Fatigue crack growth behavior of wire arc additively manufactured

316L austenitic stainless steel

Yangyu Chen®®, Man-Tai Chen ®"*, Ou Zhao ¢, Barbara Rossi ®¢, Xiongfeng Ruan *®

? State Key Laboratory of Ocean Engineering, Shanghai Jiao Tong University, Shanghai 200240, China

® Shanghai Key Laboratory for Digital Maintenance of Buildings and Infrastructure, Department of Civil
Engineering, Shanghai Jiao Tong University, Shanghai 200240, China

¢ School of Civil and Environmental Engineering, Nanyang Technological University, Singapore

d Department of Engineering Science, University of Oxford, Parks Road, Oxford OX1 3PJ, UK

¢ Faculty of Engineering Technology, KULeuven, Leuven, Belgium

Abstract: This study investigated the fatigue crack growth (FCG) performance of 316L austenitic
stainless steel produced by wire arc additive manufacturing (WAAM) through fatigue tests and
fractographic analyses. A total of 11 compact tension (CT) specimens were designed considering
three minimum-to-maximum load ratios (R = 0.1, 0.3, 0.5), various load directions (6 = 0°, 30°,
45°, 60°, 90°) and two surface conditions (milled and as-built). Details of specimen fabrication
and design as well as fatigue test setup are presented. The Paris’ law material constants of all
specimens were derived. The influences of various parameters on the FCG behavior such as crack
length development histories and fatigue crack growth rate (FCGR) are discussed. The test results
demonstrated that the fatigue crack growth rate increased with the load ratio, and that the
specimen with 8 = 0°, i.e. load parallel to the welding pass, possessed higher FCGR value than
the counterparts characterized by other load directions. The as-built and milled specimens had
similar FCG performance. The FCG test results of WAAM 316L austenitic stainless steel
obtained in this study were compared against those of 316L steels manufactured by traditional
hot-rolling and selective laser melting as well as the predictions by current international standards
(BS 7910 and 1TW-1823-07). The fractographies of typical CT specimens from macroscopic and
microscopic perspectives were analyzed. Transgranular fracture was observed as evidenced by

abundant fatigue striations, secondary cracks and dimples.
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1 Introduction

Metal additive manufacturing, commonly referred to as metal 3D printing, represents an
innovative technological advancement whereby complex objects [1-4] and advanced materials
[5-7] can be meticulously fabricated layer by layer utilizing metallic powder or filament as
feedstock. Within the realm of metal 3D printing techniques, Wire Arc Additive Manufacturing
(WAAM) emerges as a singular technique. Employing an electric arc as heat source, WAAM
melts metal wires to deposit material layer by layer, enabling to form intricate three-dimensional
structures [8]. Although the origin of WAAM dates back to 1926, it is only recently that this
technique’s compelling advantages start to be recognized by the industry, including remarkable
wire feed utilization ratios, cost-effectiveness, streamlined production processes, and substantial
potential for constructing large-scale steel structures with complex configurations promoting
more rational use of materials, owing to its relatively high deposition rate and fewer limitations
on building size. As a result, WAAM recently emerged as the premier 3D printing technology for
applications within the construction industry. In the construction sector, WAAM exhibits
immense potential across various applications such as joint manufacturing [9], component repair
[10,11], and structural connection [12—15]. Through the utilization of WAAM, the construction
industry is poised to experience transformative advancements, facilitating the creation of more
robust, customized, and intricate structure.

To enable the more widespread integration of WAAM by the industry, it is imperative to
conduct research on the mechanical behavior of WAAM structure. Recently studies have
investigated the material properties of WAAM specimens under static loading [16-22]. Chen et
al. [16-18] conducted uniaxial tensile tests and microscopic observations on WAAM high
strength steel, austenitic stainless steel and duplex stainless steel specimens, discussing strength
and material anisotropy. Huang et al. [21] analyzed the stress-strain responses of WAAM

specimens made of normal-strength and high-strength steels collected from existing literature



based on which the developed new material constitutive models. Hadjipantelis et al. [22]
proposed a new anisotropic material model for WAAM 308L stainless steel, where the orthotropic
plane stress material model and Hill’s yield criterion were adopted in the elastic and inelastic
regions, respectively.

