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A B S T R A C T

This paper aims to investigate and develop stress-strain models for wire arc additive manufacturing (WAAM)
carbon steels, providing a clear understanding of their mechanical behaviour. A comprehensive dataset
comprising over 700 worldwide WAAM carbon steel tensile coupon test records from open literature was ana-
lysed. The dataset considered a variety of feedstock wires, post-treatments, surface conditions, deposition stra-
tegies, coupon extraction angles, and material thicknesses. Analysis revealed that stress-strain curves of WAAM
carbon steels exhibited varying yielding responses, either discontinuous yielding with a distinct yield plateau or
continuous yielding without one, depending on the feedstock wire grades and coupon extraction angles. Three
tensile stress-strain models were proposed, alongside predictive expressions or recommended values for the input
material parameters. These models accurately capture the stress-strain responses of WAAM carbon steels and are
suitable for incorporation into analytical, numerical and design models for WAAM steel structures.

1. Introduction

Amidst the flourishing additive manufacturing (AM) industry, Wire
Arc Additive Manufacturing (WAAM) establishes a foothold for its
combination of traditional welding techniques with advanced robotics
to enable layer-by-layer structure fabrication, as shown in Fig. 1.
WAAM is exceptionally well-suited for application in the construc-

tion industry for its friendliness towards producing large-scale and
intricately optimised structures, in addition to the fast production speed
and high material utilisation [1–4]. The WAAM technology has been
effectively employed in fabricating the cantilever truss [4,5], beam hook
[6], and footbridge [3,7], as depicted in Fig. 2.
This technology is applicable to a series of metal alloys, including

stainless steel, carbon steel, aluminium, and titanium alloys, each of-
fering unique properties customizable to specific application re-
quirements. In recent years, research on the behaviours of WAAMmetal
materials has surged in material and construction field, mainly encom-
passing studies on stainless steel [8–11] and carbon steel [12–14]. These
investigations have explored the effects of printing parameters, depo-
sition strategies, post-treatments on the microstructure characteristics

and mechanical properties of WAAM materials, providing valuable in-
sights for optimising the printing process and improving the practical
performance of printed structures [8,9,12–18]. Building on these find-
ings, further research has focused on WAAM components such as col-
umns [19–21] and bolted connections [22–27].
Various simplified models have been proposed to represent the ma-

terial response of hot-rolled carbon steels, among which the linear
models can be grouped as (1) elastic, perfectly-plastic, (2) elastic, linear
hardening and (3) tri-linear [28]. These models are applicable to the
case of simply ignore of strain hardening, no obvious yield plateau and
simple neglect of strain hardening behaviour with gradual loss of stiff-
ness. To accurately represent the elastic, yield plateau and strain hard-
ening regimes, Yun and Gardner [28] proposed a quad-linear material
model and a bilinear plus nonlinear hardening material model.
The Ramberg-Osgood model [29,30] is widely used to describe the

rounded stress-strain response of metallic materials such as stainless
steels, aluminium and cold-formed carbon steels that have undergone
sufficient plastic deformation to eliminate the yield plateau. In studies
on stainless steel, the basic Ramberg-Osgood model can accurately
represent different regions of the stress-strain curve using different
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values of the strain hardening exponent. However, a single strain
hardening exponent value is insufficient to capture the full stress-strain
curve. Therefore, improved two-stage models, three-stage models, and
multistage models have been proposed successively [31–34]. For key
material parameters, different grades of stainless steel require different
predictive expressions [35]. Similar behaviours have also been observed
in studies on cold-formed carbon steel [36]. Shi [37] suggested that the
stress-strain curves of high-strength steels (HSSs) can be classified into
two basic types: those exhibiting discontinuous yielding (with a distinct
yield plateau) and those exhibiting continuous yielding (without a yield
plateau). For the continuous yielding case, a revised multi-linear
constitutive model was further proposed based on the typical
Ramberg-Osgood model. Through the analysis of collected experimental
data on HSSs, Wang [38] defined a criterion to determine the occurrence
of the yield plateau according to the yield strength of the steel and its
carbon content of the steels, and developed two stress-strain models for
continuous and discontinuous yielding, respectively. However, for
WAAM carbon steels, Huang [39] categorised the stress-strain models
according to the yield strength into WAAM normal-strength steel and
high-strength steel models, which were modified from quad-linear and
bilinear plus nonlinear hardening material models, and a two-stage

Ramberg-Osgood model, respectively.
Based on the analysis of the author's previous experiments and

available research, it can be concluded that WAAM carbon steels typi-
cally exhibit stress-strain behaviour similar to that of conventionally
produced steels, displaying both discontinuous and continuous yielding
regardless of any yield strength. Differently, the geometric undulations
in as-built WAAM components lead to a reduction in effective me-
chanical properties and introduce a certain degree of anisotropy.
Therefore, accurately describing these characteristics and establishing a
universal stress-strain response of WAAM carbon steel is an urgent
problem to be solved, which is crucial for subsequent theoretical
research, numerical analysis, and practical applications.
This paper aims to provide the predictive expressions or recom-

mended values of the key material parameters required in the stress-
strain models. This is based on the analysis of over 700 tensile coupon
test records of WAAM carbon steel collected from global literature using
Ordinary Least Squares (OLS) regression analysis. Possible interfering
factors of stress-strain responses consist of a series of feedstock wires,
post-treatments, surface conditions, deposition strategies, coupon
extraction angles, and material thicknesses are considered. Additionally,
drawing on existing stress-strain models applicable to conventionally
produced steels, three stress-strain models exhibiting discontinuous
yielding and continuous yielding are proposed for WAAM carbon steels.
Finally, the predicted stress-strain curves are compared with the corre-
sponding experimental curves, and the proposed models are used to
simulate WAAM carbon steel coupons to evaluate the accuracy of the
proposed models and applicability in structural analysis.

2. Existing stress-strain models

2.1. Models for conventionally produced steels

2.1.1. Models exhibiting discontinuous yielding
The typical stress-strain curve exhibiting discontinuous yielding of

carbon steel (mainly hot-rolled carbon steels) is shown in Fig. 3. In the
elastic range, the curve remains linear with a slope defined by the

Fig. 1. Manufacturing equipment and printed structure of WAAM process.

Fig. 2. WAAM structures: (a) a cantilever truss [4], (b) a beam hook [6], (c) a small 3D printed footbridge in shell form [7], and (d) a MX3D metal 3D printed
footbridge [3].
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Young's modulus E. After entering the elastic-plastic range, the strain of
the curve increases sharply while the stress fluctuates slightly within the
upper and lower yield strengths. The lower yield strength is chosen as
the yield strength fy [40] in this paper and the yield strain εy can be
calculated from fy/E. When the strain reaches the strain hardening strain
εsh, the strain hardening initiates. The stress increases again up to the
ultimate stress fu with a reduced rate defined as strain hardening
modulus Esh. The strain corresponds to fu is defined as ultimate strain εu.
As summarised in the aforementioned section, various simplified

models have been proposed to represent the stress-strain response of
hot-rolled carbon steels, such as elastic, perfectly plastic model; elastic,

linear hardening model; and tri-linear model as illustrated in Fig. 4(a), 4
(b) and 4(c) respectively. Compared with the typical stress-strain curve
in Fig. 3, the three models have their respective limitations, such as
ignoring strain hardening, overlooking the distinct yield plateau, and
neglecting the gradual loss of stiffness during the strain hardening
behaviour.
Therefore, a quad-linear model and a bilinear plus nonlinear hard-

ening model have been developed to address the limitations, as illus-
trated in Fig. 5 [28]. The quad-linear stress-strain model consists of four
stages is written as Eq. (1).

f(ε) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

Eε for ε ≤ εy
fy for εy < ε ≤ εsh
fy + Esh(ε − εsh) for εsh < ε ≤ C1εu

fC1εu +
fu − fC1εu
εu − C1εu

(ε − C1εu) for C1εu < ε ≤ εu

(1)

where the C1εu represents the strain at the intersection point of the
simplified initial strain hardening curve (i.e. the third stage of the
model) and the actual stress-strain curve, and fC1εu is the corresponding
stress. The strain hardening modulus Esh and the strain hardening strain
εsh are calculated using Eq.(2) and Eq. (3), respectively [28].

Esh =
fu − fy

C2εu − εsh
(2)

εsh = 0.1
fy
fu
− 0.055 for 0.015 ≤ εsh ≤ 0.03 (3)

Meanwhile, the bi-linear plus nonlinear hardening model shown in
Fig. 5(b) and Eq. (4) was also proposed [28], which captures the gradual
loss of stiffness in the strain hardening region thus is more suitable for
advanced numerical simulations. Considering its practicality, the quad-
linear model is deemed appropriate and sufficiently accurate for most
engineering application.

