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Abstract

Thermo-mechanical fatigue remains one of the more difficult phenomena to analyze due to
the interplay between temperature, mechanical properties, and microstructural features of
the material. For austenitic stainless steel, thermo-mechanical fatigue plays a particularly
critical role—temperature changes the affinity of γ austenite to transform into α′ martensite
under overcritical deformation. This paper presents the results of an in situ study of γ → α′

deformation-induced transformation kinetics at elevated temperatures in AISI 347. Fatigue
tests were conducted in the temperature range of 20 to 320 °C. A uniaxial magnetic balance
was used to directly measure the change in ferromagnetic volume fraction of the fatigue
specimens as the fatigue load was applied. From this data, an empirical mathematical
model was found. This model describes the kinetics of γ → α′ transformation as an
exponential function of temperature, where the rate of phase transformation decreases with
temperature, asymptotically approaching zero but never actually reaching it.

Keywords: martensite; deformation-induced; thermo-mechanical; fatigue; magnetic; evaluation;
stainless steel; austenite; non-destructive testing

1. Introduction
One of the challenges in characterizing the thermo-mechanical γ → α′ transformation

process under fatigue loading is the combination of elevated temperatures with fairly
low strain amplitudes. This combination of a low α′ volume fraction with the difficulty
of measuring magnetic properties at elevated temperatures while applying mechanical
deformation to the material creates difficult conditions for experimental evaluation.

AISI 347 (X6CrNiNb18-10, 1.4550) is a metastable austenitic stainless steel often used in
piping and structural components of nuclear power plants. Being metastable, it can undergo
a phase transformation from paramagnetic γ austenite into ferromagnetic α′ martensite.
This transformation may happen in two ways: by cooling it down to the martensite start
temperature Ms or by mechanical deformation [1,2]. The higher the temperature, the more
mechanical deformation is required for γ → α′ transition to occur.

In 1979, Cohen, Olson, and Clapp defined martensitic transformation within a wider
class of displacive (diffusionless) transformations as “shear dominant, lattice distortive,
diffusionless transformation occurring by nucleation and growth” [3]. Experimental in-
vestigations later showed that plastic deformation of γ austenite can lead to (I) direct
transformation to α′ martensite; (II) transformation into ε martensite; or (III) transition to α′

via a transient ε phase [4].
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Direct γ → α′ transformation was first described by Bain [5]. Bain’s model shows
how a simple distortion allows a face-centered cubic (fcc) lattice to be transformed into a
body-centered cubic (bcc) lattice with an intermediate tetragonal distortion. Several other
models have been proposed to describe the γ → α′ transformation, including Kurdjumow
and Sachs [6], Nishiyama [7], Pitsch [8], and Bogers and Burgers [9].

If T0 is considered the temperature at which martensite and austenite are in thermo-
dynamic equilibrium, then at temperatures above T0, austenite is the more energetically
favorable phase, while below T0, α′ martensite is more favorable. The transition from γ to
α′ does not happen exactly at T0. It is necessary to undercool austenite to the martensite
start temperature Ms to initiate the thermal γ → α′ transition [2]. This delay is due to the
existence of non-chemical energy barriers such as interfacial and elastic energy [10]. This
means that a critical driving force is needed to initiate the martensitic transformation. This
critical force corresponds to the chemical free energy difference ∆Gmin,

(∆Gtherm + ∆Gmech) ≥ ∆Gmin (1)

between undeformed austenite and α′ martensite at the Ms temperature, where the trans-
formation occurs without any additional external energy. When a load is applied to the
material, ∆Gmech increases. This means a smaller gap between ∆Gtherm and ∆Gmin is needed
to reach the critical amount of free energy.

It was noted by Hansel [11] that the amount of deformation-induced martensite ξ as a
function of strain can generally be characterized by Figure 1. Three sections can be distin-
guished based on the rate of phase transformation: (I) accelerated rate; (II) constant rate;
(III) decelerated rate. It was demonstrated by Smaga [12] that the kinetics of cyclic strain
also follow a similar curve. There are certain simplifications that were implemented in
this work: two linear ranges were defined. LR1 corresponds to the highest rate of phase
transformation, and LR2 is the rate of phase transformation near saturation, where most of
the austenite has already transformed.

