr - 6Mo-2Ti ••••• ••• • 9 . 8 6 . 5 1.7 



The 100-g alloys were forged and rolled 
at 1,100 0 C into bars approximately 
1/8- by 3/4- by 8-in (3.2 by 19.1 by 
203 mm). Specimens approximately 1 in 
(25.4 mm) long were cut from the rectan
gular bars and were encapsulated in 
quartz tubes backfilled with helium. The 
specimens were heated for 1 h at a nomi
nal solucion-treatment temperature of 
1,250 0 C and quenched in boiling water. 
The solution-treated specimens were aged 
at 700 0 and 800 0 C for as long as 1,000 
he Room temperature Rhn A hardness mea
surements were made at various stages 
during the aging to provide a curve for 
the alloy. Metallographic examinations 
of the specimens after both short- and 
long-term exposures were performed to 
supplement the hardness data. 

Supplementary data, including chemical 
analysis, electron microscopy, X-ray dif
fraction, and tensile tests, were ob
tained by standard techniques. To facil
itate X-ray diffraction analysis of the 
strengthening phase, the precipitates 
were anodically extracted from many of 
the specimens. A dissolution cell, pow
ered by a 15-V dc rectifier, was made us
ing the alloy as the anode, a stainless 
steel cathode, and 50 gpL FeCl 3 solution. 
After 10 to 20 min of dissolution, the 
undissolved precipitates, released by the 
dissolving matrix, were filtered from the 
solution using a Millipore Filter3 (25) 
and were analyzed by X-ray diffraction-.-

RESULTS 

Effects of Molybdenum and Titanium 
on Ductility 

An investigation of the effects of Mo 
and Ti on the tensile ductility of vari
ous Fe-12Cr-Mo-Ti alloys was completed 
using samples in the as-rolled condi
tion. The ductility (percent reduction 
of area) is plotted on the ternary phase 
diagram in figure 5. These data agreed 
with Breye!'s (1) conclusion that a rapid 

3Reference to specific products does 
not imply endorsement by the Bureau of 
Mines. 
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FIGURE 5.- Ductility of various Fe-12Cr-Mo-Ti 
alloys. 

change from ductile to brittle failures 
results when Mo and Ti contents are in
creased beyond a certain maximum. How
ever, the data show that the ductility 
limit occurs at a slightly lower combined 
Mo-Ti content than Breyer found for a 13-
pct-Cr alloy for a narrower Mo-Ti range. 
Bend ductility tests of similar Fe-Mo-Ti 
alloys at Cr contents of 11 to 13 pct 
confirmed the above ductility limit and 
showed that the limit is not affected by 
the Cr level. 

Precipitating Phases as a Function 
of the Chromium Content 

Solution-treated alloy samples were 
aged at 700 0 and 800 0 C for as long as 
1,000 h to determine their response to 
precipitation hardening. Aging at 700 0 C 
approximated our design conditions, while 
aging at 800 0 C indicated what might hap
pen under longer term 700 0 C aging. Most 
of the alloys experienced an initial 
softening during the first hour of heat
ing, probably a result of annealing or 
stress relieving. The subsequent aging 
curves were of three typical types for 
'liloys with nominal composltions as shown 
in figure 6: 

1. Continued 
These alloys 
with time for 
tests. 

hardening (fig. 6A )-
show increasing hardness 
both the 700 0 and 800 0 C 

2. Overaging (fig. 6B)--These alloys 
display an initial hardening followed by 
a softening at higher temperature and/or 
longer exposures. 
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FIGURE 6. - Typical aging curves for Fe-Cr-Mo- Ti 
alloys. A, Continued-hardening curve for the Fe-12Cr-
6Mo-2Ti alloy; 8, overaging curve for the Fe-5Cr-6Mo-

2Ti alloy; C, combined overaging and hardening curve 
for the Fe-lOCr-3Mo-3T i alloy. 

3. Combined overaging and hardening 
(fig. 6C)--These alloys show initial 
hardening followed by softening, similar 
to samples in figure 68. At the higher 
temperature and for longer exposures, 
these alloys appear to increase in hard
ness again. 

At a selected Mo and Ti content, the 
type of hardening appears to be affected 
by the Cr content. Continued hardening 
(fig. 6A) is typical of samples with 
higher chromium contents (9 to 15 pct 
Cr). Overaging (fig. 68) occurs in sam
ples with lower chromium contents (5 to 9 
pct Cr). Combined overaging and harden
ing (fig. 60) are observed at inter
mediate chromium contents (7 to 12 pct 
Cr). These changes in hardening re
sponse, shown here as a function of 
chromium content, indicate a change in 
the precipitation-hardening mechanism. 