Designing steel structures against fatigue presents significant challenges. Under cyclic
loading, fatigue failure mechanisms entail crack initiation, crack propagation, eventually
followed by fracture [23]. Intrinsically different from e.g. hot-rolled metal, understanding and
quantifying the fatigue crack growth (FCG) behavior of WAAM metals emerges as key to ensure
the integrity and longevity of structures employing this technology. Huang et al. [24] investigated
the effects of specimen thickness and load direction on the FCG properties of WAAM normal-
and high-strength steels. Ermakova et al. [25,26] reported the FCG experimental results on
WAAM carbon steels made using ER70S-6 and ER100S-1 wire feeds under different maximum
loads. Gordon et al. [27] explored the impact of residual stresses on the FCG performance of
WAAM 304L austenitic stainless steel. Nevertheless, today’s research mainly concentrates on the
FCG behavior of WAAM carbon steels, while those focusing on WAAM stainless steels are
relatively scarce, and the effects of load ratio and surface undulation have, so far, not been
investigated.

This study focuses on the FCG behavior of WAAM 316L austenitic stainless steel by means
of fatigue tests and fractographic analyses. Different values of load ratio (R = 0.1, 0.3, 0.5), load
direction (6 = 0°, 30°, 45°, 60°, 90°) and surface condition (milled and as-built) were considered
and a total of 11 compact tension (CT) specimens were carried out. The paper provides details of
the specimen fabrication, outlines the tensile material properties and presents the fatigue test
setup. Based on the experimental results, the influence of load ratio, load direction and surface
condition on the FCG behavior is discussed. The experimental results were then compared with

those of 316L steels manufactured by traditional hot-rolling [28] and selective laser melting [29]



as well as the predictions by current international standards (BS 7910 [30] and ITW-1823-07

[31]). The macroscopic and microscopic fractographies of typical CT specimens were analyzed.

2 Specimen manufacturing

Commercial ER316L wire with 1.2 mm diameter was utilized to produce runway-shaped
oval steel tubes atop a base plate (see Fig. 1) using wire arc additive manufacturing (WAAM).
The chemical composition of the feedstock wire provided by the manufacturer is summarized in
Table 1. The wire mill certificate tensile strength is 568 MPa and the elongation after fracture is
39%. The manufacturing process employed a KUKA six-axis robotic arm coupled with a Fronius
TPS 400i metal inert gas torch. The filamentous materials were deposited in layer-by-layer,
adopting the strategy of reversing the deposition direction for every layer. Key parameters used in
the additive process are: wire feeding rate = 5 m/min, travel speed = 0.6 m/min, welding voltage
=19.6 V, welding current = 144 A, shielding gas made of 98% Ar + 2% CO, with a flow rate of
20 L/min. The flat portions of the runway-shaped oval steel tubes were 380 mm long by 380 mm
high with a nominal thickness of 6.5 mm. The printed oval tubes were cut off from the base plate
at a distance of 5 mm through wire cutting. Subsequently, the extracted flat steel plates were used
to manufacture the test specimens.

To study the FCG behavior of the WAAM 316L austenitic stainless steel, CT specimens
were designed following the guideline of ASTM E647 [32] with detailed dimensions as shown in
Fig. 2 (a). Two circular holes with a diameter of 12.5 mm were designed to cater for the load
application in the testing device. The horizontal distance between the center of the circular hole
and the specimen’s edge (W) as depicted in Fig. 2 (a) was set to 50 mm. To facilitate fatigue crack
initiation, a spike-shaped notch was designed, with the distance from the center of circular hole to
the notch tip (a,) being 10 mm. A 5 mm wide knife edge was incorporated at the notch mouth to

facilitate the installation of clip gauge to monitor the crack length based on the compliance



method. The CT specimens with notch, knife edge and two circular holes were manufactured
from WAAM steel plates by electrical discharge machining (EDM).

