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ABSTRACT
In this paper, it is examined whether SINTAP/FITNET size adjustment formula can be reliably used for two
11% Cr utility ferritic stainless steels in order to derive safe, yet not overly conservative T28J transition
temperature estimates. Charpy-V notched specimens were machined into five thicknesses and the T35J/cm2
transition temperatures were determined using hyperbolic tangent fitting function. The transition
temperatures were then compared against the ideal size adjustment given by the formula. Microstructural
characterization and fractographic examinations were carried out using laser confocal and scanning electron
microscopy.
It is seen that the size adjustment formula only partially satisfied the examined steels. Specifically, the
specimens in 6–10 mm thickness range had little or no change in the transition temperatures and the
projected size adjustment did not meet the actual results in these cases. To some extent, extensive
splitting/delamination that occurred with steel A in the transition region could have affected the correlation,
but it did not affect the results with steel B. Average grain sizes were relatively similar and uniform in the two
th
examined steels through-thickness, but finer 90 percentile grain size and lower interstitial content in steel B
was thought to be responsible for improved toughness over steel A.
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INTRODUCTION
Structural use of ferritic stainless steels has been limited due to the lack of available performance data
relating to structural behavior. Recently, a joint RFCS project Structural Applications of Ferritic Stainless
Steels (SAFSS) provided some of the needed data [1]. While ferritic stainless steels are generally considered
to be brittle alloys in thick sections, low chromium (11–12% Cr by mass) utility ferritic stainless steel grades
have been used in applications that require satisfactory ambient toughness such as bus frames and freight
wagons [2–4]. Other ferritic grades are typically supplied as sheet, and the material thickness rarely exceeds
3 mm.
Testing and comparison of steel sheets with Charpy-V impact toughness test can be troublesome, especially
in instances when materials with different thicknesses are evaluated against each other. Quite often, the
absorbed energy values from sub-sized specimens are directly multiplied (proportionally to the ligament
surface area) to represent full-size standard Charpy-V results. This approach is not appropriate, as it does
not take into account different constraint effects or statistical effects, notably, number of potential nucleation
sites for cleavage cracks along the crack front of the remaining ligament of a specimen.
When comparing the impact toughness transition temperatures of steels having different thicknesses, a size
adjustment must be applied to sub-sized Charpy-V results [5]. The size adjustment formulae should take into
account the aforementioned effects. Consequently, an approximation for the full-sized Charpy-V transition
temperature (T28J) can be obtained. The SINTAP/FITNET [6] size adjustment formula has been used for
ferritic steels with good accuracy. However, this formula was developed for structural steels covering a wide
strength range but has not been verified for ferritic stainless steels. This paper examines whether this
adjustment formula can be reliably used for utility ferritic stainless steel in order to derive safe, yet not overly
conservative T28J transition temperature estimates.

EXPERIMENTAL
Plates of hot rolled and annealed ferritic stainless steels conforming to EN 1.4003 were received from two
sources. The chemical composition, transversal tensile properties and hardness of these steels are given in
Tab. 1 and Tab. 2, respectively. The apparent differences were that steel A had lower Mn and higher Si than
steel B. Steel B had also lower total interstitial content C+N = 170 ppm compared to 300 ppm of steel A. The
mechanical properties were relatively similar to each other albeit having slightly different plate thicknesses
(THK).
Tab. 1 - Chemical compositions

CHEMICAL COMPOSITION (BY MASS-%)
C
S
P
Mn
Si
Ni
Cr
0.014 0.001 0.025 0.67 0.62 0.4
11.3
0.008 0.001 0.028 1.39 0.22 0.4
11.3