The change in hardening mechanism can 
be explained by a change in the precipi
tating phase. In fact, the Fe-Cr-Mo and 
Fe-Cr-Ti phase diagrams (figs. 3-4) show 
a transition from a Laves or ~ second 
phase at chromium contents less than 10 
pct to a X second phase at higher chro
mium contents. To determine whether this 
change in the precipitated phase corre
lates with the hardening data, a metallo
graphic examination and several other 
analyses were conducted on the samples. 

Photomicrographs of a given aged alloy 
at various levels of chromium content are 
shown in figure 7. At lower chromium 
contents, fine precipitates are observed; 
at higher chromium contents, coarse, 
blocky precipitates are seen; and at in
termediate chromium contents, a mixture 
of coarse and fine precipitates is seen. 
These precipitates were anodically ex
tracted from the specimens and analyzed 
by X-ray diffraction. The data, summa
rized in the last column of table 2, show 
that X-phase precipitates occur in the 
higher chromium content alloys and that a 
poorly crystallized phase occurs in the 
lower chromium content alloy. Therefore, 
we conclude that the differences in hard
ness curves at various chromium contents 
are caused by different precipitating 
phases. The overaging curves at lower 
chromium contents are probably a result 
of Laves phase precipitation, while the 
increased hardening curves at higher 
chromium contents are a result of the 
precipitation of the X-phase. The com
bined overaging and hardening at interme
diate chromium levels is probably caused 
by the precipitation of a mixture of the 
two phases. 

Precipitating Phases as a Function of the 
Molybdenum and Titanium Content 

The Cr content at which the change in 
hardness mechanism occurs is affected by 
both the Mo and the Ti content. Molyb
denum and titanium may be able to be sub
stituted for each other because they 
occur in equivalent crystallographic po
sitions in both the Laves phase and the 
X-phase. Furthermore, the ductility ot 
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TABLE 2. - Electron microprobe and X-ray diffraction analysis of 
precipitates in various 800 0 Caged Fe-Cr-Mo-Ti alloys 

Nominal Composition of ~teciyitates 
Alloy composition, Analysis by microprobe, at. pct Structure by X-ray 

wt pct Fe Cr Mo Ti Mo+Ti diffraction 
1 Fe-10Cr-4.STi ••••••• Balance 13 0 13 13 X-phase, minor a-phase. 
2 Fe-12Cr-4.STi ••••••• Balance 14 0 13 13 X-phase. 
3 Fe-10Cr-3Mo-3Ti ••••• Balance 13 4 8 12 X-phase, trace others. 
4 Fe-12Cr-3Mo-3Ti ••••• Balance IS 4 9 13 X-phase. 
S Fe-7Cr-6Mo-1.STi •••• Balance 10 10 6 16 X-phase, minor Laves 

and others. 
6 Fe-10Cr-6Mo-1.STi ••• Balance 14 9 S 14 X-phase. 
7 Fe-12Cr-6Mo-1.STi ••• Balance 16 8 S 13 X-phase, trace others. 
8 Fe-7Cr-10Mo ••••••••• Balance 7 33 0 33 Poorly crystallized 

(possibly Laves or 
a-phase) • 

9 Fe-10Cr-10Mo •••••••• Balance 114 117 0 17 X-phase. 
10 Fe-12Cr-10Mo •••••••• Balance 117 lIS 0 IS X-phase. 

Theoretical x-phase, 62.1 20.7 NA NA 17.2 
Fe36CrI2(Mo,Ti)10· 

Theoretical Laves 67 0 NA NA 33 
phase, Fe2(Mo,Ti). 

X-phase analysis by 72.1 lS.3 NA NA 12.6 
Okafor and Carlson 
(29) • 

NA Not available. lFigure 3 shows data plotted on phase diagram. 

Fe-Cr-Mo-Ti alloys is dependent on the 
combined Mo-Ti content, as discussed pre
viously. Therefore, Fe-Cr-Mo-Ti alloys 
having a combined Mo-Ti content (pct Ti 
+ pct Mo/2) that is close to Breyer's (S) 
limit of ductility were investigited in 
order to provide the best strengthening 
with adequate ductility. The hardening 
response of these alloys with several 
different Mo:Ti ratios was determined at 
Cr contents from S to IS pct. The re
sults are shown in figure 8. Continued
hardening curves, indicative of stable 
alloys, are found for the higher Cr al
loys with all Mo:Ti ratios. However, 
when the alloy contains all Ti or all Mo, 
only alloys with the highest Cr content 
develop this stability. Stable alloys 
maintained at Cr contents as low as 10 
pct are found at a balanced 6 pct Mo-1.S 
pct Ti content. 