It was stated in previous research studies [33—35] that the fatigue crack growth rate (FCGR)
of steel is influenced by the minimum-to-maximum load ratio R = Ppn/Prmax under cyclic loading.
In this study, three different values of the load ratio (R = 0.1, 0.3, 0.5) were adopted, which fall
within the typical range of the load ratio in practical engineering structures subjected to cyclic
loading [23] and have been widely employed in the FCG tests of various steel materials [33—35].
Since the mechanical properties of WAAM stainless steels exhibit variations across different load
directions relative to the deposition direction [22], five load directions (6 = 0°, 30°, 45°, 60°,
90°), which have been utilized to explore the potential influence of material anisotropy [16—
18,21], were selected in this study as shown in Fig. 2 (b). In addition, both milled CT specimen
with smooth surface and as-built specimen with inherent undulating surface were considered to
analyze the effect on FCG behavior. A total of 11 CT specimens were designed and
manufactured. The thickness of the milled CT specimens was measured using a vernier caliper,
while the detailed geometries of as-built specimen were measured by 3D laser scanning method
using a FARO Quantum Max ScanArm based on which the mean thickness was calculated. The
measured thickness (B) of each WAAM 316L austenitic stainless steel CT specimen is reported in
Table 2.

The labelling of each CT specimens is described as follows. The first number in the
designation represents the wire material ER316L used in this study. The second character
indicates the surface condition of the specimen (M = Milled specimen, AB = As-Built specimen).
After the first two symbols, the load direction 8 in degree (6 = 0°, 30°, 45°, 60°, 90°) and the load

ratio R (R = 0.1, 0.3, 0.5) are provided, respectively. The symbol “#” denotes a repeated test.



3 Tensile coupon tests

The static material properties of milled and as-built WAAM 316L austenitic stainless steel
specimens were determined by tensile coupon tests considering five load directions (6 = 0°, 30°,
45°, 60°, 90°). The coupons were designed as per the ASTM E8/E8M [36] and loaded by a
universal tensile testing machine. The static stress-strain responses were obtained, from which the
mechanical parameters including Young’s modulus E, yield stress f, (taken as the 0.2% proof
stress), ultimate strength f,, ultimate strain &, and fracture strain & were derived. Surface
roughness typically has little effect on the intrinsic material property. However, the average cross-
sectional area was used to derive the stress and strain, as reported in Zuo et al. [12]. Therefore,
for tensile coupon with loading direction perpendicular to the printing direction, the roughness
entails larger deformation and material properties lower than those measured for milled
counterparts. Additionally, the results showed a certain degree of material anisotropy as
evidenced by higher values of E, f, and f, for coupons with 8 = 30°, 45°, 60° but lower ultimate
and fracture strains, than for those with 8 = 0° and 90°. The coupon test results have been
reported in detail by Zuo et al. [12], and a summary of static material properties of WAAM 316L

austenitic stainless steel related to this study is listed in Table 3.
4 Fatigue crack growth tests

4.1 Test details

The fatigue crack growth (FCG) tests were performed using an MTS 370 electro-hydraulic
servo fatigue testing machine based on the ASTM E647 [32]. In engineering structures, natural
fatigue cracks develop gradually under service loads, creating sharp crack tips with distinct
microstructural features — unlike machined notches which are relatively blunt and affected by
fabrication processes. Therefore, before the formal FCG test, pre-cracking was conducted to

alleviate the impact of the notch fabrication process and to generate an initial crack that better



represents realistic conditions. The length of the pre-crack was set to 3 mm, which is the
maximum value among 0.1 times the thickness of CT specimen, the width of the notch (3 mm)
and 1 mm, in accordance with the ASTM E647 [32]. The maximum load Pn.x was firstly
determined during the pre-cracking stage such that the fatigue crack growth rate (FCGR) was
stabilized between 1.0X10° and 2.5X10®° mm/cycle. In this study, a load-controlled sinusoidal
cyclic loading scheme with a maximum load Pn.c of 5.4 kN and a frequency of 10 Hz was
employed for all WAAM 316L austenitic stainless steel CT specimens during pre-cracking and
formal FCG test stages. It should be mentioned that the number of load cycles required to
generate the pre-crack is not included in the FCG result discussion.