Figure 1. The typical development of deformation-induced martensite as a function of strain: (I) acceler-
ated rate; (II) constant rate; (III) decelerated rate. The solid line shows the amount of deformation-induced
martensite, while the dashed line shows the rate of phase transformation.

Estimating the remaining fatigue life based on the amount of α′ martensite would
be relatively straightforward if the operational temperature of the component remained
constant. Unfortunately, this is rarely the case. For AISI 347, the formation of α′ martensite
is significantly reduced above 100 °C, and it is generally accepted that no phase trans-
formation takes place at the temperatures of a pressurized water reactor of about 320 °C.
However, there is experimental evidence [13] that γ → α′ transformation still occurs at
these temperatures, but in extremely small quantities.
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In this study, these small quantities of deformation-induced martensite have been
experimentally measured, which allowed some conclusions to be drawn about phase
transformation kinetics at elevated temperatures.

2. Materials and Methods
This work features several testing and measurement methods that have been devel-

oped at Saarland University and are now also being used at the University of Applied
Sciences Kaiserslautern. These methods include uniaxial magnetic balance and magnetic
force imaging. Ohmic heating of the fatigue specimen was realized by a step-down trans-
former with multiple primary taps connected to a PID controller. Fatigue testing was
conducted under total strain control, with constant and step-wise increasing amplitudes.

2.1. Magnetic Methods

Two magnetic measurement methods have been used during this study: a uniaxial
magnetic balance (UMB) and magnetic force imaging (MFI).

The UMB is a magnetic balance consisting of two permanent magnets mounted on
one axis. The force between the magnets is measured by two load cells and calibrated to
the ferrite volume fraction based on standard calibration samples, provided by Helmut
Fischer GmbH, originally meant for Feritscope [14]. Fatigue specimens were placed in such
a manner that the gauge length is centered between the two magnets. This initial alignment
was performed by moving the entire UMB with a micrometer screw until the force readout
from both load cells became equal. The UMB system enabled in situ detection of small
fractions of deformation-induced martensite during fatigue loading. The resolution of the
UMB in offline measurements can exceed 0.01 Fe%, while for in situ measurements, the
resolution was affected by the heating current, as well as the mechanical movement of the
fatigue specimen. Further information about the UMB can be found in [15].

MFI is a scanning technique where the force interaction between a permanent NdFeB
magnetic tip and a sample is measured. The magnetic tip used in this study had a diameter
of 0.3 mm, and most of the scans were performed at a working distance (WD) between
10 and 20 µm. The imaging process was realized by line scanning in XY coordinates at a
constant speed of 0.4 mm/s. Scanning started with a fast trace line (6 mm/s), where no
data were acquired. This step was taken to pre-magnetize the material for the retrace line,
where the force response is measured, and also to avoid possible backlash in the actuators.
After the retrace is complete, the Y-stage moves the sensor to the next line. As a result,
data are obtained only in one direction of scanning. The typical spatial resolution of a scan
is 0.05 mm. The lateral resolution is strictly limited by the magnetic tip diameter and is
dependent on the working distance. In this work, it can be estimated to be between 0.3 and
0.5 mm. To be analyzed with MFI, fatigue specimens were cut with electric discharge
machining (EDM) in the axial direction, embedded in resin, ground, and polished to 1 µm
with a diamond suspension. Further information about MFI can be found in [16].

2.2. Thermo-Mechanical and Elevated Temperature Fatigue Testing Rig

In order to realize in situ magnetic measurements with the UMB, it is essential to have
a sufficient amount of space around the fatigue specimen. A solution was found in a system
that passes alternating current up to 800 A at 50 Hz frequency through the specimen. It has
been built around a commercial 20 kN Servopulser servo-hydraulic fatigue testing machine
(Shimadzu Deutschland GmbH, Duisburg, Germany) as illustrated in Figures 2 and 3.

The fatigue specimen was gripped by current injection clamps, which had been gold-
plated to improve electrical contact. These clamps were then attached to the water-cooled grips
of the fatigue machine. The load cell of the fatigue machine was electrically insulated from the
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rest of the frame to prevent current leakage. The current was supplied by a custom-made mains
transformer with multiple primary windings and a single high-current secondary winding.
The voltage output was regulated by a PID controller through a solid-state tap changer.

(a) (b)

Figure 2. Views of the fatigue specimen mounted in the TMF testing rig: (a) front view with the UMB
placed in the measurement position; (b) side view without the UMB, showing the fatigue specimen
under the heat shield.

