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A B S T R A C T

In this paper, the association between Smith-Watson-Topper (SWT) parameter and fracture surface topography is
studied in additively manufactured maraging steel exposed to variable-amplitude fatigue loading. The post-
failure fracture surfaces were examined using a non-contact 3D surface topography measuring system and the
entire fracture surface method. The focal point is on the correspondence between fatigue characteristics, artic-
ulate by the SWT parameter, and the fracture surface topography features, represented by areal, volume, and
fractal dimension parameters. A fatigue life prediction model based on SWT and fracture surface topography
factors is proposed. The presented model expresses good compliance with fatigue test results. This model can be
useful for post-mortem analysis of engineering elements under variable-amplitude loading fatigue, especially for
materials produced by additive manufacturing (AM).

1. Introduction

Additive Manufacturing, initiated in the 1980 s, is a pioneering
technique for the production of 3D items across the layer-by-layer
deposition of material [1]. Metal-based additive manufacturing ap-
pears for a group of processes that usually include powder bed fusion
(PBF), directed energy deposition (DED), sheet lamination, and binder
jetting [2]. Inside this group, laser beam powder bed fusion (LB-PBF) is
nowadays one of the most popular processes [3]. The 18Ni300 maraging
steel, as a type of low-carbon iron-nickel alloy with high strength and
toughness, has been indicated to be appropriate for LB-PBF [4].
The mechanical properties, including fatigue life, are influenced by

the manufacturing parameters and printing orientation effects [5,6].
Fatigue response is critical in most engineering applications subjected to
cyclic loading [7,8]. Research of this type for additive manufactured
18Ni300 maraging steel was previously conducted by Karolczuk et al.
[9]. The Authors investigate the heterogeneous effect of ageing

temperature on the fatigue life of tubular specimens. The mechanical
properties of tubular specimens were close to or higher than those of a
full cross-section geometry. Solberg et al. [10] investigate the influence
of specimen orientation on fatigue behaviour and propose a new test
methodology for evaluating up- and down-skin fatigue. They found that
build orientation correlates to the specimen’s surface roughness.
Surface topography is commonly used to discuss and explain damage

mechanisms occurring during deformation [11]. AMmaterial roughness
affects fatigue strength very strongly, which was shown in Sanaei and
Fatemi’s paper [12]. They proved that fatigue limit increases with a
decrease in surface roughness regardless of the microstructure. Bai et al.
[13] analyse the influence mechanism of process parameters on the
surface quality and internal hole defect generation of 18Ni300 steel. The
authors showed, among other things, that increasing the volumetric
energy density improves the surface’s quality and, consequently, the
mechanical properties. Romano et al. [14] discuss how surface defects
influence fatigue results. In the same paper, the researchers also
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examined fracture surfaces. They proved a significant obvious
improvement of HCF properties for specimens after machining, but they
also found the improvement in fatigue life to be related to increasing the
machining allowance.
With the development and availability of advanced techniques and

methods for measuring surface topography, it has become common not
only to quantify the lateral surfaces of specimens, but also their fractures
after failure [15,16]. Newly discovered methods of analyzing surface
topography, such as raw data thresholding technique, digital filtering (S-
filter), power spectral density, and autocorrelation function analyses by
Podulka et al. [17] or fractal dimension by Macek et al. [18] also
contribute to the development of 3D fractography. Fast Fourier

Transform with Murakami formula has been applied for study effect of
the surface roughness on the fatigue life by Macoretta et al. [19]. Sta-
tistical classification for estimating the fatigue crack growth rate on the
basis of 3D features of fracture surfaces has been proposed by Lausch-
mann et. al [20,21]. They examined global area parameters, line profile
parameters and local (point) parameters and successfully performed a
fractographic reconstitution of the history of fatigue crack growth.
A deep understanding of failure mechanisms and fracture surface