To monitor the development of fatigue crack length, two methods, namely compliance
method and optical method were employed. The fatigue crack growth histories of two WAAM
316L steel CT specimens (316-M-0-0.1 and 316-M-90-0.1#) were captured by optical method
with the assistance of a travelling microscope (JCXE-DK). Whereas the fatigue crack growth of
the remaining nine CT specimens was monitored by compliance method using an MTS model
632.03F-30 clip gauge installed at the notch mouth. The crack mouth opening displacement
(CMOD) was directly measured by the clip gauge and further converted into a crack length. The
experimental setups for the two measuring methods are shown in Fig. 3. The WAAM 316L steel
CT specimens were loaded until the specimens reached the stage of rapid crack propagation [24]
characterized by an ultimate crack length around 30 mm. The crack length a and the
corresponding number of load cycles N were recorded at around 0.25 mm crack length growth
interval according to the ASTM E647 [32]. After the FCG tests, the uncracked ligament of each
CT specimen was pulled apart by monotonic tensile loading for subsequent morphological

characteristics observation of the fracture surface.



4.2 Results and discussions

The initial fatigue crack length was set to 13 mm as determined by the sum of the notch
length and pre-crack length. From then on, the crack length versus the corresponding number of
load cycles responses (a-N curves) of all 11 WAAM 316L austenitic stainless steel CT specimens
are plotted as displayed in Fig. 4. The fatigue crack growth path of a typical specimen 316-M-0-
0.1 captured by optical method using a travelling microscope and the surface cracks images on
the specimen at different crack lengths are depicted in the corresponding a-N curve as shown in
Fig. 5. Besides the a-N curve, the fatigue crack growth rate da/dN is another key result that
reflects the FCG behavior. The fatigue crack growth rate (FCGR) of each WAAM 316L stainless
steel CT specimen was determined based on the corresponding a-N data through secant method,
as recommended by the ASTM E647 [32] and expressed in Eq (1).

da
dN
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where a is the crack length, N denotes the number of load cycles, and subscript i represents the i "
recorded data.

To describe the stress state at the crack tip, the stress intensity factor range AK for each
loading cycle was calculated according to ASTM E647 [32] as provided in Eq. (2).

AP (2+a)
AK =
B\/W a- a)1.5

(0.886+4.64c - 13.32a” +14.72a° - 5.6a*) )

where AP represents the load range in one cycle (AP = Ppax— Pmin), B and W are the dimensions
of the CT specimen defined in Fig. 2 (a), a equals to a / W, where a is the crack length.

Based on Paris’ law [37], the relationship between the FCGR (da/dN) and the stress intensity
factor range (AK) in the crack stable growth stage can be expressed by Eq. (3). By taking the
logarithm, Eq. (3) can be converted into Eq. (4).

da _ m
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where C and m are material constants which characterize the FCG performance.

The values of da/dN (in mm/cycle) and AK (in MPa-mm"?) were computed and used to
derive the two material constants C and m through the least squares method as reported in Table
2. The da/dN-AK data and the corresponding fitted lines for all WAAM 316L stainless steel CT
specimens are plotted in double logarithmic coordinate in Fig. 6. The actual ultimate crack length

a, of each WAAM 316L stainless steel CT specimen is presented in Table 2.

4.2.1 Effect of load ratio

The fatigue crack length versus number of cycles (a-N) responses of WAAM 316L austenitic
stainless steel subjected to different load ratios (R = 0.1, 0.3, 0.5) are presented in Fig. 4 (a) and
(b) for CT specimens with load direction 68 = 0° and 90°, respectively. As expected, with
increased load ratio, the required number of load cycles needed to achieve the same crack length
increases. The corresponding FCGR and stress intensity factor range (da/dN-AK) responses for
CT specimens subjected to different load ratios during crack stable growth stage are depicted in
Fig. 6 (a) and (b). The fitted values of material constants C and m based on Paris’ law [37] are
shown in Table 2. To investigate the effect of load ratio on FCGR behavior and facilitate direct
comparison, a regression analysis was conducted again to fit the data of da/dN and AK with a
fixed value of the slope m. This value is predetermined by averaging all obtained m values for the
specimens in the same group, but with different load ratios (m equals to 4.04 and 3.82 for
specimen groups 316-M-0-R and 316-M-90-R, respectively). The re-fitted results are reported in
Table 4. It is apparent that, under the same AK, the FCGR increases with the load ratio as
evidenced by the higher value of material constant C.