Steel
A
B

Mo
0.02
0.04

N
0.016
0.009

Tab. 2 - Basic mechanical properties

Steel
A
B

THK [mm]
16
11.5

MECHANICAL PROPERTIES
2
2
Rp0.2 [N/mm ]
Rm [N/mm ]
A5 [%]
317
474
28
320
489
32

Hardness [HV5]
143
135

The received steel plates were machined into 10, 8, 6, 4 and 2 mm thick sub-size (55 mm x 10 mm x THK)
Charpy-V specimens in L-T direction. This orientation of specimens was selected in purpose to minimize the
possible effects of inclusion stringers that could occur in the rolling direction. Machining of the plates was
carried out from one side only to avoid testing purely centerline segregated region with the thinnest
specimens.
In the case of steel A, total of 100 specimens were prepared, one thickness range having 20 pcs. Due to
small amount available of steel B, 52 specimens were prepared so that each thickness would have at least 8
pcs. Typically, two to six specimens were used for testing at one temperature in the case of steel A, whereas
two to four specimens per temperature were used with steel B. It was ensured that every test series would
contain specimens with 100% ductile fracture so that the upper shelf energies (USE) could be determined
accurately.
Charpy test data for a given thickness was fitted by using a hyperbolic tangent (tanh) function described by
Wallin [5] so that the actual T35J/cm2 transition temperatures could be determined. Upper shelf energy value
was calculated as the average of specimens with 100% ductile fracture in a series, whereas lower shelf was
2
always set below 10 J/cm . The influence of minor adjustments to fitting parameters (lower shelf, dummy
parameters, etc.) was taken into account and is presented later on. The determined T35J/cm2 transition
temperatures were then converted to represent full-size standard Charpy specimen using Eqs. 1 and 2 [6]:
T35J/cm2 - ΔT = T28J (estimated)

(°C),

(1)

(°C),

(2)

where
ΔT = 51.4 * ln [ 2 * (B/10)

0.25

–1]

where B is the thickness of the sub-sized specimen [mm].
Microstructural examinations were performed using confocal laser microscope and field emission scanning
electron microscope (FESEM) together with an EDAX Hikari XP electron backscatter diffraction (EBSD)
camera and an accessory device (EDAX, TSL OIM Data Analysis). Microstructure was studied on a crosssection containing the rolling and thickness directions. Specimens were prepared using a diamond
suspension down to 1 µm and then a chemical polishing was applied using 0.05 µm colloidal silica
suspension. The grain size measurements were conducted using accelerating voltage of 15 kV, working
distance of 13 mm, step size of 0.7 µm at a magnification of 1000x. Mid-range magnification of 1000x was
employed in order to have sufficient number of ferrite grains (minimum of about 300). Through-thickness
grain size distribution was evaluated by using equivalent circle diameter with grain boundary misorientation
15–60° at various thicknesses.

RESULTS
Transition temperatures and thickness correction
The overview from Charpy test data fitting is shown in Fig. 1 and the determined transition temperatures are
listed in Tab. 3. It was apparent that steel A behaved in a more brittle manner having transition temperatures
consistently higher than steel B irrespective of thickness. It is interesting to note that in both steels the
thickness range 6–10 mm had little or no influence on actual transition temperatures. Unexpectedly in some
cases, the actual T35J/cm2 transition temperature increased when the material thickness was reduced.
Changes in the upper shelf energies (USE) were mostly as expected, i.e. smaller specimen yielded lower
values.
Tab. 3 - Transition temperatures determined from the Charpy data

Steel

A

B

THK [mm]
10.0
7.9
5.9
4.0
2.0
10.0
8.0
6.0
4.0
2.0

TRANSITION TEMPERATURES
T35J/cm2 [°C]
ΔT [°C]
T28J (estimated) [°C]
T28J (actual) = -1 °C
-2
-6
4
5
-15
20
-6
-27
21
-57
-56
-1
T28J (actual) = -29 °C
-15
-6
-9
-29
-14
-15
-44
-27
-17
-92
-56
-36

2

USE [J/cm ]
377
356
326
221
146
343
334
352
269
174

Fig. 1 - Transition curves obtained using the tanh fitting

Fig. 2 shows how the Eq. 2 meets the transitions temperatures obtained for the examined steels with the
actual T28J obtained using 10mm specimens as the point of reference. For both steels, many points did not
meet the ideal size adjustment line even if the standard deviation lines were considered. Data points were
generally located somewhat above the ideal, i.e. some of the actual specimens behaved in a more brittle
manner than expected, taking account of the decreasing specimen thickness. Quite on the contrary, Table 3
shows that the T35J/cm2 values remain nearly unchanged in the 6-10 mm specimen thickness range and start
to decrease only after the specimen thickness falls equal to, or below, 4 mm. The ±2 standard error bars in
the actual data points demonstrate the effect of fitting parameters on T35J/cm2. The fitting error was generally
only few degrees centigrade.