The stabilities of alloys for a broader 
range of combined Ti-Mo content were also 
determined. The stabilities of some of 

these alloys are summarized in figure 9, 
which shows a 12-pct-Cr section through 
the Fe-Cr-Mo-Ti quaternary phase diagram. 
The stable zone depicted in the diagram 
encompasses the 6 pct Mo-1.S pct Ti alloy 
mentioned in the previous paragraph. Fe-
12Cr-Mo-Ti alloys outside this zone ex
perience some overaging. 

Microprobe Analysis of Precipitates 

In addition to the X-ray diffraction of 
extracted precipitates, coarse precipi
tates in metallographic specimens were 
analyzed by the electron microprobe. The 
results, as shown in table 2, complement 
the X-ray diffraction data from the same 
samples. The analyses show that these 
X-phases average about 14 at. pct Cr and 
14 at. pct (Mo + Ti), which is in good 
agreement with the data of Okafor and 
Carlson (29). For all the Mo:Ti ratios 
tested, the resulting total Mo + Ti con
tent (at. pct) in the X-phase is fairly 
constant. This effect indicates that Mo 



8 

FIGURE 7. - Precipitates occurring in aged 
Fe-Cr-6Mo-2Ti alloys at several chromium con
tents. A, 6 pct Cr; B, 7 pct Cr; C, 9 pct Cr; 
alloys aged 100 h at 800 0 C (X 400). 
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aged 1,000 h at 700 0 and 8000 C. 

and Ti can substitute for or displace 
each other within the X-phase and sug
gests that there is a continuous X-phase 
field in combinations of the Fe-Cr-Mo and 
Fe-Cr-Ti phase diagrams. These analyzed 
compositions as well as the data of Oka
for and Carlson (29) show the X-phase to 
be leaner in Cr, Mo, and Ti content than 

is shown in the Fe-Cr-Mo and Fe-Cr-Ti 
phase diagrams (figs. 3-4). For example, 
the weight percentage of the X~phase pre
cipitates from alloys 9 and 10 in table 2 
is plotted outside the X-phase region in 
figure 3. Apparently the X-phase has a 
much broader solubility range than is 
shown in these ternary phase diagrams. 

DISCUSSION 

The design of X-phase-strengthened al
loys seems to be limited by several fac
tors. First, sufficient Mo and Ti must 
be added to exceed the solubility limit 
to develop precipitation hardening. On 
the other hand, the Mo and Ti contents 
should be controlled to levels less than 
the ductility limit discussed previously. 

The chromium content is also a con
straining factor. Alloys with low chro
mium contents are subject to overaging 
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as a result of the precipitation of the 
Laves phase. Therefore, alloys need 
enough chromium to produce X-phase pre
cipitation hardening, but it is also 
desirable to conserve chromium. The 
chromium content necessary to minimize 
overaging is dependent on the Mo:Ti ra
tio. For example, Cr content as low as 
10 pct can develop stable hardening at a 
composition of 6 pct Mo and 1.5 pct Ti. 

Several alloy compositions were se
lected for further testing on a larger 
(10-lb) scale. To verify the ductility 
constraints on this scale, the composi
tions were selected near the ductility 
limit. Otherwise, the alloy compositions 
were designed around the above con
straints. The selected alloys contained 
10 to 12 pct Cr, 6 pct Mo, and 1.5 to 2.0 
pct Ti. 

PROPERTIES OF LOW-CHROMIUM X-PHASE ALLOYS 

PROCEDURE 

The following nominal compositions were 
selected for large-scale testing: 

Fe-10Cr-6Mo-1.5Ti Fe-10Cr-6Mo- 2.0Ti 

Fe-10Cr-6Mo-1.75Ti Fe-12Cr-6Mo-1.75Ti 

Ten-lb (4.5-kg) cylindrical ingots were 
prepared from the same high-purity raw 
materials previously described and were 
melted in a vacuum-induction furnace. 
The ingots were scalped to approximately 
2 in (51 mm) diam by 10 in (254 mm) 
length prior to fabrication. The chemi
cal analysis of these alloys is shown in 
table 3. The ingots were homogenized in 
vacuum at 1,200° to 1,250° C for 20 h. 
The alloys were hot-worked at 1,100° C 
according to the following schedule with 
reheats between fabrication steps: 

1. Upset forged (~20 pct hot worked). 

2. Squared off in forge (~14 pct hot 
worked). 

3. Rolled in 20-pct reductions to 1/2-
in (12.7-mm) plate for stress rupture 
blanks and to 0.2-in (5-mm) plate for 
tensile test blanks. 