Although Paris’ law has been widely employed to describe the FCG performance of various
materials, the effect of the load ratio is not considered in the formula. A load ratio factor was

proposed by Walker [38] in a modified Paris’ law equation expressed by Eq. (5). By taking the
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logarithm on both sides, Eq. (5) can be converted into Eq. (6), where C, n, m are material
constants.

da _ . . o m
W_C(l R)"(AK) (5)

da

log N =log C + nlog(1- R) + mlog(AK) ©)

A regression analysis was conducted accordingly against the results as shown in Fig. 7 and
Table 5. It is shown that the effect of the load ratio on the FCGR for the CT specimens with load
direction 6 = 0° was more significant than that with 6 = 90°, with an absolute value of constant n

of the former group (|n| =1.31) larger than that of the latter (|n| = 0.70).

4.2.2 Effect of load direction

The FCG behavior (a-N and da/dN-AK responses) of WAAM 316L austenitic stainless steel
CT specimens with different load directions and R = 0.1 are presented in Fig. 4 (c) and Fig. 6 (c).
It can be observed from Fig. 4 (c) that to achieve the same crack length, the required number of
load cycles is maximum for 6 = 60° (indicating slow FCGR) and minimum for 6 = 0° and 30°. To
facilitate the direct analysis, the da/dN and AK datasets for all 316-M-6-0.1 specimens during the
crack stable growth stage were fitted with a fixed value of the slope m, predetermined by
averaging the m values obtained for all specimens in the same group but different load directions.
It can be observed from Table 6 that with 8 = 60° the slowest FCGR was obtained whereas with 6
= 0° the fastest FCGR was obtained, as evidenced by the values of the material constant C,
respectively, indicating a certain degree of anisotropy on the FCG behavior for WAAM 316L

austenitic stainless steel.

4.2.3 Effect of surface condition
The a-N and da/dN-AK responses of WAAM 316L austenitic stainless steel CT specimens
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with milled and as-built surfaces (316-M-0-0.1 and 316-AB-0-0.1) are plotted in Fig. 4 (d) and
Fig. 6 (d). It can be observed that to achieve the same crack length, the required number of load
cycles for as-built CT specimen 316-AB-0-0.1 was larger than that for milled counterpart 316-M-
0-0.1, which may be due to the larger thickness B of the as-built specimen resulting in a smaller
value of the stress intensity factor range AK in each load cycle. It can be observed from Table 2
and Fig. 6 (d) that, under the same AK, the milled and as-built CT specimens have similar FCG
performance in terms of FCGR. A reasonable explanation is that both the milled and as-built CT
specimens possess the same notch shape, and even though they have different surface roughness,

the local stress concentration at the crack tip governs the fatigue behavior.

4.2.4 Comparisons with hot-rolled and SLM 316L stainless steels as well as standards

The FCG test results of WAAM 316L austenitic stainless steel were compared with those of
316L steels manufactured by traditional hot-rolling [28] and selective laser melting [29] as well
as the predictions by current international standards (BS 7910 [30] and 1TW-1823-07 [31]). To
facilitate direct comparison, the two material constants in Paris’ law (C and m) of WAAM 316L
stainless steel in this study were derived based on the datasets of the specimen group 316-M-6-
0.1 with the load ratio R = 0.1 and are compared against those in existing literature [28,29] and
international standards (BS 7910 [30] and ITW-1823-07 [31]), see Table 7. The corresponding da/
dN-AK curves are plotted in Fig. 8. The comparison on the FCG resistance of different steels can
be analyzed through the relative position of the curves (i.e. the lower position of the curve
indicates the better FCG resistance of the corresponding steel material), and the curve of the
studied WAAM steel is at the lowest position. Therefore, it can be inferred that WAAM 316L
austenitic stainless steel generally displayed greater FCG resistance than those manufactured by
traditional hot-rolling, selective laser melting, or than the standardized predictions, i.e. lower

FCGR. A possible explanation is that the WAAM process can result in much more irregular grain
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shape of steel material, exhibiting interlocking basket weave structures. This can cause multiple
deviations of the crack path along the main propagation direction, and thus reducing the FCGR

[39].