The material coefficients of strain hardening stage, C1 and C2 in Eq.
(1), as well as K1, K2, K3, and K4 in Eq. (4), are calibrated using Ordinary
Least Squares (OLS) regression analysis based on actual stress-strain
curves beyond the strain hardening εsh. The measured stress-strain
curves often contain unevenly distributed data points due to the vary-
ing strain rates during coupon testing, and in some cases, exhibit a high
degree of experimental noise. These factors can cause problems for the
OLS regression analysis. Therefore, before performing the regression
analysis, the strain-hardening region of the original stress-strain curve is
typically fitted to a 7th-order polynomial [41], as given by Eq. (5),
where a1 through a7 represent a set of trial coefficients to be determined.

Fig. 3. Typical stress-strain curve of carbon steel with discontinuous yielding.

Fig. 4. Existing linear stress-strain models for hot-rolled carbon steels.

f(ε) =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

Eε for ε ≤ εy
fy for εy < ε ≤ εsh

fy +
(
fu − fy

)
×

{

K1
(

ε − εsh
εu − εsh

)

+K2
(

ε − εsh
εu − εsh

)/[

1+ K3
(

ε − εsh
εu − εsh

)K4
] 1
K4
}

for εsh < ε ≤ εu

(4)
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The material coefficients are then obtained based on the evenly
distributed data points obtained from Eq. (5).

f(ε) = fy +
∑7

k=1
ak(ε − εsh)k for εsh < ε ≤ εu (5)

2.1.2. Models exhibiting continuous yielding
Fig. 6 illustrates the typical stress-strain curve with continuous

yielding, which is mainly observed in stainless steels and cold-formed
carbon steels. This behaviour is originally described by the basic
Ramberg-Osgood model [29,30] by using three key material parame-
ters, including the Young's modulus E, the yield strength fy , and the
strain hardening exponent n – see Eq. (6).

ε =
f
E
+0.002

(
f
fy

)n

(6)

Due to the rounded nature of the stress-strain curve, the 0.2 % proof
stress f0.2 is taken as the yield strength fy. However, several equations
have been proposed to calculate the strain hardening exponential n. The
equation proposed by Hill [30] is given by Eq. (7) where f1 and f2
correspond to the 0.1 % and 0.2 % proof stress respectively, and ε1 and
ε2 correspond the respective strain. The equation provided the funda-
mental form while 0.2 % proof stress fy and 0.01 % proof stress f0.01 are
used in [32,33,42,43], and 0.2 % proof stress fy and 0.05 % proof stress
f0.05 are used in [31,35,44], as shown in Eq. (8) and Eq. (9), respectively.
In addition, EN 1993-1-4 [43] also provides a recommended value of n
for convenience.

n =

ln
(

ε2
ε1

)

ln
(

f2
f1

) (7)

n =
ln(20)

ln
(

fy
f0.01

) (8)

n =
ln(4)

ln
(

fy
f0.05

) (9)

As noted in the preceding section, the use of the Ramberg-Osgood
model [29,30] for stresses higher than fy can lead to overestimation of
stresses. To address this limitation, various multistage Ramberg-Osgood
models have been developed. Fig. 6 illustrates the two-stage Ramberg-
Osgood model [31], given by Eq. (10), and highlights the definitions of
key material parameters associated with it. For the second stage (f > fy),
the new equation is derived by shifting both the vertical and horizontal
axes from the origin to the point on the stress-strain curve corresponding
to the 0.2 % proof stress fy, then applying the Ramberg-Osgood model in
this new reference system. For simplicity, or when the material dem-
onstrates good ductility, the term ε0.2 − fu − fy

E0.2
is selectively omitted, and a

simplified model [32] is employed as Eq. (11). The initial modulus E0.2 is
the tangent modulus of the stress-strain curve at the 0.2 % proof stress,
as obtained from Eq. (12).

ε =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

f
E
+ 0.002

(
f
fy

)n

for f ≤ fy

f − fy
E0.2

+

(

εu − ε0.2 −
fu − fy
E0.2

)(
f − fy
fu − fy

)m

+ ε0.2 for fy < f ≤ fu

(10)

ε =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

f
E
+ 0.002

(
f
fy

)n

for f ≤ fy

f − fy
E0.2

+ εu

(
f − fy
fu − fy

)m

+ ε0.2 for fy < f ≤ fu

(11)

E0.2 =
E

1+ 0.002nE
/
fy

(12)

Based on the second stage equation, Quach and Huang [42] obtained
the strain hardening exponent m by imposing the curve passing through
three points: fy, fu, and an intermediate stress fr (typically f1.0 and f2.0

)
.

This resulted in two alternative expressions form, given by Eq. (13a) and
Eq. (13b), respectively. However, the need for additional parameters
reduce their practicality. When these parameters cannot be experi-
mentally obtained, predictive expressions for them are also required.

Fig. 5. Existing quad-linear and bilinear plus nonlinear hardening models: (a) quad-linear model with flat yield plateau; (b) bilinear plus nonlinear hardening model
with flat yield plateau.

Fig. 6. Typical stress-strain curve of carbon steel with continuous yielding.
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m =

ln
(

0.008+ f1.0 − fy
E −

f1.0 − fy
E0.2

)

− ln
(

εu − ε0.2 − fu − fy
E0.2

)

ln
(
f1.0 − fy

)
− ln

(
fu − fy

) ≥ 1 for ​ fr = f1.0

(13a)

m =

ln
(

0.018+ f2.0 − fy
E −

f2.0 − fy
E0.2

)

− ln
(

εu − ε0.2 − fu − fy
E0.2

)

ln
(
f2.0 − fy

)
− ln

(
fu − fy

) ≥ 1 for fr = f2.0

(13b)

Consequently, researchers have preferred to directly utilise the pre-
dictive expressions of m that have been proposed for various applicable
ranges. They recognized that the strain hardening exponent m depends
on the ultimate tensile strength fu relative to the 0.2 % proof stress fy.
The following expression, Eq. (14), is obtained by employing different
values of k, such as 2.8 [35], 3.3 [36], and 3.5 [32].

m = 1+ k
fy
fu

(14)

In addressing the limitations associated with obtaining the ultimate
strength fu from experiments and improving the model's accuracy at low
strains (less than approximately 10 %), Gardner and Nethercot [45]
proposed adjustments to the curve in the second stage of Eq. (10),
imposing the curve to pass through the 1 % proof stress σ1.0 and the
corresponding strain ε1.0 in the second stage, thereby constructing Eq.
(15).

ε =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

f
E
+ 0.002

(
f
fy

)n

for f ≤ fy

f − fy
E0.2

+

(

ε1.0 − ε0.2 −
f1.0 − fy
E0.2

)(
f − fy
f1.0 − fy

)n0.2,1.0

+ ε0.2 for f ≤ fy

(15)

where n0.2,1.0 is a strain hardening coefficient representing a curve that
passes through fy and f1.0. For similar reasons, the predictive expressions
for the ultimate strength fu and ultimate strain εu have also been
explored. The existing expressions of the ultimate strength fu for con-
ventional produced steels exhibit two basic forms Eqs. (16–17), as out-
lined in Table 1, where e is the nondimensional proof stress (Eq. (18)).
Additionally, the ultimate strain εu is correlated with the yield-to-
ultimate stress ratio fy/fu, as indicated by Eq. (19) [32] and Eq. (20)
[28]. Quach and Huang [42] further proposed various predictive ex-
pressions, each applicable within different ranges of n.

e =
fy
E

(18)

εu = 1 −
fy
fu

(19)

εu = 0.6
(

1 −
fy
fu

)

(20)

In addition to the aforementioned two-stage stress-strain models,
three-stage and multistage models [31–34] based on the Ramberg-
Osgood model have also been proposed to achieve more accurate
stress-strain response. Nevertheless, when weighing the balance be-
tween the accuracy and practicality of the stress-strain model, the two-
stage model offers a broader scope of application.

2.2. Models for WAAM carbon steels

The existing tensile coupon tests and previous experiments on
WAAM carbon steels conducted by the authors have shown that these
steels generally exhibit stress-strain behaviour similar to conventionally
produced steels (aforementioned hot-rolled and cold-formed steels).
Huang et al. [39] suggested that the stress- strain curves of WAAM
normal-strength steels generally aligns with the quad-linear model (Eq.
(1)) or bilinear plus nonlinear hardening model (Eq. (4)), whereas the
stress-strain curves of WAAM high-strength steels are more effectively
described by the two-stage Ramberg-Osgood model (Eq. (10)).
However, two major differences exist. Firstly, the geometric un-

dulations in as-built WAAM components result in reduced effective
mechanical properties and introduce a certain degree of anisotropy.
Therefore, prediction expressions for certain material parameters vary
based on the surface conditions (machined or as-built) and the coupon
extraction angles θ. Secondly, inclined yield plateaux are observed in a
portion of stress-strain curves of WAAM normal-strength steels. It results
in the strain hardening stress fsh corresponding to the strain hardening
strain εsh no longer being consistent with the yield strength fy, as show in
Fig. 7.Consequently, the second stage of Eq. (1) and (4) was modified
[39] by introducing a new slope Ep = 0.004E.
Considering the major differences, the stress-strain curves of WAAM

normal-strength steels can be classified into two categories: one with a
flat yield plateau (Fig. 5), typically observed in machined coupons with
various angles θ and as-built coupons with θ = 0◦ ; and another with an
inclined yield plateau (Fig. 7), usually seen in as-built coupons with
θ ∕= 0◦ . The prediction expressions for the material parameter Esh and εu
are also distinct for each case, with Eqs. (21) and (22) for the former case
and Eqs. (23) and (24) for the latter case.

