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Small punch creep of Fe-Al-Cr alloy with Ce addition
and its relation to uniaxial creep tests
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Abstract

Creep behaviour of the alloy based on intermetallic compound FesAl with additions of
2.6 at.% chromium and 0.02 at.% cerium was studied at temperatures from 500 to 800°C
by small punch testing with a constant force. The dependences of the minimum deflection
rate and the time to rupture on the applied force follow similar dependences obtained in
uniaxial creep tests of the same alloy. The results of small punch tests can be explained by the
existence of different crystal lattices occurring at different temperatures. It is shown that the
force applied in the small punch test can be successfully converted into the equivalent applied
stress using the empirical formula suggested by the new European standard for small punch
testing. The minimum deflection rate can be converted into the minimum creep strain rate as
well. The improvement of the latter conversion based on the Monkman-Grant relationship is

proposed.
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1. Introduction

Alloys based on intermetallic iron and aluminium
compounds, FegAl and FeAl, are known for many ex-
cellent properties like resistance to oxidation and cor-
rosion in various molten salts, relatively low density,
electrical resistivity, low cost of raw materials, etc.
[1-3]. One of the goals of current research is to im-
prove their mechanical properties at elevated tempe-
ratures. Creep resistance can be increased by addition
of various alloying elements that lead to solid solu-
tion hardening, to precipitation strengthening or to
strengthening by order [4, 5]. Moreover, different heat
treatment procedures [6] and preparation techniques
(reactive squeeze infiltration [7], laser additive man-
ufacturing [8]) can also contribute to the progress in
the development of this class of alloys.

The growing number of alloying elements and
preparation modalities enormously increases the num-
ber of laboratory alloys required to design the route to
an optimal constitution. A reliable method for testing
small specimens is thus highly desirable. One of such
modern methods is small punch testing [9-11]. The
testing is especially suitable when the volume of mate-
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rial is limited and standard type specimen cannot be
manufactured, e.g., characterizing heat affected zones
in welds [12-14] or when it is necessary to minimize the
radiation activity in monitoring structural integrity of
nuclear components [15].

A main problem of the small punch test is the
transformation of basic variables of the test, i. e., force,
deflection, and deflection rate, to variables of conven-
tional uniaxial tests, i.e., stress, strain, and strain rate.
In soon to be published new European standard [16,
17], the solution of the problem related to creep prop-
erties is based on an analysis of a large dataset of
both conventional and small punch tests. The used
set contains entirely results relevant to heat-resistant
steels: low alloy, 9-12Cr, and austenitic steels. It is
the purpose of the present paper to examine the eli-
gibility of procedures suggested by the prepared stan-
dard for the research of advanced Fe-Al based alloy.
The tested alloy contains additions of chromium and
cerium. Chromium increases room temperature duc-
tility, but it has a negligible effect on strength [18]. On
the other hand, small amounts of cerium are beneficial
for enhancement of both room temperature ductility
and elevated temperature strength [19].
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Table 1. The chemical composition of the studied alloy
(at.%)

Fe Al Cr Mn Ce C

68.42 28.4 2.6 0.4 0.02 0.16
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Fig. 1. Schematic of small punch test setup.

2. Experimental procedure

The alloy was melted in a vacuum furnace and
cast in an argon atmosphere at the Research Insti-
tute of Metals, Ltd., Panenské Bfezany. The rolling
of the original sheet (thickness 40 mm) to the final
one (13mm) was performed at 1100°C. Finally, the
sheet was quenched in oil. The composition of the
alloy is given in Table 1. Details of its microstruc-
ture can be found elsewhere [20]. The mean value of
the ultimate tensile strength at room temperature was
approximately 625 MPa; the yield stress was equal to
340 MPa [21].

The specimens for small punch testing were pre-
pared by machining cylinders 8 mm in diameter. The
cylinders were subsequently cut to slices 1.2 mm thick
using electro-discharge machining. The slices were
ground carefully from both sides equally and finally
polished to 1200 grit. The final thickness of 0.500
4+ 0.002 mm was measured by using a micrometer with
a resolution of 1 um. For small punch testing, a con-
stant load cantilever creep machine was adapted. Dur-
ing the test, a precise ceramic ball made of FRIALIT
F99.7, 2.5 mm in diameter, is pushed with a constant
force against a specimen supported by a 4-mm diame-
ter receiving die (lower die), cf. Fig. 1. The technique
is described in more detail elsewhere [22]. Tests were
performed at temperatures ranging from 500 to 800°C
and applied forces from 40 N to 500 N. It was not pos-
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Fig. 2. Examples of small punch creep curves.

sible to use the same applied force for testing at differ-
ent temperatures in the whole range of temperatures
due to a steep dependence of the time to fracture on
temperature and due to time limitation of small punch
tests. For a direct comparison with uniaxial tests, the
results of conventional creep tests in tension — per-
formed on the same sheet — published in the present
journal are used [23].

