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The effect of different manufacturing techniques on the shape memory effect (SME) of the
Fe14Mn6Si9Cr5Ni alloy has been studied. The SMEs of casting and forged alloys are similar. At ambient
temperature, creep and stress-relaxation experiments of the casting alloy show that the casting alloy
presents a good creep rupture strength. The manufactured pipe joints of the casting alloys keep jointing
under a tensile force of 20 kN and keep sealing under a pressure of 5 MPa. Those excellent mechanical
properties satisfy the requirements for pipe jointing in general industrial applications.

Keywords casting alloy, mechanical properties, shape memory
alloy, shape memory effect

1. Introduction

Iron-based shape memory alloys have been studied widely
due to their low cost and large temperature hysteresis.''~!
Among the iron-based alloys, FeMnSiCrNi alloys have the best
shape memory effect (SME)."*! A theory of the composition
design to obtain the best SME has been developed.”®" The
SME of FeMnSiCrNi alloys is based on a transformation of
face-centered cubic (fcc) phase to € hexagonal close packed
(hcp) phase by the extension and contraction of stacking faults.
Thermomechanical training, which increases as the amount of
directional e phase increases, is one of the most important
measures used to improve the SME of iron-based shape
memory alloys.”"®! The manufactured pipe joint of the
Fe14Mn6Si9Cr5Ni-forged alloy keeps sealing up to 5 MPa,
which is good enough for the general application of pipe joints.
Now, an underground, jointed, oil transport pipeline that is
100 m in length works without a leak for five years.[*'°! How-
ever, for actual application, the seamless pipe is too expensive
for the standard welding technique used for coupling. The best
way to decrease the cost of the pipe joint is to use a casting
alloy pipe joint, if its SME is the same as that of the forged
alloy. Thus, in this study, the SME of the casting pipe joint was
measured and compared with the seamless pipe joint. It has
been found that both alloys have almost the same SME, and
that the amount of recovery strain and creep resistance are the
most important mechanical properties. The former is related to
the possibility of sealing and joining pipes, and the latter is
related to the working life of the couplings. These properties
were measured to confirm that the casting alloys could be
utilized in the same way as the seamless pipe.
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2. Experimental Procedures

The alloys were prepared from Fe, Mn, Si, Cr, and Ni with
purities of 98.0, 99.7, 99.0, 99.0, and 99.9%, respectively, and
were melted in an induction furnace and cast into ingot. A part
of the ingot was forged. Some of the ingots were rolled into
plates, and some of them were drawn out pipes. Another part of
the ingot was melted again and was cast as pipe joints and
plates. The composition of the forged alloy (as determined by
chemically analysis) was Fe14Mn6Si9Cr5Ni, where the C con-
tent is <0.02%. The casting alloy has almost the same compo-
sition of alloying elements but has a double C content of
0.05%. The size of the pipes obtained is ¢ 30 mm in diameter
and 3.5 mm for pipe wall thickness. Both the pipes and the
plates were solution-treated at 1373 K for 1 h and were
quenched into water. The specimens were obtained by cutting
the plates using a Mo filament cutter. The sizes of the speci-
mens for the bending experiments and the creep and stress
relaxation experiments were 75.0 x 7.0 x 0.5 mm and 100.0 x
3.5 x 1.0 mm, respectively. To obtain a slick internal surface
for the pipe joint for coupling with a good sealing property, the
pipe joint was processed by turning.

The specimen was bent 180° around a steel rod with a
diameter (d) at ambient temperature . The schematic diagram
of the bending experiment is shown in Fig. 1. The prestrain €,
was estimated approximately by €, = #d (¢ is thickness of the
specimen) where different values of €, were obtained through
changing d with a constant ¢. The 6, (the angle difference
before and after the unloading of the stress) was measured to
determine the SME. To measure the recovery strain, the bent
specimens were annealed at 873 K for 0.5 h. 6, (the subsequent
angle difference before and after annealing) was measured, and
the percentage of shape recovery strain (f) in the experiments
was determined as follows:

f=6,/(180-6,) (Eq 1)

Experiments of creep under constant stress and stress relax-
ation under constant strain were performed using a self-built
loading device. The testing times used were 3200 and 2600 h,
respectively. The constant stress for the creep experiments was
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Fig. 1 The schematic diagram for the bending experiment
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Fig. 2 The schematic diagram for expanding the pipe joint

190 MPa, corresponding to the low-yield stress of the austenite
in the range of 0, = 180 — 300 MPa.!"-*! A constant strain of
4% was employed for the stress relaxation measurement. The
constant strain corresponds to a stress of 533 MPa to seal and
join pipes.

Only the recovery strain in the direction of the radius is
favorable to the pipe joint, and homogeneous deformation as-
sures the sealing of the pipe. To assure homogeneous defor-
mation along the direction of the radius, the pipe joint was
expanded in the direction of the radius at ambient temperature,
the schematic diagram of which is shown in Fig. 2. The abso-
lute recoverable strain, €,, is calculated as:

€,=(d, = dy)/d,, (Eq2)
where d,, d,, and d, are the internal diameter of the pipe joint
before and after the pipe joint was expanded and after heating
at 673 K for 20 min, respectively.