A heat shield, machined from a single copper block, was used to protect the UMB from
extreme temperature changes. The heat shield geometry follows the shape of the fatigue
specimen and allows unobstructed access for the UMB. To maintain a stable temperature,
the grips and the heat shield were continuously water-cooled with 15 °C water.

UMB

upper current
injection clampfatigue

specimen

extensometer

compressed 
air nozzle

water cooling

lower grip
to the load cell

micrometer 
stage

upper grip
to the hydraulic cylinder

water cooling

lower current
injection clamp

heat shield
(water cooled)

Figure 3. Schematic representation of the thermo-mechanical and elevated temperature fatigue
testing rig.

A CellaTemp PA 10 pyrometer with a thermopile sensor from Keller HCW GmbH
(Ibbenbüren, Germany) was used to monitor the fatigue specimen temperature. The
pyrometer was placed at a distance of 155 mm from the pyrometer lens to the specimen
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surface. At this distance, the field of view of the pyrometer is 3.23 mm in diameter, which is
appropriate for 6 mm diameter fatigue specimens. The measuring range of this pyrometer
spans from 0 to 1000 °C, which corresponds to a wavelength of 14 to 8 µm. Temperature Tc

was measured at the center of the specimen gauge length.
An extensometer had been set up to measure the travel between the lower grip and

the upper part of the fatigue specimen, as shown in Figure 3. This configuration provided
acceptable strain measurement results after calibration was performed with a standard
12 mm gauge length extensometer. This calibration was performed by comparing the
amplitudes of the two extensometers in a stress-controlled test. A stress amplitude of
around 100 MPa was chosen to remain in the pure elastic regime.

2.3. Material and Specimen Geometry

This study focuses on austenitic stainless steel AISI 347 (1.4550, X6CrNiNb18-10).
The unique alloying element of this steel is niobium, which has a higher affinity for
carbon than chromium. This prevents the formation of chromium carbides and results in
improved resistance to intergranular corrosion. This steel is also considered metastable and
undergoes deformation-induced phase transformation from paramagnetic γ austenite to
ferromagnetic α′ martensite under plastic deformation at room temperature. This change
from a paramagnetic to a ferromagnetic state is what has been largely exploited in this
work to analyze the phase transformation kinetics.

The raw material was manufactured by means of continuous casting to a square
cross-section using an electromagnetic stirring device. It was then hot-rolled to change
the cross-section from square to round with a diameter of around 31 mm. In the next step,
the material went through solution annealing at a temperature of 1058 °C. Final turning
to a diameter of 30 mm was performed after cooling. All these steps were performed by
the manufacturer, and no additional heat treatment was applied on-site. The chemical
composition, as per the manufacturer’s certificate, is specified in Table 1. The material
was then further machined to the geometry specified in Figure 4. As a final preparation
step, specimens were electrochemically polished to reduce the amount of α′ martensite that
could have formed on the surface due to machining. Measured by the UMB, the initial
ferromagnetic volume fraction ξ f m was on average 0.82% for all specimens.

.

.

.

.

. .

.

.

.

. .

..
.

. .

.

. .

.

.

Figure 4. Fatigue specimen geometry. Dimensions in mm.

Table 1. Chemical composition in wt% of AISI 347 used in this study, as specified by the manufacturer.
The martensite start temperature Ms and the temperature at which 50% of martensite is formed under
30% strain Md30 were calculated in accordance with [17].

C Si Mn Ni Cr S P Nb Ms Md30

0.051 0.409 0.714 9.121 17.165 0.003 0.029 0.547 −47.24 58.08
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3. Results
This section presents the results of two experimental approaches:

• Strain increase tests: Evaluation of the strain limit for cyclic-deformation-induced
γ → α′ transformation;

• Constant strain amplitude tests: Evaluation of γ → α′ phase transformation kinetics
at elevated temperatures.

3.1. Strain Limit for Cyclic-Deformation-Induced Transformation

The strain increase test (SIT) is a total-strain-controlled fatigue test that starts at a low
strain amplitude, which increases gradually in fixed intervals, called steps. A constant
strain rate of 0.004 s−1 and a triangular waveform were chosen to avoid excessive heat
generation at lower temperatures. The duration of a single step was equal to 120 min. After
every 120 min, the total strain amplitude increased by 0.01%, starting from 0.05%. The
results of five SITs are summarized in Figures 5 and 6.