5 Fracture surface analyses

To further understand the fatigue crack growth mechanism of WAAM 316L austenitic
stainless steel, the fractographies of typical CT specimens (316-M-0-0.1 and 316-M-90-0.1#)
from macroscopic and microscopic perspectives were analyzed. The macroscopic fractographies
shown in Fig. 9 display a fracture surface clearly divided into two zones: the fatigue crack growth
region and the fast fracture zone formed by monotonic tensile loading. The surface in the fast
fracture zone is coarser than in the fatigue crack growth region, indicating that the former has
undergone plastic deformation. Fractographies of typical CT specimens from microscopic
perspective were observed by COXEM EM-30AX Plus scanning electron microscope.
Micrographs of typical specimens taken at three crack lengths (a = 14, 21 and 28 mm) with two
different magnifications (X200 and x1000) are shown in Fig. 10 and Fig. 11. Fatigue striations,
secondary cracks and dimples on the fracture surfaces were observed, inferring transgranular
fracture. Fatigue striations can be distinguished as a series of parallel lines, whose distribution
reveals the FCG direction and FCGR. The fatigue striations are approximately perpendicular to
the crack growth direction, and their spacing increases with the FCGR. It can be observed from
Fig. 10 and Fig. 11 that the fatigue striation spacing of specimen 316-M-0-0.1 is wider and more
noticeable than that of specimen 316-M-90-0.1#, indicating that the former has a higher FCGR.
Such observation conforms to the results shown in Table 6. Secondary crack associated with
energy dissipation mainly orients perpendicular to the FCG direction. It can be found that
specimen 316-M-90-0.1# possessed wider and longer secondary cracks than specimen 316-M-0-

0.1, indicating more energy dissipation and thereby relatively slower FCGR for specimen 316-M-
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90-0.1#, consistent with the FCG test results. Dimpled features were observed in high AK region

(crack length a = 28 mm) for both specimens, demonstrating ductile fracture.

6 Conclusions

This study investigated the FCG performance of wire arc additively manufactured 316L
austenitic stainless steel through fatigue tests and fractographic analyses. A total of 11 compact
tension (CT) specimens were tested considering three load ratios (R = 0.1, 0.3, 0.5), five load
directions (0 = 0°, 30°, 45°, 60° 90°) and two surface conditions (milled and as-built).
Fractographic analyses were conducted on two typical specimens.

(i) As expected, the fatigue crack growth rate (FCGR) increased with the load ratio. Additionally,
the effect of the load ratio on the FCGR for CT specimen group with load direction 8 = 0°
(parallel to the deposition direction) was more significant than that with 6 = 90°.

(ii) A certain degree of anisotropy was observed for the FCG behavior of WAAM 316L austenitic
stainless steels. Specimen with 8 = 60° in this study had the minimal FCGR and specimen with 6
= 0° had the maximum FCGR.

(iii) Interestingly, the as-built and milled specimens had similar FCGR.

(iv) The WAAM 316L austenitic stainless steel in this study generally had greater FCG resistance
than those manufactured by traditional hot-rolling or selective laser melting. Likewise, a
comparison against standardized predictions from BS 7910 [18] and 1TW-1823-07 [19], indicate
that WAAM specimens have lower FCGR.

(v) The macroscopic and microscopic fractographies were analyzed for typical WAAM 316L
austenitic stainless steel specimens. Two zones namely the fatigue crack growth region and the
fast fracture zone were observed. Abundant fatigue striations, secondary cracks and dimples were

found, indicating transgranular fracture of typical CT specimens.
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Table 1 The chemical composition of ER316L feedstock wire (in % by weight)

Feedstock wire C S Mn Si P Cr Ni Mo Cu
ER316L (1)'01 0.011 2.00 060 0.02 190 11.7 215 0.05

Table 2 Fatigue crack growth results of WAAM 316L stainless steel CT specimens

Specimen B Load range ay C m R
(mm) (kN) (mm)