Esh =
fu − fy

0.4(εu − εsh)
(21)

εu = 0.7
(

1 −
fy
fu

)

(22)

Esh =
fu − fy

0.5(εu − εsh)
(23)

εu =
(

0.7 −
0.5θ

π

)(

1 −
fy
fu

)

(24)

However, other material parameters, including εsh, C1, fu, n, and m,
were predicted using the same expression, Eqs. (25–27), regardless of
the surface conditions and the coupon extraction angles.

εsh = 0.1
fy
fu
− 0.052 for 0.015 ≤ εsh ≤ 0.03 (25)

C1 =
εsh + 0.25(εu − εsh)

εu
(26)

fu
fy

= 1+

(
160
fy

)1.4

(27)

Table 1
Predictive expressions of the ultimate strength σu following two basic forms
[32,35,36,42,46].

fy
fu

= a1 + b1e fu
fy

= a2 +

(
b2
fy

)c

fy
fu

= 0.2+ 185e (16a)
fu
fy

= 0.83+
203.8
fy

(17a)

fy
fu

= 0.61+ 112.94e (16b) fu
fy

= 1+

(
130
fy

)1.4

(17b)

fy
fu

= 0.46+ 145e (16c) fu
fy

= 1+

(
200
fy

)1.75

(17c)
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The material parameters in the model for WAAM high-strength
steels, including n and m, were predicted using Eqs. (28–29).

n =
ln(20/3)

ln
(

fy
f0.03

) (28)

m = 1+1.3
fy
fu

(29)

3. Experimental database

Over 700 material tensile tests on WAAM steel have been collected,
covering a diverse range of feedstock wires, post-treatments, surface
conditions, deposition strategies, coupon extraction angles, andmaterial
thicknesses, as detailed in Table 2. The feedstock wires used include
ER50–6 (specified according to GB/T 8110 [47]), ER70S-6, ER70S-G
(specified according to AWS A5.18 [48]), ER90S–B3, ER90S-B91,
ER100, ER100S-1, ER110S-1, ER110S-G, ER120S-G (specified accord-
ing to AWS A5.28 [49]), G3Si1, G4Si1 (specified according to EN ISO
14341 [50]), XC-45 (specified according to AFNOR NF A37–502 [51]),
and A-Fe-W-86 (a self-developed feedstock wire). Among these, ER70S-6
wire was the most extensively studied for WAAM applications. The
deposition strategies that used to fabricate the WAAM components,
including steel sheets, blocks, and sections (such as rectangular hollow
sections (RHS) and circular hollow sections (CHS)) include parallel,
oscillation, and dot-by-dot deposition, as depicted in Fig. 8. After
fabrication, the components underwent multiple post-processes, such as
heat treatment and cooling. Coupons were finally extracted from these
components with various angles θ relative to the print layer direction, as
shown in Fig. 9. These coupons were shaped as dog-bone sheets or round
bars, with thicknesses or diameters ranging from 0.5 mm to 17 mm, and
featured two surface conditions: as-built with original undulation and
machined with milled surfaces, also illustrated in Fig. 10.
The quantity of material parameters and full stress-strain curves from

the collected tensile coupon test data is also summarised in Table 2. Most
of the material parameters were determined from the stress-strain curves

digitised using software GetData [52], with a few parameters obtained
directly from tables in the original manuscripts. Blank spaces in Table 2
indicate either unknown details or a zero quantity of the specified ma-
terial parameter.
Among the collected stress-strain curves, 487 full stress-strain curves

with discontinuous yielding were analysed to calibrate the material
coefficients for the quad-linear and bilinear plus nonlinear hardening
models, and 153 full stress-strain curves with continuous yielding were
analysed to calibrate the strain hardening exponents n andm in the two-
stage Ramberg-Osgoodmodel. OLS regression analysis was performed to
determine the model coefficients and material parameters.
It is important to note that the coupon extraction angles θ have

significant influences to the material properties, particularly for WAAM
as-built components. Therefore, the determination of material parame-
ters and model coefficients was carefully adjusted to account for the
effects of the angles.

4. Determination of material parameters and model coefficients

4.1. Model selection

Three typical stress-strain curves are shown in Fig. 11(a), where the
curves with flat and inclined yield plateaux are the discontinuous
yielding curves, and the rounded curve is the continuous yielding curve.
For the discontinuous yielding curves, the updated quad-linear and
bilinear plus nonlinear hardening models are proposed – see Eqs. (30)
and (31), respectively.

f(ε) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

Eε for ε ≤ εy

fy + Ep
(

ε − εy
)

for εy < ε ≤ εsh

fsh + Esh(ε − εsh) for εsh < ε ≤ C1εu

fC1εu +
fu − fC1εu
εu − C1εu

(ε − C1εu) for C1εu < ε ≤ εu

(30)

Fig. 7. Existing quad-linear and bilinear plus nonlinear hardening models for WAAM steels: (a) quad-linear model with inclined yield plateau; and (b) bilinear plus
nonlinear hardening model with inclined yield plateau.

f(ε) =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

Eε for ε ≤ εy

fy + Ep

(
ε − εy

)
for εy < ε ≤ εsh

fsh + (fu − fsh) ×

{

K1
(

ε − εsh
εu − εsh

)

+K2
(

ε − εsh
εu − εsh

)/[

1+ K3
(

ε − εsh
εu − εsh

)K4
] 1
K4
}

for εsh < ε ≤ εu

(31)
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Table 2
Summary of number and details of WAAM steel coupon test data.

Reference Feedstock wire Surface
condition a

Deposition
strategy b

Thickness/
diameter (mm)

Coupon extraction
angle (◦) c

E fy fu εu εsh Full
curves

Ahsan et al. [53] ER70S-6 d M P 2 90◦ 1 4 4 1 1 1
Ahsan et al. [54] ER70S-G d M P 1.6 0◦ 1 1
Aldalur et al.
[55] ER70S-6 d M P, O 4 0◦ , 90◦ 24 24 24 24 24 24

Al-Nabulsi et al.
[56]

UnionK40/
ER70S-G d

M P 17 0◦ 3 3 3 3 3 3

Astarita et al.
[57]

ER70S-6 d M P 3 0◦ , 90◦ 4 4 4 4 4

Ayana et al. [58] ER70S-6 d M P 2 0◦ , 45◦ , 90◦ 6 6 6 6 6 6
Bourlet et al.
[59] ER100 g M P 4 0◦ 24 24

Chen et al. [14]
ER100S-G g, ER110S-G
g, ER120S-G g M, AB P 6.5

0◦ , 30◦ , 45◦ ,
60◦, 90◦ 60 60 60 60 16 60

Dirisu et al. [15] ER70S-6 d, ER90S–B3
g, ER120S-G g

M P 3 0◦ , 90◦ 6 6 6 6 2 6

Ermakova et al.
[60]

ER100S-1 g, ER70S-6 d M O 8 0◦ , 90◦ 4 4 4 4 2 4

Fang et al. [61] 800 MPa class i M P 5 0◦ , 90◦ 6 6 6 6 1 6
Ghaffari et al.
[62] ER70S-6 d M P 5 0◦ , 90◦ 2 2 2 2 2 2

Guo et al. [63] ER70S-6 d M, AB P 3, 8 0◦ , 45◦ , 90◦ 27 27 27 27 27 27
Guo et al. [64] SRSF690M i M P 0◦ , 90◦ 2 2

Huang et al. [12] ER70S-6 d, ER110S-G g M, AB P 3, 8 0◦ , 30◦ , 45◦ ,
60◦, 90◦

137 137 137 137 116 137

Huang et al. [65] ER70S-6 d M, AB P 3 90◦ 4 4 4 4 3 4
Karabulut et al.
[66]

3Dprint AM35/
ER70S-G d M O 12 0◦ , 90◦ 6 6 6 6 2 6

Khandelwal et al.
[67] ER70S-6 d M P 10 0◦ , 90◦ 4 4 4 4 4 4

Kotteman et al.
[68]

ER70S-6 d M, AB P 1.5–6 0◦ , 45◦ , 90◦ 60 60 58 58 58 60

Kühne et al. [69] G3Si1 e AB P 8 0◦ , 90◦ 2 2 2 2 2 2
Kumar et al. [70] ER70S-6 d M P 90◦ 9 9 9 9 9
Kyvelou et al.
[71] ER70S-6 d AB P 6.5 0◦ 4 4 4 4 4 4