The results showed plastic strain amplitude εa,p to be consistently higher at elevated
temperatures. At Tc = 240 °C, plastic strain was almost twice that at ambient temperature.
An indication of cyclic hardening can be identified here as the plastic strain amplitude drops
within a single step after εa,t = 0.15%. Such behavior could be observed only up to 160 °C.
The test performed at 240 °C showed no significant change in plastic strain amplitude
within one step. Logically, the lowest stress amplitudes could also be found at 240 °C.
From stress amplitudes, signs of cyclic softening could be observed for all temperatures,
except 17 °C, in the range 0.11 ≤ εa,t ≤ 0.16 (%). After step number 16 at εa,t = 0.20%, cyclic
hardening could be observed, even at 240 °C, from the increased stress amplitude within a
single step. Cyclic relaxation at 80 °C and above could be observed after step 4, εa,t = 0.08%,
from the decreasing mean stress.
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Figure 5. Evolution of α′ martensite in a SIT as a function of temperature: (a) initial values from
Figure 6 of α′ volume fraction in Fe%; (b) total strain amplitude at which 0.25 Fe% was reached for
different temperatures.

The initial phase transformation, measured by the UMB, can be seen more clearly
in Figure 5a, where the ordinate from Figure 6a is limited to 3.5 Fe%. By convention, a
threshold of 0.25 Fe% was selected to visually represent the effect of temperature on the
α′ content in the strain increase tests (see Figure 5b). At ambient temperature (Tc = 17 °C),
phase transformation was observed at a strain amplitude of 0.1%. At about the same strain
amplitude, mean stress relaxation could be observed, as shown in Figure 6d. For Tc = 80 °C
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and above, stress relaxation was observed earlier, at around 0.08% strain amplitude. Since
the SIT at 240 °C resulted in specimen failure before 0.25 Fe% could be reached, a vertical
line is plotted in Figure 5b at 240 °C to signify the possibility of Md being reached.
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3.2. Phase Transformation Kinetics at Elevated Temperatures

The kinetics of γ → α′ transformation were studied in a series of nine isothermal
constant strain amplitude fatigue tests, which were performed at the same strain amplitude
εa,t = 0.5%. Each fatigue test was performed at different specimen temperatures, from
Tc = 17 °C to 320 °C. Strain was controlled with a sinusoidal function, with a frequency of
0.02 Hz. Figure 7 shows stress–strain hysteresis loops at the beginning of cyclic loading. A
clear influence of temperature can already be observed from the increased plastic portion
in the hysteresis at elevated temperatures. This effect can be seen better in Figure 8a, where
only the initial part of the hysteresis is plotted.
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Figure 7. Stress–strain diagram showing the first cycle of constant strain amplitude tests at various
temperatures.
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Figure 8. The influence of temperature on the yield strength: (a) the stress–strain diagram generated
from the first cycle of isothermal fatigue tests; (b) yield stress as a function of temperature. Yield
stress is calculated as 0.2% offset from the elastic slope.

From this figure, Young’s modulus was estimated to be 191 GPa, which is in accordance
with the manufacturer’s report. The elastic portion was found to be nearly identical at all
temperatures. In Figure 8b, 0.2% offset yield strength is plotted to further visualize the
effect of temperature on mechanical properties. The yield strength appeared to decrease by
0.245 MPa for one degree Celsius. Cyclic hardening behavior can be observed more clearly
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at cycle number 800 in Figure 9. Here stress amplitude at ambient temperature was almost
200 MPa higher when compared to 120 °C and above. Stress amplitude as a function of the
number of cycles is presented in Figure 10.

While cyclic hardening can be used to detect the transformation from austenite to
α′ martensite, it is not entirely reliable due to dislocation rearrangement and cyclic softening
potentially happening at the same time. Magnetic methods, i.e., uniaxial magnetic balance
measurements presented in Figure 11, are a more reliable way to quantify the amount of
deformation-induced martensite.
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Figure 9. Stress–strain diagram showing the 800th cycle of constant strain amplitude tests at various
temperatures.