316-M-0-0.1 5.05 4.86 28.31 1.62 x 10 4.01 0.94
316-M-0-0.3 4.98 3.78 29.95 1.01 x 10 4.11 0.98
316-M-0-0.5 4.99 2.70 31.48 3.09 x 107" 4.02 0.99
316-M-30-0.1 5.08 4.86 28.86 2.39 x 10" 3.94 0.99
316-M-45-0.1 5.04 4.86 29.44 9.36 x 10" 3.71 0.97
316-M-60-0.1 5.08 4.86 29.73 1.07 x 107" 3.67 0.95
316-M-90-0.1 4.98 4.86 28.11 1.29 x 10" 3.66 0.92
316-M-90-0.1# 4.94 4.86 31.40 8.17 x 10 4.37 0.93
316-M-90-0.3 4.91 3.78 31.48 2.56 x 10" 3.91 0.92
316-M-90-0.5 5.09 2.70 31.35 1.84 x 10™ 3.31 0.92
316-AB-0-0.1 6.75 4.86 31.46 2.39 x 10" 3.96 0.97

Table 3 Summary of tensile mechanical properties of WAAM 316L austenitic stainless steel [12]

0 Surface E fy fu & &
@) condition (GPa) (MPa) (MPa) (%) (%)
0 Milled 131.0 300.3 513.2 37.0 46.6
30 Milled 163.1 355.8 550.0 24.3 26.4
45 Milled 164.9 351.9 547.1 27.8 28.2
60 Milled 194.0 348.7 535.2 29.0 30.0
90 Milled 133.2 316.2 515.5 38.2 50.4
0 As-built 152.2 295.7 502.4 36.0 47.1
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Table 4 Paris’ law material constants of specimens with various load ratios derived based on a

fixed value of m

Specimen C m R

316-M-0-0.1 1.44 x 10" 4.04 0.93
316-M-0-0.3 1.91 x 10"¢ 4.04 0.97
316-M-0-0.5 2.69 x 107 4.04 0.99
316-M-90-0.1 4.34 x 107 3.82 0.92
316-M-90-0.1# 5.33 x 10°*¢ 3.82 0.90
316-M-90-0.3 5.60 x 107 3.82 0.91
316-M-90-0.5 6.21 x 107 3.82 0.92

Table 5 Material constants in the model considering load ratio effect

Specimen group Log C n m R®
316-M-0-R -15.98 -1.31 4.05 0.98
316-M-90-R -15.06 -0.70 3.70 0.94

Table 6 Paris’ law material constants of specimens with various load directions derived based on

a fixed value of m

Specimen C m R

316-M-0-0.1 4.15 x 1071 3.89 0.93
316-M-30-0.1 3.46 x 10" 3.89 0.99
316-M-45-0.1 2.50 x 10" 3.89 0.97
316-M-60-0.1 2.35x 107" 3.89 0.95
316-M-90-0.1 2.56 x 10" 3.89 0.92
316-M-90-0.1# 3.13 x 10" 3.89 0.90

Table 7 Paris’ law material constants of 316L stainless steels by different manufacturing

processes and current international standards

Source Manufacturing process C m

This study WAAM 5.24 x 107 3.80
Suryawanshi [29] Selective laser melting (SLM)  1.91 x 10°'¢ 4.02
Feng [28] Hot-rolling 4.43 x 10 3.45
BS 7910 [30] - 3.98 x 1013 2.88
ITW-1823-07 [31] - 5.21 x 108 3.00
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Fig. 1 WAAM 316L austenitic stainless steel oval tubes
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Fig. 2 Detailed design of CT specimens (dimensions in mm)
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Fig. 3 Fatigue crack growth test setup
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Fig. 4 The a-N curves of WAAM 316L austenitic stainless steel CT specimens
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Fig. 6 The da/dN-AK data of WAAM 316L austenitic stainless steel CT specimens and the

corresponding fitted lines
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(c) a=21 mm (% 200) (d) a =21 mm (x 1000)

GOXEMF 5 P03 7 .
15[KV] % 5p=16)

(e) a =28 mm (x 200) (f) a =28 mm (x 1000)
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