topography relationships is actually a great challenge in the field of
materials science. Macek et al., for example in papers [29,32,33] suc-
cessfully use the Entire fracture surface method to analyze the fatigue
fracture surface topography. Using the measurement results on various
3D measuring machines, the fracture surfaces of various materials
loaded in different ways were analyzed. This method is universal and
has shown promising results for further development.
The second inspiration for this investigation is based on earlier

research, involving modeling using the SWT fatigue damage parameter
[22] or wider, strain energy density parameters [23,24]. Smith-Watson-
Topper parameter was partially used to estimate fatigue life for the same
set of specimens by Marciniak et al. [25]. The Palmgren-Miner damage
rule along with the SWT parameter provided consistent fatigue life
predictions. Macek et al. [26] proposed the total strain energy density
combined with the entire fracture surface parameters, which showed a

Fig. 1. Specimen geometry used in the fatigue tests [25].

Fig. 2. (a) Universal servo-hydraulic testing system, model Instron 8802, used in fatigue tests; (b) fatigue test control panel; (c) details of the loading sequence
considered in the fatigue tests for the test with maximum strain amplitude of 1.00 %. Ascending cycles with strain amplitudes of 0.50 %, 0.75 %, and 1.00 % (1st
block) and descending cycles with strain amplitudes of 1.00 %, 0.75 %, and 0.50 % (2nd block).
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satisfactory relationship with the fatigue life, following a power-law.
As part of this work, the following were examined: (1) variable

amplitude fatigue tests, the results of which were initially presented in
[25]; (2) estimation of fatigue life using the SWT parameter, partially
presented by the authors, also in [25]; (3) results of measurements and
analysis using the entire fracture surface method, partially described in
[25]; and (4) a proposal for a new approach to estimating fatigue life,
combining the SWT parameter (2) and fatigue fracture surface topog-
raphy indicators (3).

2. Material and methods

2.1. Material preparation

Round cross-section specimens were made from 18Ni300 maraging
steel manufactured by laser beam powder bed fusion in vertical direc-
tion with a depth layer of 40 μm (see Fig. 1). The speed scan was 200
mm/s with a maximum power of 100 W. Chemical composition of the
tested material is: 0.03 % C, 18.2 % Ni, 0.7 Ti, 9 % Co, 4.8 % Mo, 0.1 %
Al, 0.3 % Cr, 0.01 % P, 0.1 % Si, 0.01 % S and Fe balance. The micro-
structure contains elongated grains with an average length of 150 μm
and a width of 35 μm. The structure is characterized by small porosity of
0.71 %.

2.2. Material testing

All signals for strain and stress were collected using the Instron
System in a 100 kN closed-loop servo-hydraulic testing machine, model
Instron 8802 (see Fig. 2(a)). The main set parameters are presented on
the control panel in Fig. 2(b). Variable amplitude loading tests were
performed with strain-controlled conditions (Rε = − 1) at room tem-
perature. Loading sequences consist of two blocks with 3 different am-
plitudes of strain each (see Fig. 2(c)). The amplitudes in the first block
increased and they decreased in the second one. The amplitudes have 50
%, 75 % and 100 % of the maximum value of amplitude. Four levels of
loadings were selected according to maximal value of strain amplitude

εa,max: 0.35 %, 0.5 %, 0.75 % and 1 %. The amplitudes were selected to
conduct tests in low cycle fatigue (LCF) and high cycle fatigue (HCF) as
well [25].

2.3. Fracture surface measurement

The fracture surface analysis refers to a two-phase process: (1) we
have to acquire the topographical data of the irregular fracture surface,
and (2) using the entire fracture surface method, this irregular surface
factor is obtained using various surface topography parameters.
The examination of fracture surfaces was carried out for both sides of

the broken specimens, which gave a total of 24 analyzed entire fracture
surfaces. However, the results of the surface topography parameters for
both sides of the 12 specimens were similar, which was also shown for
other studies as [27], the average results from both sides were used for
further analyses. The fracture surfaces were measured using the vision
measuring system MITUTOYO QV Apex 302 [25]. The fractures were
observed under 5 ×magnification with a 1.24 × 0.93 mm2 field of view
and were stitched together to map the entire fracture area, with a total
resolution scale of 0.1 µm. Mitutoyo (*.Q3D) source files were trans-
ferred into the surface texture analysis software MountainsMap and
resampled into height maps at a resolution automatically set by the
software.
The whole surface was reduced to eliminate the regions associated