(a)
Tc = 17 °C

80 °C 80 °C

100 °C

110 °C 120 °C

(b)

17
 °

C

0 200 400 600 800

325

350

375

400

425

450

475

S
tr

es
s 

am
pl

itu
de

 (
M

P
a)

Number of cycles, N
0 500 1000 1500 2000 2500

350

400

450

500

550

600

650

S
tr

es
s 

am
pl

itu
de

 (
M

P
a)

Number of cycles, N

100 °C

240 
200 

320 

160 
120 
110 

(b)
Tc (°C)

Figure 10. Evolution of stress amplitude σa in isothermal constant amplitude fatigue tests with 0.5%
total strain amplitude: (a) full range; (b) initial range.

The results of the UMB measurements showed a good correlation between cyclic
hardening and the amount of α′ martensite. The three regions described in the Introduction,
namely, accelerated, constant, and decelerated (see Figure 1), were predominantly observed
at lower temperatures. At 80 °C and 100 °C, only accelerated transformation behavior was
evident. As the temperature increased, the phase transformation rate became more linear.
At 240 °C, only a 0.05 Fe% increase was recorded at the end of the test, and no change in
ferromagnetic volume fraction was measured at 320 °C.

In order to simplify the calculation, only the linear range LR1 was considered (see
Figure 1), which corresponds to the highest rate of phase transformation. The values that
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were used for the calculation are listed in Table 2 and plotted in Figure 12. From this data, a
trend can be noticed that can be described by the equation

∂ξ f m

∂N
(Tc) = k · mTc , (2)

which describes the rate of ferromagnetic volume fraction ξ f m over the number of cycles
N as a function of specimen temperature Tc. In this equation, k and m are the fit param-
eters. After fitting Equation (2) to experimental data, these coefficients were found to
be k = 2.287 ± 0.4 and m = 0.944 ± 0.002. The R2 value of the fit was 0.93. Parameter m
determines how quickly the rate of γ → α′ transformation decreases with temperature.
Parameter k is essentially a proportionality coefficient.
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Table 2. Parameters for linear approximation of the maximum rate of phase transformation (LR1) at
elevated temperatures.

Temperature Linear Range LR1 LR1 Slope LR1 Normalized
Tc, °C ξ f m, Fe% Fe%/cycle –

17 10.0–20.0 0.826 1
80 3.00–10.0 0.0305 0.0369
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Table 2. Cont.

Temperature Linear Range LR1 LR1 Slope LR1 Normalized
Tc, °C ξ f m, Fe% Fe%/cycle –

100 2.00–8.00 0.01066 0.0129
110 0.50–2.50 0.00264 0.0032
120 0.40–1.60 0.00163 0.00197
160 0.10–0.80 7.651 × 10−4 9.26271 × 10−4

200 0.08–0.50 4.1803 × 10−4 5.0609 × 10−4

240 0.03–0.10 1.4172 × 10−4 1.71574 × 10−4

320 0.075–0.09 2.6433 × 10−5 3.20012 × 10−5

4. Discussion
Electrical resistance measurement during strain increase tests was conducted to de-

termine the lowest strain amplitude at which the austenite lattice was affected. Electrical
resistance (or conductivity) measurements are widely regarded as sensitive indicators of
microstructural changes [18–22], as dislocation movements can occur in the early stages of
fatigue and subsequently affect the mobility of valence electrons within the lattice. A strain
increase test, with parameters identical to those described in Section 3.1, was performed,
and electrical resistance was measured by the four-probe method. The only difference
was the introduction of a load-free hold time of 60 min after every step. The temperature
measured during the hold time Trst is therefore named the hold temperature, and the
temperature when the cyclic load was applied Tcycle—cycle temperature. Thermo-electric
currents were compensated by subtracting the voltage drop without current continuously
in 3-s intervals (3 s with power supply on, 3 s off).

From Figure 13, one can observe that electrical resistance first decreases from
εa,p = 0.09% to 0.15% and only then starts to increase. This first change in electrical
resistance corresponds very well to the first change in ferromagnetic volume fraction (see
Figure 5a) that was observed at εa,p = 0.10%. It can therefore be said that the cyclic strain
limit of about 0.08% is valid for the given material at ambient temperature. This cyclic
strain limit can potentially serve as a quick way of estimating the fatigue endurance limit.