Laghi et al. [13] ER70S-6 d M O 4 0◦ , 45◦ , 90◦ 24 24 24 24 24 24
Lange et al. [72] M P 90◦ 7 7 7 7 7 7
Le et al. [73] ER70S-6 d M P 2 0◦ , 90◦ 6 6 6 6 6 6
Li et al. [16] ER90S-B91 g M P 90◦ 2 2 2 2 2
Lin et al. [74] XC-45 h M P 0◦ , 90◦ 4 4
Liu et al. [22] ER50–6 f M, AB P 3, 5, 8 0◦ , 45◦ , 90◦ 52 52 52 52 52 52
Lu et al. [75] ER70S-6 d M P 0.5 0◦ , 90◦ 6 6 6 6 6 6
Ma et al. [76] ER50–6 f M P 1.2 0◦ 4 4 4 4 4 4
Michl et al. [77] ER70S-6 d M P 4 0◦ , 45◦ , 90◦ 11 11 11 11 10 11
Müller et al. [17] G4Si1 e AB D 8.2, 9.16, 10 90◦ 3 3 3 3 2 3

Müller et al. [78] 3Dprint AM80/
ER110S-1 g

M P 3 0◦ 46 46

Nagasai et al.
[79] ER70S-6 d M P 4 90◦ 2 2 2 2 2 2

Nemani et al.
[18] ER70S-6 d M P 5 0◦ , 90◦ 6 6 6 6 4 6

Rafieazad et al.
[80]

ER70S-6 d M P 0◦ , 45◦ , 90◦ 3 3 3 3 2 3

Raut et al. [81] ER70S-G d M P 4 0◦ 1 2 2 1 1 1
Rodrigues et al.
[82]

ER110S-G g M P 4 0◦ , 90◦ 4 4 4 4 4

Ron et al. [83] ER70S-6 d M P 3.81 90◦ 1 1 1 1 1 1
Silvestru et al.
[84]

Union SG 2-H/
ER70S-6 d M D 5.5 45◦, 90◦ 15 15 15 15 15 15

Song et al. [85] ER70S-6 d M, AB P 4, 8 0◦ , 45◦ , 90◦ 24 24 24 24 24 24
Song et al. [86] ER70S-6 d M, AB P 6 0◦ , 90◦ 10 10 10 10 10 10
Sun et al. [87] A-Fe-W-86 i M P 2 0◦ , 90◦ 2 6 6 2 2
Tankova et al.
[88]

ER70S-6 d M, AB P 8 0◦ , 45◦ , 90◦ 18 18 18 18 18 18

Tripathi et al.
[89] ER70S-6 d M P 4 0◦ , 90◦ 2 2 2 2 2

Weber et al. [90] ER110S-G g M, AB P 8
0◦ , 22.5◦, 45◦,
67.5◦ , 90◦

60 60 60 60 18 60

Webster et al.
[91]

ER100S-G g M P 6.1 90◦ 3 3 3 3 3

Xin et al. [92] ER70S-6 d M P 2.8 0◦ , 45◦ , 90◦ 8 8 8 8 8 8
Yildiz et al. [93] ER120S-G g M P, O 3.3 0◦ , 90◦ 5 5 5 5 5
Total 648 733 731 646 487 640

a M = Machined, AS = as-built.
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where Ep = 0 with flat yield plateau, and Ep = 0.007E with inclined
yield plateau (see Section 4.5.2 for detailed discussion). Meanwhile, for
the continuous yielding curves Ramberg-Osgood model (i.e. Eq. (10)) is
adopted for calibration. The proposed stress-strain models incorporate
three fundamental material parameters: the Young's modulus E, yield
strength fy, and ultimate strength fu, which are assumed to be known in
most cases. The remaining material parameters were derived using
predictive expressions fitted to the collected database, resulting in
models suitable for WAAM steels, which will be discussed in the
following sections.
The occurrence of different yield plateau and corresponding model

selection is a very worthwhile topic for discussion. As shown in Fig. 11
(b), in the overall database, the three types of yielding response,
including flat, inclined, and rounded yield plateaux, account for 59 %,
15 %, and 26 %, respectively. The WAAM steels with fy smaller than 500
MPa tend to exhibit discontinuous yielding with 93 % of them have flat

or inclined yield plateaux, while the ones with fy larger than 500 MPa
tends to exhibit continuous yielding, with 74 % of them have rounded
non-plateau. If only the yield strength is used as a criterion for deter-
mining the occurrence of a yield plateau, it seems impossible to cover all
cases.
Wang et al. [38] believed that the yield strength of the high strength

steel and its carbon content determined the occurrence of the yield
plateau. Accordingly, Fig. 12(a) illustrates the effects of yield strength
and carbon content on the occurrence of yield plateau for different
yielding responses of WAAM steel. Two criteria, listed in Table 3, are
drawn in green dash lines as the boundary for curves with yield plateau
and without yield plateau.
To evaluate the accuracy of the two criteria, the ratio of the number

of data with yield plateau located below the boundary line to the total
number of data with yield plateau nplateau below

nplateau all
, as well as the ratio of the

number of data without yield plateau located above the boundary line to
the total number of data without yield plateau nnon− plateau above

nnon− plateau all
, were

calculated. The slightly difference of average accuracy shows that the
criterion No.1 which considers the effect of an extra factor of carbon
content is almost consistent with the criterion No.2 which only considers
yield strength.
Further considering the characteristics of WAAM steels compared

with conventional produced steels, the coupon extraction angle, surface
condition, and deposition strategy of WAAM steels may have potential
effects on the yielding response, as shown in Fig. 12 and Table 3. A
similar conclusion can be drawn that there is not much difference be-
tween the two criteria. Therefore, considering the balance between ac-
curacy and convenience, yield strength can be utilised to distinguish
yielding responses. Note that the average accuracy of this criterion is
84.1 %, and further research could be conducted to optimise it.
Note that the criterion for distinguishing the flat or inclined yield

plateau is also worthy discovering. Considering different factors,
including coupon extraction angle, surface condition, and deposition
strategy, the distributions of each yielding response are shown in Fig. 13.
The proportion in each ring is marked only if it is not less than 5 %. For
the collected database of WAAM steels with yield strength fy below 500
MPa, the specimens with angle of 90◦account for 62 %, the as-built
specimens account for 91 %, and the specimens manufacturing by

b P = Parallel deposition strategy; O = Oscillation deposition strategy; D = Dot by dot deposition strategy.
c Coupon extraction angles = Angles between the specimen axis and the print layer orientations during manufacturing.
d Specified according to AWS A5.18 [48].
e Specified according to EN ISO 14341 [50].
f Specified according to GB/T 8110 [47].
g Specified according to AWS A5.28 [49].
h Specified according to AFNOR NF A37–502 [51].
i Self-developed feedstock wires.

Fig. 8. Illustration of deposition strategy.

Fig. 9. Illustration of coupon extraction angle θ.

Fig. 10. Illustration of coupon surface condition.
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parallel deposition strategy account for 99 % the inclined yield plateau
data.
As shown in Fig. 13(a), the specimens with inclined yield plateau

have angles of not less than 30◦, accounting for 8 %, 23 %, 7 % and 62 %
respectively, and the majority of the surface conditions of these speci-
mens are in as-built. Considering that the material properties of as-built
specimens with an angle of 0◦ are similar to those of machined specimen
[12,39], it seems that it can be concluded that as-built specimens with an
angle other than 0◦ usually show inclined yield plateau. However, in the
specimens with flat yield plateau, as-built specimens with an angle
greater than 0◦ also account for a proportion that cannot be ignored, so

the above conclusion is only a necessary and insufficient condition. A
similar conclusion can also be obtained from Fig. 13(b). As for the in-
fluence of deposition strategy, due to the small amount of data except for
parallel deposition strategy, and the majority of the specimens are flat
yield plateau, it is considered that it has little impact on the yield plateau
as shown in Fig. 13(c).
Summarily, for WAAM specimens with yield strength greater than

500 MPa, the continuous stress-strain model with rounded yield plateau
(two-stage Ramberg-Osgood model) is preferred; for WAAM specimens
with yield strength less than 500 MPa, the discontinuous stress-strain
model with inclined yield plateau (quad-linear model/ bilinear plus

Fig. 11. The stress-strain curves and distribution of yield responses in the WAAM steel database.

Fig. 12. Effects of yield stress fy and (a) carbon content, (b) coupon extraction angle, (c)surface condition, and (d) deposition strategy on the yielding response of
WAAM steels.
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nonlinear hardening model) is suitable for specimens with θ ∕= 0◦ in as-
built specimens, and the discontinuous stress-strain model proposed
with flat yield plateau (quad-linear model/bilinear plus nonlinear
hardening model) can be used in other cases. However, it is worth noting
that a large number of as-built specimens with θ ∕= 0◦ may be more fitted
to the discontinuous stress-strain model with flat yield plateau, which
requires subsequent simulation for error analysis.