with the geometric discontinuities or missing points, as well as to obtain
uniform dimensions for all specimens. An example of the entire process
is shown in Fig. 3. The surface was limited to a circle with a diameter of
7.5 mm, by the maximum strain amplitude of 0.35 %. The original
surface is shown in Fig. 3(a), the non-measured points (NMP) [28] filling
is presented in Fig. 3(b), and the final extracted surface is displayed in
Fig. 3(c). Below the visualization of the appropriate surfaces, the Fur-
rows plot [21] displays all furrows and results for maximum furrow
depth, mean furrow depth, and furrows’ mean density are presented.
Additionally, the surface analysis was supported by SEM fracto-

graphs taken by model Zeiss Merlin 13 FE-SEM, with high and low
magnifications.
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Fig. 3. Entire fracture surface methodology processing: (a) original fracture surface; (b) the NMP filling surface, and (c) extracted fracture surface.
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Fig. 4. Fatigue life against the maximum strain amplitude of the loading scenario in form: (a) boxplot, and (b) curve fitting tool.
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Fig. 5. Example of the hysteresis loops collected in the tests at a maximum strain amplitude of 1 %: (a) for all stages of fatigue life; (b) for one cycle (42) – 2nd block
of fatigue life.

Table 1
Summary of fatigue tests performed under variable-amplitude loading [25].

εa,1
(%)

σmax,1 (MPa) σmin,1 (MPa) εa,2
(%)

σmax,2 (MPa) σmin,2 (MPa) εa,3
(%)

σmax,3 (MPa) σmin,3 (MPa) Nf
(cycles)

1.00 760.8 − 666.7 0.75 876.5 − 864.2 0.50 933.6 − 974.0 134
1.00 743.5 − 656.6 0.750 852.6 − 849.8 0.50 916.3 − 962.5 133
1.00 769.9 − 611.3 0.750 888.0 − 813.8 0.50 954.7 − 920.9 86
0.75 616.7 − 514.1 0.563 784.9 − 748.3 0.38 897.6 − 913.6 434
0.75 375.8 − 440.7 0.563 606.9 − 521.6 0.38 888.4 − 931.3 372
0.75 375.8 − 440.7 0.563 621.0 − 529.2 0.38 908.9 − 937.2 308
0.50 476.9 − 344.5 0.375 668.0 − 554.3 0.25 846.8 − 755.2 864
0.50 625.9 − 166.3 0.375 810.0 − 363.4 0.25 983.0 − 555.4 330
0.50 375.8 − 440.7 0.375 565.6 − 648.1 0.25 742.1 − 848.2 1461
0.35 331.0 − 226.3 0.263 464.42 − 400.2 0.18 599.2 − 518.3 4022
0.35 308.5 − 258.9 0.263 445.79 − 403.5 0.18 583.1 − 548.4 3037
0.35 237.1 − 338.0 0.263 377.05 − 483.6 0.18 516.2 − 631.6 3568
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2.4. Smith-Watson-Topper (SWT) parameter

In literature there exist a lot of fatigue criteria: (i) stress-based
criteria, (ii) strain-based criteria and (iii) energy-based criteria.
Depending on the cyclic behaviour of materials and time history, the
researchers use them to correlate fatigue parameters versus fatigue life.
One of the best-known and often used ones is the Smith-Watson-Topper
parameter (SWT = σmax εa). This model includes stress and strain his-
tories and is suitable for non-zero mean stress.

3. Results

3.1. Mechanical testing

The variable-amplitude fatigue test results have been presented in
Fig. 4 and have been analysed according to the boxplot (see Fig. 4(a)), as
well as the curve fitting tool (see Fig. 4(b)). For boxplot on each box, the
central mark indicates the median. For the curve fitting tool (Fig. 4(b)),
power fit was the best fit, with a coefficient of determination, R2 =

10
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Fig. 6. Example of graphical representations of fractal dimension in the tests at a maximum strain amplitude of 0.75 % for: (a) enclosing boxes method, Df(EBM); (b)
morphological envelope method Df(EVM).