Stress rupture and tensile test blanks 
were cut longitudinally from the rolled 
ingots. A 1,100° C solution treatment 
temperature was selected after examina
tion for undissolved precipitates in 
specimens quenched from various tempera
tures. The resultant alloys had a coarse 
grain size of 0.3 to 0.5 mm, which should 
provide good stress rupture resistance. 
The blanks were heat treated by solution 
treating for 1 h at 1,100° C, followed by 
quenching in boiling water and by aging 
at 700° C. The blanks were machined into 
flat tensile specimens (I-in (25.4-mm) 
gage length with 0.250- by 0.I20-in (6.4-
by 3.1-mm) cross section) in accordance 
with ASTM specification E8-78 and into 
round stress rupture specimens (I-in 
(25.4-mm) gage length with 0.250-in (6.4-
mm) diameter cross section) in accordance 
with ASTM specification E139-78. Tensile 
tests were conducted at room tempera
ture at a 0.05-in/in·min- 1 strain rate. 
Stress rupture tests were conducted at 
700° C with a 1-h heatup and a 2-1/2-h 
stabilization time prior to loading. 

To study the precipitation process, a 
density test of a similar alloy was con
ducted using the method of Rawlings and 
Newey (30). An Fe-13Cr-3Mo-3Ti alloy was 
vacuum-are-melted for this test. After 

TABLE 3. - Chemical analysis of ingots 

Nominal composition, Composition, wt pet Composition, ppm 
wt pet Cr Mo Ti C 0 N 

Fe-10Cr-6Mo-1.5Ti •••••• 10.0 6.2 1.7 NA NA NA 
Fe-10Cr-6Mo-1.75Ti ••••• 10.2 6.2 1 . 9 61 375 70 
Fe-10Cr-6Mo-2.0Ti •••••• 10.2 6.2 2.4 NA NA NA 
Fe-12Cr-6Mo-1.75Ti ••••• 12.3 5.9 1.9 NA NA NA 
NA Not available. 



homogenization and fabrication similar to 
that described above, test samples were 
cut from the alloy, solution-treated at 
1,100 0 C for 1 h, and water-quenched. 
Accurate density determinations (±0.001 
g/cm3 ) were made by the water-immersion 
technique by weighing to the nearest 0.1 
mg. Determinations were made in tripli
cate after aging times ranging from 0 
to 1,000 h for samples aged at 700 0 and 
800 0 C. Comparative Rhn A hardness mea
surements were made on identical samples 
after the same heat treatments. 

Oxidation tests of the Fe-l0Cr-6Mo-
1.75Ti and Fe-12Cr-6Mo-l.75Ti composi
tions were also completed at 700 0 and 
800 0 C. Solution-treated samples approx
imately 3/4 in (19 mm) square by 0.2 in 
(5.1 mm) thick were cut and polished on a 
120-grit belt sander and then measured to 
determine surface areas. After the sam
ples were cleaned in soapy water, ace
tone, and alcohol, they were dried and 
weighed to the nearest 0.1 mg. After 
heating for various exposure times at 
700 0 and 800 0 C, the samples were removed 
and weighed. The weight gain per surface 
area was calculated as a measure of the 
oxidation rate. 

RESULTS 

Room temperature 
are summarized in 

tensile test results 
table 4. The yield 
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strengths are not available from some 
of the tests because an extensiometer 
was not always used, in anticipation of 
alloy brittleness and consequent in
strument damage. The yield strength of 
these alloys appears to be affected by 
solid-solution hardening. The tensile 
strengths seem to be in accordance with 
the ductility; alloys having good ductil
ity develop better tensile strength than 
do those with poor ductility. The duc
tilities were shown to vary considerably 
more than expected within the same alloy. 