Measured by a UMB, the ferromagnetic volume fraction ξ f m represents an average
value over the fatigue specimen gauge length, with only slightly higher surface sensitivity.
However, the material itself is not entirely homogeneous, and a localized phase transforma-
tion could potentially take place. In order to check this hypothesis, MFI was used to map
the spatial distribution of α′ martensite in fatigue specimens after the constant amplitude
tests described in Section 3.2. These results are presented in Figures 14 and 15.

All numerical values of MFI measurements represent the ferromagnetic volume frac-
tion (or density), except for Figure 14a, where the amount of deformation-induced marten-
site exceeded the calibration table values and therefore has arbitrary units.

The most uniform distribution of α′ martensite was observed following the isothermal
test at 17 °C. At 80 °C, there was strong evidence of α′ martensite forming in axial bands. In
these bands, Fe% values reached up to 30%, while the surrounding troughs showed levels
as low as 10%. At 100 °C, vertical bands were present as well, but a new trend also began to
become apparent—a higher α′ martensite volume in the transition region from the gauge to
the shaft. In this transitional region, the ferrite content reading was 11%, while at the center
of the gauge length, it was only 2.7%. This behavior could be linked to the increased shear
deformation in these areas due to slight lateral movement of the fatigue specimen.

Compared to Figure 14, the colormap range in Figure 15 was reduced from 25 Fe%
to 1.5 Fe%, since γ → α′ transformation at these temperatures was significantly reduced.
Nevertheless, an increase in the Fe% reading of about 1.8% could be observed in the fatigue
specimen after the 200 °C fatigue test (Figure 15a). Fatigue specimens tested at 240 °C and
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320 °C showed a very similar quantity and distribution of α′ martensite. There was only a
slight increase of about 0.25 Fe% at the gauge length relative to the shoulders of the fatigue
specimen. This increase is likely to be only indirectly related to the fatigue load. Since the
specimen surface was first ground with sandpaper and then polished with 6, 4, and 1 µm
diamond suspension, it is possible that the stability of austenite was first affected by fatigue
loading and then α′ martensite developed at the gauge length by mechanical polishing.
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Figure 13. Electrical resistance as a function of strain amplitude in a SIT. Error bars show the scatter of
values recorded during the hold period. Initial electrical resistance R0 was subtracted while 1 µOhm
was added to display negative values in a logarithmic scale.

The influence of surface flatness on MFI measurement was also considered. Due to
the mechanical polishing, the surface of the sample had a slightly rounded shape, which
resulted in a 3 to 4 µm difference in working distance. After considering this, it was found that
the change in working distance can only account for one-tenth of the ferromagnetic volume
fraction difference between the gauge length and the shafts of the specimen in Figure 15.
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Figure 14. Cont.
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Figure 14. Results of magnetic force imaging (MFI) mapping of ferromagnetic volume fraction in
Fe% after isothermal constant amplitude fatigue testing described in Section 3.2: (a) Tc = 17 °C;
(b) Tc = 80 °C; (c) Tc = 100 °C; (d) Tc = 110 °C; (e) Tc = 120 °C; (f) Tc = 160 °C.

Figure 15. Results of magnetic force imaging (MFI) mapping of ferromagnetic volume fraction in
Fe% after isothermal constant amplitude fatigue testing described in Section 3.2: (a) Tc = 200 °C;
(b) Tc = 240 °C; (c) Tc = 320 °C.

5. Conclusions
The experimental results presented in this paper demonstrate how the deformation-

induced transition from austenite to martensite is affected by elevated temperatures. In situ
magnetic and electrical resistance measurements during strain increase fatigue tests showed
that a strain amplitude of 0.1% was already sufficient to form α′ martensite at room tempera-
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ture. At elevated temperatures, 240 °C appeared to be the transition temperature, at which
less than 0.25 Fe% was measured, right until the specimen fracture at 0.22% strain amplitude.

The kinetics of γ → α′ transformation were further investigated in a series of isother-
mal constant amplitude fatigue tests. From this data, an empirical mathematical model was
developed to describe the maximum rate of phase transformation. This model describes
the kinetics of γ → α′ transformation as an exponential function of temperature, where the
rate of phase transformation decreases with temperature, asymptotically approaching zero
but never actually reaching it. The spatial distribution of α′ martensite in isothermal fatigue
tests played a significant role in how the volume fraction was estimated and requires
further research where shear and uniaxial strains can be separated more clearly.
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