Fig. 2 - Suitability of Eq. 2 size adjustment formula for Charpy transition temperatures in the examined steels

Microstructure
Typical microstructures of steels A and B are shown in Fig. 3. Characteristic ferritic microstructure with
carbides was evidenced in both materials. Steel A had more ‘pancaked’ microstructure compared to more
equiaxed grains of steel B. The measurements pointed out that the grain size distribution in throughthickness direction was quite uniform and the average grain size of the steels deviated only by 1.1 µm as
th
listed in Tab. 4. However, larger differences were seen when the 90 percentile grain sizes were compared,
i.e. the largest grains in steel A were about 16 µm larger than with steel B. The variation in the grain size was
consistently smaller with the steel B, perhaps indicating a more controlled processing window.

Fig. 3 - Typical microstructure of steel A (left) and steel B (right)
Tab. 4 - Grain size measurements

AVERAGE GRAIN SIZE VS. DEPTH

Steel
A
B

Average throughthickness [µm]
7.3 ± 1.2 (σ)
6.2 ± 0.5 (σ)
th

1
6.4
6.4

2
7.4
6.7

3
5.1
5.6

Depth [mm]
5
7
7.2
7.6
6.1
6.1

8
8.3
5.9

9
8.7
7.0

8
48.4
36.2

9
43.0
35.8

90 PERCENTILE GRAIN SIZE VS. DEPTH

Steel
A
B

Average throughthickness [µm]
50.8 ± 4.1 (σ)
35.2 ± 2.3 (σ)

1
54.0
38.6

2
51.0
36.2

Depth [mm]
3
5
7
55.0 51.0 53.0
31.5 35.1 33.1

Fracture characteristics
Based on previous experiences, it is known that ferritic stainless steels can sometimes show
splitting/delamination behavior in toughness testing. Splitting in the toughness transition region is generally
thought to be troublesome as delamination of specimen into multiple sub-regions makes it difficult to assess
the ductile-to-brittle transition reliably. Thus, all Charpy specimens were evaluated for splitting.
Tab. 5 lists the average number of splits normalized by the ligament surface area in the transition range for
each specimen in each thickness series. It was seen that steel A had intense splitting behavior and that the
number of delaminations reduced with thickness even when the relative surface area was taken into
account. Most of the splitting took place on samples with less than 90% of ductile fracture and the number of
splits increased towards the lower shelf of the transition curve. Particularly dense splitting occurred in 8 mm
series in steel A. Steel B rarely had splitting behavior, as demonstrated in Fig. 4.
Tab. 5 - Splitting evaluation

AVERAGE NUMBER OF SPLITS IN SPECIMENS IN THE TRANSITION RANGE
Specimen thickness [mm]
Steel
10
8
6
4
2
A
4.6
3.8
2.1
0.9
0.1
Anormalized
4.6
4.8
3.5
2.3
0.5
B
0.8
0.3
–
–
–
Bnormalized
0.8
0.4
–
–
–

Fig. 4 - Splitting in steel A (upper) vs. B (lower)

Electron microscopy was used to study the micromechanisms of fracture occurring in the steels in the
ductile-to-brittle transition range, Fig. 5. Mostly according to expectations, ductile areas on the fracture
surfaces failed by transgranular microvoid coalescence whereas brittle areas failed mainly through
transgranular cleavage. In many cases with steel A, half of the specimen failed by multifaceted transgranular
cleavage, whereas the other half had intense splitting fracture with ductile appearance as in Fig. 5c. In steel
B, some brittle areas had intergranular fracture appearance as in Fig. 5f, but these features were less
common.

a)

b)

c)

d)

e)

f)

Fig. 5 - Steel A (upper row) and B (lower) fracture micromechanisms. Ductile microvoids (a, d) and brittle transgranular
cleavage (b, e). Splitting in steel A (c). Intergranular fracture area in steel B (f).