4.2. Young's modulus E

The Young's modulus E extracted from literatures varies from 2 to
1600 GPa – see Fig. 14(a). The Young's modulus is determined by
regression analysis, as described in [9]. A typical example of the adopted
method is shown in Fig. 15. Since experimental noise is often present in
stress-strain curves, the numerical derivative cannot be computed
directly. To address this, a moving regression filter is applied to smooth
the curve, and the Young's modulus E is calculated at each point, as
illustrated in Fig. 15(a). The computed values of E are then plotted
against the corresponding strain values (averaged across the regression
window), as shown in Fig. 15(b). The Haar wavelet transform [94] is
employed to identify the positions of the ramp-up and ramp-down re-
gions in E, which define the bounds of a window (bands A and B in
Fig. 15(b)) containing a plateau region of constant E. Within this plateau
region, an S-shaped logistic curve is fitted to the data using the
Levenberg-Marquardt nonlinear least squares regression algorithm
[95,96]. Finally, the Young's modulus E is determined as the value of the
fitted logistic curve at the strain corresponding to band A, which is
denoted by the red point in Fig. 15(b).
In order to eliminate the errors raised from the extraction process or

other potential reasons, only the values between 100 and 300 GPa were
considered, as the data point between the grey dash lines. As depicted in
Fig. 14(b), the Young's modulus values of WAAM steels were slightly
sensitive to the surface conditions and coupon extraction angles. The
average Young's modulus values for WAAM as-built and machined car-
bon steel coupons were 202 GPa and 192 GPa respectively, with both of
them lower than the value 210 GPa given in EN1993-1-1 [97] and 203
GPa recommended in AISI [98].

4.3. Ultimate strength fu

As discussed in Section 2.1.1, the ultimate strength fu is generally
estimated using two types of predictive expressions: Eqs. (16a-c) and
(17a-c), derived from regression analyses in previous studies. Focused
on the latter type of expression and conducted preliminary analysis
using the collected test data (summarised in Table 2), the ratios of fu/fy
are plotted against the yield strength fy in Fig. 16(a).
The variations in fu/fy with fy for WAAM steels can be classified into

three categories, influenced by the type of feedstock wires (primarily
corresponding to yield strength fy), heat treatments, and interpass

temperatures during manufacturing process. The majority of coupons,
manufactured using either low- or high-strength feedstock wires, follow
a consistent trend and are classified into Category 1. Notably, in a spe-
cific experiment within Category 1, the interpass temperature was
abnormally high, exceeding the maximum allowable limit of 350 ◦C
specified in EN 1011–2 [99]. This anomaly resulted in reduced yield
strengths, causing these samples to deviate from their original group and
form a new subset within Category 2. Category 2 consists of a part of
coupons with yield strengths exceeding 500 MPa, which exhibit a
distinct trend compared to Category 1. However, the reasons for the
occurrence of two branches in coupons made of high-grade strength
feedstock wires, excluding the influence of interpass temperature,
remain unclear and require further investigation with additional data.
Category 3 is unique, as the data in this group is derived from experi-
ments in Category 2. However, additional heat treatment during
manufacturing led to a decrease in fu/fy, in line with the trend observed
in Category 1. In summary, these three categories can be reclassified into
two major categories that reflect two distinct trends, which can be
predicted using two different design expressions given by Eqs. (32a) and
(32b), as shown in Fig. 16(b).

fu
fy

= 1+

(
150
fy

)1.3

for Category 1 (32a)

fu
fy

= 1+

(
360
fy

)1.5

for Category 2 (32b)

In addition, the variations in fu with fy for WAAM steels are illus-
trated in Fig. 17(a), following the same distribution pattern as shown in
Fig. 16(a). A new predictive expression for the ultimate tensile strength
fu is also proposed as Eqs. (33a) and (33b) in Fig. 17(b).

fu = fy+115 for Category 1 (33a)

fu = fy+285 for Category 2 (33b)

The key statistical values, including the mean and COV of the
predicted-to-test results fu,pred/fu,test, determined from the existing Eq.
(27) for WAAM steels and the proposed Eqs. (32) and (33), are sum-
marised in Table 4. The predictive expressions Eqs. (32) and (33) both
provide strong average predictions of the test data, with the mean ratios
of the predicted-to-test values close to 1.0. Eq. (27) [39] also demon-
strates high prediction accuracy, yielding the predicted-to-test values of
0.960 for data in Category 1, but performs significantly worse for data in
Category 2. This proves the superiority of the proposed expressions.
Overall, Eqs. (32) and (33) accurately predict the ultimate tensile

strength fu of WAAM carbon steels, with Eq. (32) being the preferred
choice due to its conservatism. Additionally, when it is uncertain which
categories the coupons belong to, the newly proposed Eq. (34), derived
from the complete experimental dataset, provides a reliable predictive

Table 3
Criteria for determining the occurrence of a yield plateau according to different factors.

Boundary Factors Criteria nplateau below
nplateau all

nnon− plateau above
nnon− plateau all

Average accuracy

1

Carbon content C% = 0.09 − 0.001×
(
fy − 500

)
80.4 % 81.0 % 80.7 %

Coupon extraction angle θ = 45 − 0.4×
(
fy − 500

)
85.2 % 89.4 % 87.3 %

Surface condition SC(1,2) = 2 − 0.1×
(
fy − 500

)
90.6 % 80.0 % 85.3 %

Deposition strategy DS(1, 2, 3) = 2 − 0.15×
(
fy − 500

)
90.6 % 80.0 % 85.3 %

Total average accuracy 84.7 %

2

Carbon content

fy = 500

80.2 % 81.0 % 80.6 %
Coupon extraction angle 90.4 % 80.0 % 85.2 %
Surface condition 90.4 % 80.0 % 85.2 %
Deposition strategy 90.4 % 80.0 % 85.2 %

Total average accuracy 84.1 %
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expression. It achieves a mean predicted-to-test ratio of 0.995 with a
COV of 0.073, ensuring trustworthy and consistent predictions. The
observed presence of two distinct branches within the coupons exhib-
iting yield strengths fy exceeding 500 MPa remains inadequately un-
derstood currently. Consequently, further research is needed based on
more WAAM stress-strain data.

fu
fy

= 1+

(
90
fy

)0.8

(34)

4.4. Ultimate strain εu

The ultimate strain εu collected from the literatures are plotted
against the corresponding fy/fu ratios for as-built and machined coupons
in Figs. 18(a) and 18(b) respectively, where the proposed respective
equations Eqs. (35a) and (35b) are also illustrated. Meanwhile, for both
proposed equations, the extraction angles are considered.

Fig. 13. The distribution (proportion and quantity) of yielding responses: (a) coupon extraction angle, (b)surface condition, and (c) deposition strategy.
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Fig. 14. The obtained Young's modulus E database: (a) values, and (b) averages according to angles and surface conditions.

Fig. 15. Process for the determination of the Young's modulus E.

Fig. 16. (a) The variations of fu/fy with fy and (b) predictions of the yield strength fy using Eq. (32).

Fig. 17. (a) The variations of fu with fy and (b) predictions of the yield strength fy using Eq. (33).
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εu =
(

0.75 −
0.3θ

π

)(

1 −
fy
fu

)

for machined WAAM steels (θ in rad)

(35a)

εu =
(

0.7 −
0.5θ

π

)(

1 −
fy
fu

)

for as − built WAAM steels (θ in rad)

(35b)

The predictive expression Eq. (35a) yields reliable predictions for the
test data, exhibiting a conservative bias with a mean ratio of the overall
tested-to-predicted values of 0.997 and a moderate COV of 0.376, as

detailed in Table 5. For as-built coupons, the proposed Eq. (35b) predicts
the ultimate strain εu more accurately and conservatively than Eq. (24),
with predicted-to-test ratios of 0.998 versus 1.056, making it more
suitable for application requirements.

4.5. Material parameters of a model with discontinuous yielding

4.5.1. Strain hardening strain εsh
The measured strain hardening strains εsh for both machined and as-

built WAAM steel coupons are plotted against the ratio of fy/fu in Fig. 19.
Based on regression analysis and using an expression similar in format to
Eq. (3), the unified equation Eq. (36) was proposed to predict εsh for

Table 4
Statistical results of fu,pred/fu,test using different predictive expressions.

fu,pred/fu,test

Scope Category 1 Category 2

Equation Eq. (27) Eq. (32a) Eq. (33a) Eq. (27) Eq. (32b) Eq. (33b)
Mean 0.960 0.995 0.999 0.784 0.996 0.999
COV 0.043 0.043 0.045 0.077 0.061 0.066

Fig. 18. Assessment of predictive expressions for ultimate strain εu for (a) as-built and (b) machined WAAM steels.

Table 5
Statistical results of εu,pred/εu,test using different predictive expressions.

εu,pred/εu,test

Machined As-built Overall

Equation Eq. (22) / Eq.
(35a)

Eq.
(24)

Eq.
(35b)

Eq. (22) / Eq.
(24)

Eq.
(35)

Mean 0.997 1.056 0.998 1.028 0.997
COV 0.262 0.483 0.455 0.401 0.376

Fig. 19. Evaluation of predictive expressions for εsh for (a) overall, (b) machined, and (c) as-built WAAM steels.

Table 6
Statistical results of εsh,pred/εsh,test using different predictive expressions.