The stress rupture lives of these al
loys in the solution-treated state shown 
in figure 10 are comparable to those of 
304 stainless steel. The Fe-l0Cr-6Mo-
1.5Ti alloy (fig. lOA) has the best data 
fit for the stress rupture curves. Al
though the other three alloys have some 
data points showing stress rupture lives 
better than that of stainless steel, 
these alloys have considerable data vari
ability, with some samples failing at 
much shorter periods than the rest of the 
samples. The fractured surfaces of spec
imens failing in short periods show a 
more brittle nature than do the surfaces 
of other specimens. The alloys that do 
not fail in a brittle manner have the 
best stress rupture lives. 

TABLE 4. - Tensile data for solution-treated X-phase alloys 

Nominal Strength, psi Ductility, pct 
composition Yield Tensile Elongation Reduction 

in area 
Fe-l0Cr-6Mo-l.5Ti •••••• 50,100 62,000 3 3 

51,400 71,200 8 6 
50,200 70,200 6 6 

Fe-l0Cr-6Mo-l.75Ti ••••• NA 76,700 32 49 
52,400 70,800 7 7 
53,500 76,200 28 47 

Fe-l0Cr-6Mo-2Ti •••••••• NA 76,800 23 29 
NA 47,000 1 4 
NA 49,400 2 0 
NA 75,100 12 11 

Fe-12Cr-6Mo-l.75Ti ••••• 54,700 77,800 16 13 
NA 64,600 4 2 

57,800 77,700 21 23 
NA Not available. 
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The main purpose of the tests on the 
Fe-l0Cr-6Mo-2Ti alloy was to determine 
the effects of aging on stress rupture 
life, but the data are so variable that 
no trend can be seen. However, these 
data, in conjunction with limited aging 
data for the other alloys, show that ag
ing provides no benefit to stress rupture 
life. 

As shown from both tensile tests and 
stress rupture tests, the results are 
quite variable because many alloys are 
brittle--much more than is usual in 
other ferritic alloys. Besides exhibit
ing brittle fracture surfaces, the ten
sile specimens frequently gave an audible 
"pop" during loading. Later examination 
showed many cracks throughout the speci
men (fig. 11). Many of the stress rup
ture specimens also developed cracks 
that led to premature failure. Extremely 
brittle areas are typically found adja
cent to very ductile areas, as is shown 
in figure 12. All the brittle failures 
were identified by SEM microscopy (fig. 
13) to be of a cleavage, transgranular 
type with very little ductility. The 

FIGURE 11. - Typical cracks that develop during 
loading of tensile specimens (X 10). Line at bottom 
is scri be mark for determ i nati on of el ongati on. 

presence of this brittleness and the 
data variability indicate that these four 
alloys are at or beyond the ductile 



FIGURE 12. - SEMmicrograph (X 25) showing ductile 

area (foreground) and brittle area (background) in an 

Fe-12Cr-6Mo-1.75Ti stress rupture specimen. 

composition limit shown in figure 5. At 
this ductility limit, the ductility of an 
alloy can change from 66 pct to 0 pct 
with only a slight change in alloy con
tent (1/2 pct for titanium). Therefore, 
the observed variation of ductilities and 
stress rupture lives is believed to be 
caused by slight compositional variations 
in this critical region. Metallographic 
examinations revealed no grain boundary 
precipitates or differences between duc
tile and brittle areas. Since these al
loys possess more brittleness than is de
sired, future research should concentrate 
on alloys with lower molybdenum and tita
nium levels within the ductile region and 
away from the ductility limit. 

The density tests of the similar Fe-
13Cr-3Mo-3Ti alloy show insight into the 
precipitation mechanism. Density and the 
corresponding hardness changes for sam
ples aged at 700 0 and 800 0 C are shown 
as a function of aging time in figure 14. 
Both the alloy density and hardness 
increase steadily with aging for as long 
as 1,000 h. Because density is a measure 
of the state of chemical equilibrium, 
the data indicate that precipitation of 
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FIGURE 13. - SEM micrograph (X 640) of cleavage 

transgranular tensile test fai lure. 

the second phase is very slow, taking 
1,000 h or longer. The continued slow 
precipitation experienced here may ex
plain why the hardness continues to 
increase even though very coarse pre
cipitates, indicative of overaging, are 
present. Evidently fresh, newly formed 
submicroscopic precipitates being contin
ually precipitated provide the hardening. 
Both the coarse and fine precipitates are 
probably the X-phase, but they were not 
identified. 