Fig. 7. Standard and non-standard surface topography parameters in relation to fatigue life Nf: (a), (b).
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0.8984.
The stress response acquired in the fatigue tests with VA loading

accomplished under fully-reversed strain cycles is shown in Fig. 5.
Fig. 5a shows how stress changed during the test, and the mean stress
also changed.
Table 1 provides a summary of the main stress and strain variables of

each cycle of the first block for the half-life.

3.2. Fracture surface analysis

A total of 24 surfaces resulting from 12 analyzed specimens subjected
to fatigue tests were analyzed. Individual parameters were averaged for
each specimen from both sides of the broken specimen.
The main fractographic features should be well reflected by the

surface topography parameters. There are standard and non-standard
parameters. The first type of parameters is defined in the ISO 25178
Standard. It includes two groups, height and volume parameters deno-
ted as Sx and Vx, respectively. Finally, root mean square height, Sq and
arithmetic mean height, Sa was selected as the best-fitting parameters
for these groups. Root mean square height, Sq and arithmetic mean
height, Sa are defined by the Eqs. (1) and (2), respectively.

Sq =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
A

∫∫

A
z2(x, y)dxdy

√

(1)

Sa =
1
A

∫

A
|z(x, y) |dxdy (2)

where A is the definition area; z is the surface height in position x , y; x
and y are the lengths in the perpendicular directions.
Among the non-standard parameters, one can indicate the fractal

dimension, Df, used to examine the surface topography with no addi-
tional filters. Fractal dimension Df(EBM) for enclosing boxes method
breaks up the area into subareas with a width δ and computes the size
(Vδ) of all volumes overlaying the whole area. Whereas fractal dimen-
sion Df(EVM) morphological envelope method captures the upper and
lower envelopes, which are considered by morphological opening and
closing, defining a composition component which assumes the form of a
horizontal line segment with length δ [29]. A slope of the fitted line
corresponds to Df calculated as the absolute, as shown in Fig. 6.

The next parameters taken into account are resulting furrow ren-
derings, as mentioned in subsection 2.3 (see Fig. 3), which were ob-
tained through the Fourier transform applied by MountainsMap on
topographic height functions. They simulate furrows around the peaks
and valleys along the surface for better qualitative visualization of the
fracture surface morphology. The surface topography analysis comple-
ments a texture isotropy study, which pointed to calculating the isotropy
parameters with respect to a threshold, assumed equal to 0.20. These
values allowed to quantify the central zones corresponding to the
portion of the peaks that remained after thresholding [26].
The results of the mentioned standard and non-standard surface

topography parameters concerning fatigue life are summarized in Fig. 7.

3.3. Smith-Watson-Topper parameter versus fatigue life

Relating to the non-zero mean stress effects, the Smith-Watson-
Topper (SWT) parameter [30] was used, considering the corrections of
both the elastic and plastic terms:

SWT = εaσmax =

(
σʹ
f

)2

E
(2Nf )

2b
+ σʹ

f έf (2Nf )
b+c (3)

where εa is the strain amplitude, σmax is the maximum stress, σʹ
f is the

fatigue strength coefficient, b is the fatigue strength exponent, έf is the
fatigue ductility coefficient, c is the fatigue strength exponent, Nf is the
fatigue life, and E is Young’s modulus.
In relation to the cumulative fatigue damage, it was accounted for by

using the linear Palmgren-Miner damage rule [31]:

∑k

i=1

ni

Ni
= 1 (4)

where ni the number of cycles applied at the ith loading level, and Ni is
the fatigue life at the ith loading level.
The fatigue life predicted by applying the SWT parameter in

conjunction with the Palmgren-Miner damage rule, as well as the
experimental fatigue life obtained in the variable-amplitude fatigue
tests, are presented in Fig. 8. Predicted fatigue life (NSWT) against the
experimental fatigue life (Nf).