εsh,pred/εsh,test

Overall Machined As-built

Equation Eq. (25) Eq. (36) Eq. (37) Eq. (37a) Eq. (37b)
Mean 0.905 1.021 1.014 1.009 1.019
COV 0.408 0.369 0.364 0.348 0.381
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WAAM carbon steels. As shown in Fig. 19(a), although the coupon test
results for εsh are relatively scattered, the proposed unified expression
Eq. (36) provides accurate predictions for all WAAM steel coupons,
capturing over 80 % of the test data within ±40 %.

εsh = 0.1
fy
fu
− 0.048 for 0.015 ≤ εsh ≤ 0.03 (36)

Figs. 19(b) and 19(c) reveal that machined WAAM steel coupons
generally have larger strain hardening strains εsh compared to as-built
WAAM steel coupons. To account for the effect of surface conditions,
Eq. (37) were proposed.

εsh = 0.1
fy
fu
− 0.045 for 0.015 ≤ εsh ≤ 0.03 for machined WAAM steels

(37a)

εsh = 0.1
fy
fu
− 0.051 for 0.015 ≤ εsh ≤ 0.03 for as − built WAAM steels

(37b)

The key statistical values for εsh, determined from the existing Eq.
(24) for WAAM steels and the proposed Eq. (36) and (37), are sum-
marised in Table 6. The comparison results demonstrate that, despite a
minor modification to one of the model coefficients, the proposed Eq.
(36) enhances the prediction accuracy for εsh compared to Eq. (25),
achieving a mean predicted-to-test ratio value of εsh equal to 1.021 and a
reduced COV of 0.369. Additionally, considering the effect of surface
conditions, Eq. (37) provides more precise predictions, with a mean

predicted-to-test ratio value of 1.014 and a further reduced COV of
0.364.

4.5.2. Inclined yield plateau slope Ep of a linear model
A total of 96 experimental stress-strain curves with inclined yield

have been analysed to obtain the slope Ep which is defined as Eq. (38).

Ep = kE (38)

The coefficient kwas determined by fitting data from yield stress fy to
strain hardening stress fsh for each stress-strain curve. The fitted results
are depicted in Fig. 20 against the coupon extraction angle θ.
Fig. 20 shows the coefficient k values collected from literatures

regarding to the different extraction angles. Although only limit data
were collected from machined coupons which are somewhat scattered
with a mean value of 0.015, the data collected as-built coupons have a
more stable trend regardless the extraction with an average value of
0.008.
Noting that the stress-strain model with inclined yield plateau is

utilised for WAAM as-built coupon with coupon extraction angle θ ∕= 0◦

discussed in model selection. The average k value of as -built coupons
with θ ∕= 0◦ is 0.007. Therefore, considering conservatism and applica-
bility, k= 0.007 is utilised as the final predictive expression. The k value
is larger than the 0.004 proposed by Huang et al. [28] due to the uti-
lisation of an expanded database. In summary, the following equation is
obtained as Eq. (39a) and (39b).

Ep = 0 for flat yield plateau (39a)

Ep = 0.007E for inclined yield plateau (39b)

4.5.3. Material coefficients
A total of 414 experimental stress-strain curves exhibiting discon-

tinuous yielding, covering 257 machined and 210 as-built WAAM steel
coupons, have been collected and analysed to establish predictive ex-
pressions for the material coefficients (C1 and Esh) employed in the
quad-linear model (Eq. (30)) and to calibrate the material coefficients
(K1, K2, K3 and K4) used in the bilinear plus nonlinear hardening model
(Eq. (31)).
Since the purpose of the curve fitting was to achieve an accurate

description of the strain hardening properties, the data from the elastic
and yield plateau regions of the curves (i.e. below εsh) were discarded.
After applying the curve fitting approach described in Section 2.1.1, the
strain hardening regions of the test stress-strain curves were represented
with an evenly distributed set of data points, which were utilised for the
following fitting process. The strain hardening region of the fitted data
points of both the machined and as-built coupons with different coupon
extraction angles are plotted in a normalised form in Fig. 21(a) and
Fig. 22(a).

Fig. 20. The coefficient k in inclined yield plateau slope Ep of database.

Fig. 21. The strain hardening region of (a) the fitted curves and (b) the proposed nonlinear and quad-linear models with flat yield plateau.
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The material coefficients (C1 and Esh) in the quad-linear model and
the material coefficients (K1, K2, K3 and K4) in the bilinear plus
nonlinear hardening model for different yielding responses were deter-
mined by means of OLS regression analysis. The following predictive
expressions for the material coefficients C1 and Esh were obtained
through the fitting process illustrated in Fig. 23:

C1 =
εsh + 0.3(εu − εsh)

εu
(40)

Esh =
fu − fy

0.4(εu − εsh)
for flat yield plateau (41a)

Esh =
fu − fy

0.5(εu − εsh)
for inclined yield plateau (41b)

Different sets of material coefficients are proposed for the stress-

strain model with flat yield plateau (K1 = 0.1, K2 = 3, K3 = 10 and
K4 = 2) and the stress-strain model with inclined yield plateau (K1 =

0.02, K2 = 2.4, K3 = 5 and K4 = 2), in accordance with their different
strain hardening behaviour, as indicated in Fig. 21(b) and Fig. 22(b),
respectively. It can be observed from Fig. 21(b) and Fig. 22(b) that the
proposed predictive expressions can accurately capture the strain
hardening behaviour of WAAM steels.

4.6. Material parameters of a model with continuous yielding

4.6.1. Strain hardening exponent n
The test values of the first strain hardening exponent n, as shown in

Fig. 24(a), can be obtained by fitting on the experimental stress-strain

Fig. 22. The strain hardening region of (a) the fitted curves and (b) the proposed nonlinear and quad-linear models with inclined yield plateau.

Fig. 23. The fitting process of the quad-linear model.

Fig. 24. (a) Distribution of the first strain hardening exponent n at different angles, and (b) evaluation of predictive expressions for n for WAAM steels when
measured σ0.03, σ0.04 and σ0.05 are available.

Table 7
Statistical results of npred/ntest using different predictive expressions.

npred/ntest

Eq. (9) Eq. (28) Eq. (42)

Mean 1.103 0.901 0.991
COV 0.128 0.141 0.107

Table 8
Recommended representative values for strain hardening exponents n and m.

n m

Machined coupons 14.9 2.3
As-built coupons 15.2 2.7
Overall 15.0 2.5
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curves using the basic Ramberg-Osgood model [29,30], as given by Eq.
(6). Fig. 24(a) shows that the values of n were scattered, ranging from
0 to 30. It can be attributed to the wide range of feedstock wires, post-
treatments, surface conditions, deposition strategies, coupon extrac-
tion angles, and material thicknesses employed in the WAAM processes.
The values of n have little variation across different surface conditions,
but decrease as the coupon extraction angle θ increases.
As noted in Section 2.1.2, the strain hardening exponent n can be

calculated by imposing the curve to pass through the 0.2 % proof stress
and an additional proof stress. The predictive expression with the
additional proof stress of 0.04 % proof stress f0.04 (Eq. (42)) was pro-
posed for WAAM steels. Assessment of the expressions is presented in
Fig. 24(b), where the predicted values npred obtained by Eqs. (9), (28),
and (42) with different additional proof stresses are plotted against the
test values ntest.

n =
ln(5)

ln
(

fy
f0.04

) (42)

Key statistical values of the strain hardening exponent n are pre-
sented in Table 7. It can be seen that Eq. (42) provides more accurate
predictions for WAAM steels. It means the 0.04 % proof stress f0.04
should be routinely measured and reported by researchers in future
experimental programs.
Aside from providing a predictive expression for n, it is also desirable

to have representative values for n that capture the general degree of
roundedness of the first stage of the stress-strain curve for WAAM steels
when the 0.04 % proof stress f0.04 is not available. The recommended
values, taken as the average of the collated ntest values, are provided in
Table 8, with a mean value of 15.0 for both machined and as-built
coupons.

4.6.2. Strain hardening exponent m
Similar to the test values of n, the second strain hardening exponent

m can be obtained by fitting the experimental stress-strain curves using
the second-stage Ramberg-Osgood model (Eq. 10). Fig. 25(a) shows that
m ranges from 0 to 8. The test values of m for as-built coupons are
relatively stable, whereas those for machined coupons are more scat-
tered, resulting in a higher mean m for machined coupons. On the other
hand, the test values of m are not significantly affected by coupon
extraction angles θ.