3. Results

Examples of the dependence of central deflection
vs. time obtained in the small punch tests are given
in Fig. 2. The tests of comparable durations at differ-
ent temperatures in the range of existence of B2 lat-
tice were selected for the illustration. It can be seen
that the same general features of the curves can be
observed as in conventional creep tests. In the pri-
mary stage, the deflection rate decreases till the min-
imum rate is reached. After that, the deflection rate
is steadily increasing, and finally, the rupture of disc
happens. It can be seen that the two main quantities
of the small punch test, i.e., the minimum deflection
rate and the time to rupture, can be easily evaluated.

The dependence of the minimum deflection rate on
the applied force for different temperature levels is
given in Fig. 3 in bi-logarithmic coordinates. The de-
pendence can be described by the power-law relation-
ship of the form:

G = A F™, 1)

where 1, is the minimum deflection rate, F' is the
acting force, ny, is a force exponent and A,, is a tem-
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Fig. 3. Dependence of minimum deflection rate on applied
force.

perature dependent parameter. Two different quanti-
tative features can be observed. In the temperature
range from 600 to 800°C the values of force exponent
Nm, found by the least squares method, equal approx-
imately 4.5 to 5.0. In the case of conventional uniaxial
creep tests, such values are typical for power-law creep
in single phase compounds, pure metals and solid so-
lutions of the metal-type [24]. At a temperature of
500°C, the value of the force exponent is substantially
greater, n,, > 16. This is in agreement with the negli-
gible dependence of the yield stress on the strain rate
at temperatures up to 520°C reported for the similar
alloy by Karlik et al. [25].

The observed difference reflects the existence of
two types of crystal lattice occurring in the present
alloy in the studied temperature range. At tempera-
tures above 540°C, the ordered FeAl phase with B2
lattice exists, whereas at lower temperatures the sta-
ble compound is ordered FegAl with D03 lattice [26].
The large value of the exponent n,, in the D03 area
can perhaps be attributed to a reduced ductility in
this temperature range: this reduction probably causes
early onset of tertiary creep and thus an increase of the
measured minimum deflection rate at higher forces.

The dependence of the time to rupture tg on the
applied force is given in Fig. 4. The dependence can
also be described by a power law of the same type as

Eq. (1):
tr = ARF"®, (2)

with negative values of the exponent ngr. The fig-
ure confirms the division into two areas with different
crystal lattices. In the temperature range of existence
of B2 lattice the power ng is from —4.2 to —4.8. At a
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Fig. 4. Dependence of time to rupture on applied force.

D03 temperature of 500°C ng is about —12.

The fractographs of 3 specimens after the tests at
500, 700, and 800°C are shown in Fig. 5. The first ex-
amined specimen tested at 500°C exhibits clearly sev-
eral radial cracks as shown in Figs. 5a,b. Such cracks
are characteristic for low ductility alloys and trans-
granular brittle fracture with typical facet morphol-
ogy shown in Fig. 5c. The fracture of the second spec-
imen tested at 700°C in Figs. 5d,e shows signs of much
higher ductility, there is a characteristic circular crack
and cap that is detached from the specimen. The neck-
ing is extremely narrow in this case except for a small
location on one side where the cap has been detached
at last. In this location shown in Fig. 5f there are still
signs of transgranular fracture with facets. This can be
most probably attributed to a static fracture (detach-
ment of the cap) during the cool down or removal of
the specimen from the jig. The third specimen tested
at 800°C in Figs. 5g,h shows again a characteristic cir-
cular crack resulting in a cap that is detached from the
specimen. The necking is extremely narrow and the
fracture shown in Fig. 5i has a ductile transgranular
morphology. Image of the deformed but not ruptured
disc from 800°C interrupted test at time t; = 81h is
shown in Figs. 6a,b. There are not any signs of macro-
scopic crack present in the specimen at deflection u; =
1.7 mm. The rupture deflections ug in the range of 2.5
to 3mm are confirming very good ductility of the al-
loy.