Before any coupling, the pipe joints were first trained,
which is in fact the expansion-heating-recovery process de-
scribed above. This process improves the SME. After the train-
ing, two pipes with an external diameter $31.5 mm were joined
with the pipe joint at 673 K (Fig. 3). After the jointing parts of
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Fig. 3 The pipe joint of the Fe14Mn6Si9Cr5Ni casting alloy

the outside of the connecting pipes were turned, the casting
pipe joints coupled two pipes. The tensile test for the coupling
was made on an Instron machine (Canton, MA). The sealing
test for the pipe joining was carried out under hydraulic pres-
sure.

3. Results and Discussion

Figure 4 shows the micrograph of the alloy in which the
grain of the casting alloy is dendritic and some carbide is
precipitated from austenite phase, which blocks the martensite
transition. It is evident that the amount of carbon increases due
to the casting process. Thus, a solution treatment is more im-
portant for the casting alloy than for the forged alloy. After the
solution treatment, the structure of the casting alloy consisted
of a single austenitic phase. Now, the structures of the casting
alloy and the forged alloy are almost the same, as shown in Fig.
4(b) and (c), although the forged alloy has a greater stacking
fault but a smaller grain size than the casting alloy. These
differences imply that the forged alloy has lower stacking fault
energy within the crystals due to lower C constant’® and
smaller grain size after the forging and before the solution
treatment.

The SME of both the casting and forged alloys were mea-
sured. f as a function of €, is shown in Fig. 5. f (¢, = 2%) =
87.5% and f (e, = 5%) = 57% for the casting alloy, f (¢, =
2%) = 89% and f (e, = 5%) = 59% for the forged alloy,
which are almost the same. The similarity could be induced by
the compensation of the grain size and the size of the stacking
fault energy, while the casting alloy has a larger grain size and
a larger value of stacking fault energy than the forged alloy, as
observed in Fig. 4. The larger grain size improves the SME,
while the greater value of stacking fault energy deteriorates the
SME.®

The corresponding strengths and elongations are given in
Table 1 where both alloys again present almost the same val-
ues. The casting alloy has a slightly higher value for o\, and
slightly lower values for g, and & than the forged alloy. These
small distinctions may be induced by the small difference in C
content. The increase of C content leads to increased strength,
but decreased plasticity.
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Fig. 4 Micrograph of the alloys: (a) the casting alloy; (b) the casting
alloy after solution treatment; and (c) the forged alloy

The creep and the stress-relaxation experiments of the alloy
at ambient temperature are shown in Fig. 6. As the time T
increases, the creep rate decreases. It decreases to O as T be-
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Fig. 6 Creep strain (H) and the stress relaxation (@) of the alloy

Table 1 Tensile Strength of o, and o, and Elongation
Ratio 8 of the Alloys

Alloy o, (MPa) o, (MPa) 8 (%)
Casing 863 412 32
Forged 848 419 36

comes >2600 h. The largest amount of creep is 0.2%, which is
3% of the largest absolute recoverable strain (6.2%). The stress
relaxation curve shows a similar result. At the beginning, o
decreases quickly. The rate of stress relaxation gradually de-
creases as T increases. When 7 = 900 h, the stress remains
almost constant. The lowest o at T >2000 h is 512 MPa, which
is about 96% of the original stress. The creep and stress-
relaxation properties of the alloy show that the alloy is suitable
for application on pipe joints with long working lives.

The measured €, values of the casting and forged alloys are
shown in Table 2. Although the €, of the casting alloy is slightly
less than that of the forged alloy, it is large enough for pipe joints
(for industrial application, the necessary €, value is about 3%,
which is related to the allowable error of the pipes!'™).
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Table 2 Measured Absolute Recoverable Strains of
Pipe Joints

Pipe Joint d, d d, € (%) €, (%)
Forged 30.16 31.80 30.84 5.16 3.02
Forged 30.08 31.69 30.68 5.08 3.19
Forged 30.10 31.76 30.79 5.23 3.06
Casting 30.10 31.80 30.59 5.64 2.80
Casting 30.05 31.75 30.87 5.65 2.90
Casting 30.15 31.79 30.93 5.44 2.82

While the tensile test of the pipe joint shows that even if the
tensile force reaches 20 kN, the pipe joint continues working,
the sealing test indicates that the pipe joint keeps sealing up to
5 MPa. Both values are good enough for a general application
of pipe joints. Since the usual internal pressure of an oil or
water transport pipe is about 0.2 to 0.4 MPa, the above cou-
pling properties may satisfy the industrial requirements.

Note that the small difference noted above between the
casting and forged alloys properties is essentially induced by
the C content increase due to the remelting and recasting pro-
cess. In real engineering practices, this procedure is not nec-
essary, as the pipe joint will be cast directly, and the property
difference between the alloys will decrease further, and thus
may be neglected.

4. Conclusions

e - f(e, = 2%) = 87.5% and f (¢, = 5%) = 57% for the
Fel14Mn6Si9Cr5Ni casting alloy after solution treatment,
which is almost the same of that of the forged alloy.

e At ambient temperature, the largest creep of the
Fel14Mn6Si9Cr5Ni casting alloy is 0.2% and the largest
stress relaxation is 21 MPa. Therefore, this alloy has good
prospects for industrial applications in couplings, while
the manufactured pipe joints of the alloy with a tensile
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force of 20 kN and a sealing pressure of 5 MPa satisfy the
usual requirements for pipe joining.
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