The value of m can be also determined by imposing the second stage
of the stress-strain curve to pass through a defined intermediate point,
such as 1.0 % proof stress f1.0 (Eq. (13a)) and 2.0 % proof stresses f2.0
(Eq. (13b).
Assessment of these two expressions is presented in Fig. 25(b), where

the predicted values mpred are plotted against the test values mtest using
Eqs. (13a) and (13b). The mean and COV of the predicted-to-test result
mpred/mtest of Eqs. (13a) and (13b) are presented in Table 9. It can be
seen that Eq. (13b) yield a satisfying prediction for WAAM steels.
When measured stress-strain data are not available, it is also desir-

able to have a predictive expression and representative values for m. Eq.
(14), expressed in terms of the ratio of yield strength to ultimate strength
fy/fu, is provided for m of conventional produced steels. Observing a
similar trend in the WAAM steel data herein, Eq. (43) was established:

m = 1+1.4
fy
fu
for as − built WAAM steel (43a)

m = 1+1.8
fy
fu
for machined WAAM steel (43b)

The test data mtest are plotted against the corresponding fy/fu ratios
for both machined and as-built coupons in Fig. 26, where the predictive
expressions are also exhibited. The mean and COV of the predicted-to-
test result mpred/mtest of Eq. (43) are presented in Table 9. The predic-
tive expression Eq. (43) employs smaller slope values of k, compared to
those used for conventional produced steels, such as 2.8 [35], 3.3 [36],
and 3.5 [32]. This results in a mean predicted-to-test ratio very close to
1, with a COV of 0.245. Moreover, the required input parameters in Eq.
(43) are easier to obtain compared to those in Eq. (13b). As a result, Eq.
(43) is more recommended. In instances where the measured fu is un-
available, it is recommended to adopt the average values mtest of 2.5 for
both machined and as-built coupons, as given in Table 8.

Fig. 25. (a) Distribution of the second strain hardening exponent m at different angles, and (b) evaluation of predictive expressions for m for WAAM steels when
measured σ1.0 (Eq. (13a)), and σ2.0 (Eq. (13b)) are available.

Table 9
Statistical results of mpred/mtest using different predictive expressions.

Eq. (13a) Eq. (13b) Eq. (42)

Mean 0.855 0.970 1.005
COV 0.136 0.155 0.245

Fig. 26. Assessment of predictive expression for the second strain hardening
exponent m for WAAM steels when measured ratios of fy/fu are available.
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4.7. Influence of surface condition

The effects of surface undulations on the strengths (fy and fu) and
ultimate strain of WAAM carbon steels have been investigated using a
corresponding dataset [12,22–24,65,68,85,86,88,90,100]. The ratios of
material parameters between as-built and machined coupons, fy,AB/fy,M,
fu,AB/fu,M, and εu,AB/εu,M, are plotted against the coupon extraction angle
θ, along with their linear regression lines in Fig. 27, as expressed by Eqs.
(44–46). The material parameters show a declining trend as θ increases,
which is attributed to greater geometric variability. The ultimate strain
experiences a more substantial reduction compared to the strengths (fy
and fu), with as-built coupons at θ = 90◦ exhibiting decreases of 17.3 %,
10.6%, and 7.3%, respectively, when compared to equivalent machined
coupons. Eqs. (44–46) capture the relationship between the strengths
and stain of as-built and machined WAAM steels, highlighting the geo-
metric variability inherent in current WAAM processes.

fy,AB
/
fy,M = 0.97 − 0.05θ

/
π (θ in rad) (44)

fu,AB
/
fu,M = 0.98 − 0.03θ

/
π (θ in rad) (45)

εu,AB
/

εu,M = 0.93 − 0.09θ
/

π (θ in rad) (46)

4.8. Characteristic strength value

Table 10 summarizes the average and characteristic strength values
of WAAM coupons manufactured using different feedstock wires, spe-
cifically the low-grade ER70S-6 and the high-grade ER110S-1, which
have relatively large quantities in the assembled database. The charac-
teristic values of the yield strength fy, k and ultimate strength fu, k are
defined as the 95 % fractile value, according to EN 1990 [101], which
are important and will serve as the basis for determining the design
strength values in future research.

Fig. 27. Comparison of yield and ultimate strength between as-built and machined coupons.

Table 10
Characteristic strength values of ER70S-6 and ER110S-1.

Machined As-built

θ (◦) Quantity Average value (MPa) Characteristic value (MPa) Quantity Average value (MPa) Characteristic value (MPa)

fy,a fu,a fy,k fu,k fy,a fu,a fy,k fu,k

ER70S-6

All 162 334 451 273 394 225 357 480 296 417
0 48 356 469 293 411 76 361 489 301 421
45 43 329 445 275 397 42 352 466 307 416
90 59 323 443 271 393 95 357 483 288 417

ER110S-1

All 67 623 714 537 644 42 669 774 596 695
0 13 665 728 593 674 11 690 789 609 704
45 13 620 716 552 660 9 646 745 596 696
90 15 594 697 535 642 10 664 788 590 688

Table 11
Measured material properties of WAAM steel coupons used for comparison with predicted stress-strain curves using model exhibiting discontinuous yielding.

Curve Surface condition Feedstock wire tnom
(mm)

θ (◦) E (MPa) fy (MPa) fu (MPa) εu Source

1

M

ER70S-6 4 0 198,428 320 442 0.16 Laghi et al. [13]
2 ER70S-6 8 30 206,897 315 430 0.21 Huang et al. [12]
3 ER70S-6 8 45 203,882 353 467 0.15 Song et al. [85]
4 3Dprint AM35 12 90 231,602 449 346 0.17 Karabulut et al. [66]
5

AB

ER110S-G 8 0 203,748 604 684 0.10 Weber et al. [90]
6 ER70S-6 3 45 149,276 364 475 0.13 Guo et al. [63]
7 ER70S-6 8 60 215,599 283 409 0.14 Huang et al. [12]
8 ER70S-6 3 90 212,197 337 460 0.18 Huang et al. [65]
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5. Validation of the stress-strain models

5.1. Comparisons with experimental stress-strain curves

In this section, the accuracy of the proposed quad-linear model and
bilinear plus nonlinear hardening model for WAAM steels exhibiting
discontinuous yielding, and the two-stage Ramberg-Osgood model for
WAAM steels exhibiting continuous yielding is evaluated by comparing
sample experimental stress-strain curves (from the collected database)
with the corresponding predicted curves. For the validation of the quad-
linear and bilinear plus nonlinear hardening model, eight WAAM steel
coupons were examined, among which four were machined coupons and
four were as-built coupons, with various nominal thicknesses tnom, ma-
terial strengths and coupon extraction angles θ. The measured geomet-
rical and material properties of these coupons are presented in Table 11.
The accuracy of two different predicted curves, which are generated
based on: Case (1) the measured material parameters of E, fy, fu and εu,
as reported in Table 11; Case (2) the measured material parameters of E,
fy and fu, and the predicted values of εu using Eq. (35), are assessed. The
comparisons between the experimental stress-strain curves and the
corresponding predicted curves from both the proposed quad-linear and
nonlinear models for the machined and as-built coupons are shown in
Figs. 28 and 29 respectively, where good agreements can be seen be-
tween the test and predicted stress-strain curves using the proposed
models. The degree of agreement in predicting the ultimate strain εu
significantly effects the model's accuracy, with Case 1 in Fig. 28 (a)
being much more accurate than Case 2. Therefore, it is recommended to
pay close attention to recording the ultimate strain εu during

experiments.
For the validation of the two-stage Ramberg-Osgood model, repre-

sentative comparisons between six test stress-strain curves and the
corresponding predicted curves are presented in Figs. 30 and 31,
including three for machined coupons and three for as-built coupons,
respectively. The accuracy of three different predicted curves, which are
generated based on: Case (1) the measured material parameters of E, fy,
fu, εu, n and m, as reported in Table 12; Case (2) the measured material
parameters of E, fy, fu, and εu, the predicted value of n using Eq. (42), and
the predicted value of m using Eq. (43); Case (3) the measured material
parameters of E, fy, and fu, the predicted value of n using Eq. (42), and
the predicted value of m using Eq. (43), and the predicted values of εu
using Eq. (35); Case (4) the measured value of only fy, the average values
of E (202 GPa for WAAM as-built coupons and 192 GPa for WAAM
machined coupons), the recommended value of n and m as given in
Table 8, and the predicted values of fu and εu obtained from Eqs. (32)
and (35) respectively, are examined in this section. The comparisons
show that the proposed two-stage Ramberg-Osgood model generally
provides an accurate prediction for WAAM steel stress-strain curves. In
addition, it was found that although the range of n and m values is
relatively large in different cases, as shown in Table 13, it does not have
a significant impact on the degree of agreement between the predicted
and experimental curves. Meanwhile, the prediction deviation of ulti-
mate strain εu will have a significant impact on the final prediction
result. In summary, it is recommended to utilise E, fy, fu, and εu as the
basic material parameters that need be recorded in the experiment as the
basis for further research such as modelling and finite element research
in the future.