3.4. Fractographic SEM observations

The analysis of the fractographic view of the fractured 18Ni300 after
variable-amplitude loading was carried out. Both figures were related to
the specific maximum strain amplitude: Fig. 9(a) of εa,max = 1 %, and
Fig. 9(b) of εa,max = 0.50 %.
The crack nucleation region of the specimen can be observed at the

edge of the specimen’s cross-section. Both the observed surfaces
demonstrated three characteristic areas: crack initiation area, stable
crack propagation area, and the final ductile fracture area. After the
initiation stage, cracks propagated through the cross-section. An in-
crease of the strain amplitude led to a slight change in the fracture na-
ture. Also, some defects in the form of many small voids and cracks can
be identified, which could be the reason for the accelerated damage.
Since unmelted powders or unfused particles were discovered in the
structure, this might have been caused by some manufacturing process
instability.

4. Discussion

Previously, several modifications to the SWT parameter have been
proposed [32]. The authors of this paper also attempted to find a cor-
relation between the parameter related to widely understood strain
energy or stress level and the fatigue fracture surface parameters (post-
failure). In paper [33] the authors studied the effect of creep pre-strain

Fig. 8. Predicted fatigue life (NSWT) against the experimental fatigue life (Nf).
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on LCF failure via fractographic analysis for EN-AW 2024 AA. They
proposed a new damage parameter P [33] combining fracture surface
topography and load features (see Eq. (5)).

P[33] =
VvDf

Sq
×εaσa + εcreep × σcreep (5)

which combines the three topography characteristics (i.e. height
parameter Sq, the functional parameter Vv, and the fractal dimension Df)
with both the strain amplitude εa and the stress amplitude σa, as well as
the creep strain εcreep and the creep stress σcreep.
The authors in [27] proposed another variation of the P [27]

parameter (see. Eq. (6)) applicable for notched aluminum alloys under
bending load.

P[27] =
Sq
Sa

×(Df + R) × σmax(MPa) (6)

where Sq and Sa are surface topography parameters, Df is the fractal
dimension, R is the stress ratio, and σmax is the maximum bending stress.
P [27] parameter aims to reflect three elements: fracture surface
topography (SqSa); stress ratio modulated by the fractal dimension (Df +

R); and the maximum bending stress σmax, respectively.
The case of fatigue crack initiation life, which was successfully pre-

dicted from fracture surface parameters and maximum local von Mises
stress was dealt with in [34]. In this approach, a new parameter P [34],
defined in Eq. (7), was introduced:

P[34] =
σVM × Df
Sq/Vv

(7)

where σVM is the maximum local equivalent von Mises stress, Df is the
fractal dimension, Sq is the root mean square height, and Vv is the void
volume.

Fig. 9. SEM images of the entire fracture surface generated in the variable-amplitude fatigue tests for a maximum strain amplitude of: (a) 1.00 %; and (b) 0.50%.
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Austenitic stainless steel notched specimen fractures were studied, as
in previous cases, via the entire fracture area method [35]. The observed
Nf and the predicted Ncal lifes computed with proposed parameter (see
Eq. (8) for the linear model show satisfactory compliance.

P[35] =
Sq
Vv

σa (8)

A fatigue life prediction model based on total strain energy density and
fracture surface topography parameters is proposed [26]. The presented
model (see eq. (9) shows good accordance with fatigue test results and
outperforms other existing models based on the strain energy density.