4. Discussion

The conversion of force in small punch creep test
to applied stress in conventional uniaxial creep test is
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Fig. 5. Fractographs of ruptured specimens tested at (a—) T' = 500°C, F' = 450N, tg = 19.5h; (d—f) T' = 700°C, F =
100N, tg = 75h; (g-i) T = 800°C, F = 50 N, tg = 50 h.

usually based on a comparison of tests of the same
time to rupture. In the preliminary European Code
of Practice [27], a rough estimate of the relationship
between force F' in small punch test and stress ¢ in
the conventional test is made using the Chakrabarty
membrane stretch model [28]:

Fjo = 3.332kgpr "2R'2hy, 3)

where r is the radius of lower die (2r = d in Fig. 1),

R is punch radius, and hg is the initial thickness of
the disc. kgp is a correlation factor introduced to ad-
just the theoretical model to the experimental results.
It was shown later [29] that this factor is a function
of load. Therefore, for the prepared European small
punch standard a fully empirical force-to-stress con-
version model was chosen as the preferred method-
ology. The force-to-stress ratio was optimized for all
available uniaxial, and small punch creep data. It was
shown that the ratio is dependent on the value of de-
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Fig. 6. Deformed specimen after interrupted test ¢; = 81 h,
T = 800°C, F = 40N, u; = 1.70 mm; (a) view on outer
bottom specimen surface and (b) perspective view.

flection wu,, measured at the location of the minimum
deflection rate. The optimized formula is then

F
— = 1.9162u2.5°7, (4)
g

Comparison of the dependence of time to rupture
in present small punch creep (SPC) test on equivalent
stress calculated using Eq. (4) (open symbols) ver-
sus the same dependence reported for uniaxial creep
tests (UAC) (closed symbols) [23] is given in Fig. 7.
Fitted lines are drawn for uniaxial data using the ex-
ponential function as suggested by Kratochvil et al.
[23]. The agreement of uniaxial data and recalculated
small punch data in the B2 range of temperatures is
excellent. On the other hand, the results in D03 range
(500°C) do not match well. This is not surprising be-
cause the empirical formula Eq. (4) is based entirely
on the results of ductile steels while the present alloy
is evidently brittle in the D03 state. Primary cracks
initiate from the centre of small punch specimens in
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Fig. 7. Dependence of time to rupture in small punch tests
and uniaxial creep tests on calculated equivalent stress and
applied stress, respectively.

brittle materials. In ductile materials, the strain at the
contact boundary is more important than that at the
disc centre [30]. That is why the position of the con-
tact boundary is used for calculation of the equivalent
stress in terms of Eq. (3), moreover, such calculation
fails in case of brittle cracks propagating from the cen-
tre.

Substantially less effort was devoted to finding the
conversion of deflection rate in small punch creep test
to strain rate in a uniaxial creep test. The relevant re-
lationship for P91 was published by Ma et al. [31], but
it was obtained for the ball of 2.4 mm in diameter. The
standard mentioned above also includes a formula for
transforming the measured minimum deflection rate,
i (mmh~1), to the appropriate minimum creep rate,
E'm (h_1)7

ém = 0.3922, 1907, (5)

The calculated values of the minimum creep rate
from the present small punch data are confronted with
measured minimum creep rates in Fig. 8. The power-
law relationship is applied for fitting the uniaxial data
in conformity with the previous paper [23]. Though
the agreement is acceptable in B2 range, it is less suit-
able than in the case of time to rupture (Fig. 7). The
calculated values in D03 range again do not obey the
measured ones.

The following procedure can be proposed to im-
prove the conversion of the minimum deflection rate
to the minimum creep rate: It is well known that the
relation between minimum rate and time to rupture is
valid for both uniaxial creep test [32] and small punch
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where C; and C5 are constants. Their values can be
creep test [33]. This is illustrated in Figs. 9a,b. Note found by regression analysis: C; = —0.0176 (valid for

a completely different behaviour in D03 range. The displacement v in mm) and Co = —0.455. The result-
dependences in B2 range can be described by the fol- ing relationship between minimum creep rate and min-
lowing simple equations imum deflection rate is then:
logtgr = Cy — log U, (6) Em = 0.3650y,. (8)
logtg = C2 — log én, (7) Figure 10 illustrates the ability of Eq. (8) to con-
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vert the deflection rate obtained in small punch test
into equivalent creep strain rate. Caution should be
used when transposing the equation to another mate-
rial because it was deduced by including the data from
only the present alloy.

5. Conclusions

1. The dependences of the minimum deflection rate
and the time to rupture on the applied force follow
similar dependences obtained in uniaxial creep tests
of the same alloy.

2. The observed diversities of small punch tests
can be explained by the existence of different crys-
tal lattices occurring at different temperatures. This
is manifested, e.g., by splitting the Monkman-Grant
relationship into two lattice-sensitive dependences.

3. The force applied in the small punch test can
be successfully converted into the equivalent applied
stress using the empirical formula suggested by the
new European standard for small punch testing.

4. The new standard is likely to extend the uti-
lization of the small punch test in the design of new
prospective alloys.

5. Procedure for comparison of minimum deflec-
tion rate and minimum creep rate is presented. This
is based on empirical observation of Monkman-Grant
relationship.
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