The results of oxidation tests of the 
alloys, Fe-l0Cr-6Mo-l.75Ti and Fe-12Cr-
6Mo-l.75Ti, show oxidation rates higher 
than that of 304 stainless steel (18Cr-
8Ni) at 700 0 C. The data for two sepa
rate oxidation tests shown in figure 15 
exhibit an initial parabolic oxidation 
rate, which changes to a much higher rate 
after approximately 100 h. Overall, the 
rates are unpredictable for these alloys. 
For instance, the 10-pct-Cr alloy for the 
second test had an initial low parabolic 
oxidation rate followed by a relatively 
high oxidation rate; in the first test 
t his 10-pct-Cr alloy gained weight at a 
relatively high oxidation rate throughout 
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the test. The 12-pct-Cr alloy had an ex
tremely low oxidation rate throughout the 
second test, while it had a relatively 
high rate throughout the first test. The 
oxidation was also localized, as shown 
in figure 16. The metallographic cross 
section through the oxidized layer (fig. 
17) also demonstrates the highly local
ized oxidation. Perhaps the localized 
nature of the oxidation explains the un
predictability of the oxidation results. 
Although iron-base alloys containing 10 
or 12 pet Cr should be oxidation resist
ant at 700 0 C (28), alloys containing 
molybdenum have increased oxidation rates 
owing to a fluxing away of protective ox
ides by low-melting MoO} mixtures (13). 
Therefore the molybdenum content is~e
lieved to be the cause of the unexpected
ly high, localized, and unpredictible 
oxidation rates. Since the alloy compo
sitions tested do not provide sufficient 
oxidation resistance at 700 0 C, future 
research should include investigation of 
further enhancing oxidation resistance 
with aluminum additions. 
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FIGURE 16.· Localizedoxidation (X 1.5) of lO-pct
Cr alloy (sample li, left) and 12.pct-Cr alloy (sample 
23, middle) compared with oxidation of 304 stainless 
steel (sample 30, right). Exposed 800 h at 7000 C. 

FIGURE 17. Cross section of localized oxidation 
(X 200) in Fe-12Cr-6Mo-1.75Ti alloy. Exposed 800 h 

at 7000 C. 

CONCLUSIONS AND RECOMMENDATIONS 

The following 
from the alloy 
research. 

conclusions are 
selection phase 

drawn 
of the 

1. Fractures in Fe-12Cr-Mo-Ti alloys 
rapidly change from a ductile to a brit
tle mode at increased titanium and molyb
denum contents. 

2. Three types of hardening curves 
were observed for these Fe-Cr-Mo-Ti al
loys: (A) continued hardening curves, 
(B) overaging curves, and (C) combined 
overaging-hardening curves. 
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3. High-chromium-content alloys dis
play continued hardening curves, and low
er chromium alloys have overaging curves. 
Intermediate-chromium-content alloys show 
combined overaging-hardening curves. 

4. Continued hardening curves are re
lated to precipitation of the X-phase, 
and overaging curves ar_e. related to pre
cipitation of the Laves phase. The com
bined overaging-hardening curves are re
lated to precipitation of both phases. 

5. The minimum chromium content at 
which continued hardening curves exist is 
dependent on the molybdenum and titanium 
contents. Continued hardening at a mini
mum of 10 pct Cr occurs at a composition 
of 6 pct Mo and 1.5 pct Ti. 

The results of property studies of 10-
lb ingots of Fe-(10-12)Cr-6Mo-(1.5-2.0)Ti 
alloys follow: 

1. Stress rupture strengths of 
solution-treated alloys are comparable to 
that of 304 stainless steel at 700 0 C. 
Solution treating followed by aging pro
vides no increase in rupture strength. 

2. These alloys have a significant 
variation in ductility with considerable 
brittleness in both the tensile and 
stress rupture tests. The brittleness 
may be a result of too high molybdenum 
and titanium content. 

3. The X-phase precipitation-hardening 
alloys continue to come to equilibrium 
after 1,000 h at both 700 0 and 800 0 C. 

4. Oxidation resistance of these al
loys at 700 0 C is poor owing to localized 
oxidation. This poor oxidation resist
ance may be a result of the high molybde
num content of the alloy. 

To avoid the alloy brittleness problems 
observed in this research, it is recom
mended that future work be conducted 
on alloys with lower molybdenum and tita
nium contents. To minimize localized 
oxidation at 700 0 C, the addition of low 
levels of aluminum and/or silicon is rec
ommended. The resolution of these brit
tleness and oxidation problems is neces
sary to develop a low-chromium substitute 
for the heat-resisting stainless steels. 
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