W* = W ×
Vv× Df

Sq
(9)

where W is the strain energy density, and W* is the modified strain
energy density.
The proposed damage parameters P (Eqs. (5)–(9)) can successfully

estimate the fatigue lifetime. Therefore, in this case, it was also decided
to propose a new prediction life method Ncal, depending on the SWT
parameter and the surface topography of fatigue fractures. In the current
approach, a new predicted fatigue life Ncal (see Eq. (10)), defined from
the Sa

Sq and Df(EVM)multiplied by the NSWT, was introduced. The new post-
failure equivalent topographic fracture factor reflects the physical

failure conditions of material under fatigue. The new parameter aims to
identify the main governing quantities to reflect the physical meaning of
the damaging process. The first part represents the fracture surface en-
ergy through the combination of three fracture surface topography pa-
rameters (SaSq × Df(EVM)). The unit, for this part of the equation, is as
follows: [mm/mm× (− )]. The NSWT quantity reflects the fatigue loading
history. Therefore, the new prediction model Ncal, maintains the same
unit as number of cycles to failure, Nf, or predicted fatigue life with
classical SWT parameter NSWT, i.e. [cycles] or [-].
Fig. 10 shows the correlation between the new prediction method

Ncal and the fatigue life for the tested cases.

Ncal =
Sa
Sq

× Df(EVM) × NSWT (10)

Through the analysis of the coefficient of determination R2, it is possible
to conclude that the proposed Ncal (for Ncal linear fit: R2 = 0.9543)
parameter fits the data better than the classical SWT parameter (for
NSWT linear fit: R2 = 0.9056).
The fatigue life correlations by applying both the SWT and the

modified SWT parameters in conjunction with the experimental fatigue
life obtained in the variable-amplitude fatigue tests are presented in
Table 2 and Fig. 11. NSWT and Ncal were computed through the SWT and
modified SWT parameters with Eqs. (2) and (3)) and Eq. (10),
respectively.
As can be seen, the calculations with both methods based on SWT

parameter correlate well with the experimental results, since all of the
tested cases results fall in a 2.0 scatter bands.
In order to better evaluate the predictive capabilities of the tested

approaches, a statistical study was formed, based on the prediction
bound. Fig. 12 shows that the predictions through the modified SWT
parameter model Ncal were more accurate than those determined by
applying the SWT parameter NSWT. Both predictions are within predic-
tion bounds 99 % (see Fig. 12(a)), but the highest value of NSWT
(NSWT=5172 (cycles)) is at the border. However, in terms of durability
up to 1000 cycles, the prediction bounds is 50 % (see Fig. 12(b)).

5. Conclusions

The paper presents the comparison of the fatigue life for LB-PBF

Fig. 10. New prediction model, Ncal versus experimental fatigue life Nf.

Table 2
Fatigue life predictions for the variable-amplitude fatigue tests.

Nf (cycles) NSWT (cycles) Ncal (cycles)

134 115 173
133 120 137
86 111 87
434 237 233
372 333 301
308 318 360
864 680 895
330 477 486
1461 931 700
4022 3446 4206
3037 3732 2886
3568 5172 4515

Fig. 11. Experimental fatigue life versus predicted fatigue life for the variable-
amplitude fatigue tests, taking into account scatter bands.
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18Ni300 maraging steel versus topography parameters. Both methods:
based on Smith-Watson-Topper parameter and SWT, taking into account
fracture surface topography, were used for comparison. From the pre-
sent study, the following conclusions can be drawn:

- The new factor included to fatigue life prediction based on SWT
parameter defines the fracture surface quality (roughness). Analyses
have shown that the parameter’s value increases with a decrease in
load, directly related to the increase in the specimens’ fatigue lives.
- The SWT parameter at the mid-life cycle combined with the entire
fracture surface parameters showed a satisfactory relationship with
the fatigue life, following a linear fit;
- Predictions made using the SWT-based approaches fell within scatter
bands of ±2.0, the same as those obtained from the modified SWT-
based approach. However, the approach taking into account the fa-
tigue fracture surface topography achieved a better coefficient of
determination R2 (linear fit: R2 = 0.9543 vs. R2 = 0.9056);

This methodology holds promise for the application in variable-
amplitude life assessment for other additive manufactured metallic
materials and can contribute to enhance the understanding of the fatigue
failure kinetics.
Linking the topography parameters of the fatigue fracture surface

with the SWT parameter and fatigue life may allow the development of a
reverse method for estimating load parameters and analysing factors
causing damage.
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