DISCUSSION
The findings from this study suggest that FITNET/SINTAP size adjustment formula may provide slightly
unfitted T28J estimates in utility ferritic stainless steels conforming to EN 1.4003. Both examined steels
showed a tendency that actual T35J/cm2 values remained practically unchanged when thickness was reduced
from 10 mm to 6 mm. This behavior was consistent despite steels having different splitting behavior and
somewhat different microstructure. This can be considered somewhat surprising, taking account of the
decreasing specimen thickness that should yield progressively lower T35J/cm2 values as specimen constraint
and the number of potential nucleation sites for cleavage along the notch line both decrease with a reduction
in specimen thickness. After the ∆T temperature correction, most of the final T28J estimates in the 4 to 8 mm
specimen thickness range were, for both steels, above the ‘true’ T28J transition temperature. Consequently,
for the investigated steels the size adjustment seems to yield conservative toughness estimates, unless very
small-size specimens (B = 2 mm) are used.
Surprisingly, steel A with extensive splitting fracture generally showed lower toughness than steel B.
Generally it has been thought that delamination of impact toughness specimen to multiple sub-sections
corresponds to lower thickness specimens riveted to each other, i.e. toughness should increase due to
th
constraint and statistical effects [5]. Apparently, small differences in the chemical composition and the 90
percentile grain size seemed to provide higher resistance to cleavage fracture that overcame the benefits of
extensive splitting fracture.
It has been agreed that a higher interstitial content generally leads to reduced toughness in ferritic stainless
steels. Owing to low solubility of carbon and nitrogen in ferrite, extensive carbide and nitride precipitation is
practically unavoidable and subsequently increase the risk for nucleating brittle cleavage cracks. It has been
shown that an increase of 1 ASTM number would improve toughness by 6–20°C in ferritic stainless steel, but
that higher interstitial content would reduce the improving effect [7–9]. In the present study, there weren’t
notable differences in the average grain size (1.1 µm, < ½ ASTM grain size) between the two steels.
th
However, significant difference was seen with the largest grains (the 90 percentile) that could be argued to
be more critical for cleavage fracture propagation, as the cleavage fracture, being essentially a weakest link
process, reflects the behavior of the weakest link i.e. the largest grain [10].
Main limitation in the present study was the relatively low number of specimens used to fit Charpy data.
However, this was mitigated by ensuring that specimens with 100% ductile fracture would exist so that the
upper shelf energies were as accurate as possible. The 10% USE criterion for the lower shelf was not used
2
here, as it was clearly too high a value for these steels. When the USE was over 350 J/cm the T35J/cm2 would
have been in the lower shelf. Anyhow, the small changes in fitting parameters did not make a drastic
difference to T35J/cm2 values.

Based on findings of this work, future research is needed to verify whether the SINTAP/FITNET size
adjustment formula does deviate significantly from the observed results with other ferritic stainless steel
grades. For example, some earlier results have indicated that stabilized grades EN 1.4509 and EN 1.4521
may not fulfil the general fracture toughness – impact toughness “T0–T28J” correlation [11]. In addition, the
influence of crystallographic texture should be taken into account as it has been shown to be linked to
splitting fracture [12,13].
SUMMARY AND CONCLUSIONS
The suitability of SINTAP/FITNET transition temperature size adjustment formula was evaluated by using
two 11% Cr utility ferritic stainless steels conforming to EN 1.4003. Specimens in five different thicknesses
(2, 4, 6, 8 and 10 mm) were machined from the as-received steel plates. Actual T35J/cm2 transition
temperatures were determined using the tanh method and were then converted into estimated T28J transition
temperatures. The following conclusions can be drawn from the results:
§ Both steels only partially satisfied the SINTAP/FITNET size adjustment formula.
§ Transition temperatures for 6–10 mm thick specimens in both steels were practically unchanged
despite having rather different microstructural and fracture appearances.
§ Temperature correction in accordance with SINTAP/FITNET resulted in conservative final T28J
estimates over 4–8 mm specimen thickness range.
§ Albeit steel A had intense splitting fracture that generally should improve Charpy impact toughness,
th
the steel B was thought to be tougher due to finer 90 percentile grain size and overall lower
interstitial content.
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