Fig. 28. Comparison of predicted stress-strain curves with test stress-strain curves for machined WAAM steel coupons: (a) Curve 1; (b) Curve 2; (c) Curve 3; and (d)
Curve 4.
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5.2. Summary of proposals

The selection of the proposed stress-strain models for WAAM steels,
quad-linear, bilinear plus nonlinear hardening, and two-stage Ramberg-
Osgood, is based on the yield strength fy, coupon extraction angle θ, and
surface conditions. For specimens with a yield strength fy below 500
MPa, the stress-strain curves typically show a discontinuous yielding
response, making the quad-linear or bilinear plus nonlinear hardening
models suitable. Specifically, machined specimens and as-built speci-
mens with θ = 0◦ tend to exhibit a flat yield plateau, which is best
modelled by the following:

f(ε) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

Eε for ε ≤ εy
fy for εy < ε ≤ εsh
fy + Esh(ε − εsh) for εsh < ε ≤ C1εu

fC1εu +
fu − fC1εu
εu − C1εu

(ε − C1εu) for C1εu < ε ≤ εu

(30a)

As-built specimens with θ ∕= 0◦ often exhibit an inclined yield
plateau. These specimens are better modelled using the following
models.

f(ε) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

Eε for ε ≤ εy

fy + Ep
(

ε − εy
)

for εy < ε ≤ εsh

fsh + Esh(ε − εsh) for εsh < ε ≤ C1εu

fC1εu +
fu − fC1εu
εu − C1εu

(ε − C1εu) for C1εu < ε ≤ εu

(30b)

The material parameters in the models can be calculated using the
following predictive expression:

fu
fy

= 1+

(
90
fy

)0.8

(34)

εu=

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(

0.75 −
0.3θ

π

)(

1 −
fy
fu

)

for machinedWAAM steels (θ in rad)

(

0.70 −
0.5θ

π

)(

1 −
fy
fu

)

for machinedWAAM steels (θ in rad)

(35a)

εsh=

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0.1
fy
fu
− 0.045 for 0.015≤ εsh≤0.03 for machinedWAAM steels

0.1
fy
fu
− 0.051 for 0.015≤ εsh≤0.03 for ​ as-built ​ WAAMsteels

(37a)

Ep =
{
0 for flat yield plateau
0.007E for ​ inclined ​ yield plateau (39a)

C1 =
εsh + 0.3(εu − εsh)

εu
(40)

Esh =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

fu − fy
0.4(εu − εsh)

for flat yield plateau

fu − fy
0.5(εu − εsh)

for ​ inclined ​ yield plateau
(41a)

For WAAM specimens with a yield strength above 500 MPa, the two-
stage Ramberg-Osgood model and its predictive expressions of material
parameters are preferred:

ε =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

f
E
+ 0.002

(
f
fy

)n

for f ≤ fy

f − fy
E0.2

+

(

εu − ε0.2 −
fu − fy
E0.2

)(
f − fy
fu − fy

)m

+ ε0.2 for fy < f ≤ fu

(10)

f(ε) =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

Eε for ε ≤ εy
fy for εy < ε ≤ εsh

fy +
(
fu − fy

)
×

{

K1
(

ε − εsh
εu − εsh

)

+K2
(

ε − εsh
εu − εsh

)/[

1+ K3
(

ε − εsh
εu − εsh

)K4
] 1
K4
}

for εsh < ε ≤ εu

(31a)

f(ε) =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

Eε for ε ≤ εy

fy + Ep
(

ε − εy
)

for εy < ε ≤ εsh

fsh + (fu − fsh) ×

{

K1
(

ε − εsh
εu − εsh

)

+K2
(

ε − εsh
εu − εsh

)/[

1+ K3
(

ε − εsh
εu − εsh

)K4
] 1
K4
}

for εsh < ε ≤ εu

(31b)
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Fig. 29. Comparison of predicted stress-strain curves using model exhibiting discontinuous yielding with test stress-strain curves for as-built WAAM steel coupons:
(a) Curve 5; (b) Curve 6; (c) Curve 7; and (d) Curve 8.
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n =
ln(5)

ln
(

fy
f0.04

) (42)

m =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

1+ 1.4
fy
fu

for as − built ​ WAAM ​ steel

1+ 1.8
fy
fu

for machined ​ WAAM steel
(43a)

6. Conclusions

An investigation into the constitutive modelling of WAAM carbon
steel is presented in this paper. A thorough investigation into the
constitutive modelling of WAAM carbon steel, based on over 700 tensile
tests covering various feedstock wires, post-treatments, surface condi-
tions, deposition strategies, coupon extraction angles, and material
thicknesses, has been conducted. The following conclusions are drawn
from the research:

1) The quad-linear and bilinear plus nonlinear hardening models,
originally designed for hot-rolled steels, were adapted to capture the
flat or inclined yield plateau and strain hardening behaviour of
WAAM steels with yield strength fy below 500 MPa.

2) For WAAM steels with yield strength fy above 500 MPa, the two-
stage Ramberg-Osgood model, developed for stainless and cold-
formed steels, was proposed to describe the rounded stress-strain
response.

3) Predictive expressions and recommended values for material pa-
rameters were established from a comprehensive review of experi-
mental data, which included various feedstock wires, post-
treatments, surface conditions, deposition techniques, coupon
extraction angles, and material thicknesses.

4) The models, based on four recommended key material properties (E,
fy, fu, and εu), effectively represent the complete stress-strain curves
of WAAM steels. These models are suitable for analytical modelling,
numerical simulations, and advanced design of WAAM steel
structures.

5) The criteria for yielding response remain insufficiently defined, and
the effects of various factors on material parameters, such as fu, are
not yet fully understood. Future research will aim to address these
limitations by incorporating a larger dataset, conducting additional
experiments, and exploring a broader range of factors.
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Table 13
The n and m values in different cases.

n m

Curve Case1 Case2/3 Case 4 Case1 Case2/3 Case 4

9 7.1 6.8 15.0 2.0 2.6 2.5
10 22.0 23.3 15.0 2.9 2.6 2.5
11 16.1 16.7 15.0 2.4 2.5 2.5
12 23.6 22.0 15.0 1.6 2.2 2.5
13 11.3 11.5 15.0 2.6 2.1 2.5
14 20.8 20.8 15.0 2.5 2.2 2.5

Table 12
Measured material properties of WAAM steel coupons used for comparison with predicted stress-strain curves using model exhibiting continuous yielding.

Curve Surface condition Feedstock wire tnom (mm) θ (◦) E (MPa) fy (MPa) fu (MPa) εu n m Source

9 M ER110S-G 3 90 238,690 726 793 0.06 7.1 2.0 Weber et al. [90]
10 ER90S-B91 6.5 90 206,491 687 764 0.05 22.0 2.9 Li et al. [16]
11 ER110S-G 8 45 206,749 597 695 0.08 16.1 2.4 Huang et al. [12]
12 AB ER120S-G 6.5 90 177,064 711 818 0.05 23.6 1.6 Chen et al. [14]
13 ER50–6 3.6 45 163,836 401 519 0.08 11.3 2.6 Liu et al. [22]
14 ER110S-G 3 0 206,167 575 659 0.06 20.8 2.5 Huang et al. [12]
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[55] E. Aldalur, F. Veiga, A. Suárez, J. Bilbao, A. Lamikiz, Analysis of the wall
geometry with different strategies for high deposition wire arc additive
manufacturing of mild steel, Metals 10 (2020) 892.

[56] Z. Al-Nabulsi, J.T. Mottram, M. Gillie, N. Kourra, M.A. Williams, Mechanical and
X ray computed tomography characterisation of a WAAM 3D printed steel plate
for structural engineering applications, Constr. Build. Mater. 274 (2021) 121700.

[57] A. Astarita, G. Campatelli, P. Corigliano, G. Epasto, F. Montevecchi, F. Scherillo,
et al., Microstructure and mechanical properties of specimens produced using the
wire-arc additive manufacturing process, Proc. Inst. Mech. Eng. C J. Mech. Eng.
Sci. 235 (2019) 1788–1798.

[58] Y. Ayan, N. Kahraman, Wire arc additive manufacturing of low-carbon mild steel
using two different 3D printers, Phys. Met. Metallogr. 122 (2021) 1521–1529.

[59] C. Bourlet, S. Zimmer-Chevret, R. Pesci, R. Bigot, A. Robineau, F. Scandella,
Microstructure and mechanical properties of high strength steel deposits obtained
by wire-arc additive manufacturing, J. Mater. Process. Technol. 285 (2020)
116759.

[60] A. Ermakova, A. Mehmanparast, S. Ganguly, N. Razavi, F. Berto, Investigation of
mechanical and fracture properties of wire and arc additively manufactured low
carbon steel components, Theor. Appl. Fract. Mech. 109 (2020) 102685.

[61] Q. Fang, L. Zhao, C.-x. Chen, Y. Cao, L. Song, Y. Peng, et al., 800MPa class HSLA
steel block part fabricated by WAAM for building applications: tensile properties
at ambient and elevated (600◦C) temperature, Adv. Mater. Sci. Eng. 2022 (2022)
1–13.

[62] M. Ghaffari, A. Vahedi Nemani, M. Rafieazad, A. Nasiri, Effect of solidification
defects and HAZ softening on the anisotropic mechanical properties of a wire arc

additive-manufactured low-carbon low-alloy steel part, JOM 71 (2019)
4215–4224.

[63] X. Guo, P. Kyvelou, J. Ye, L.H. Teh, L. Gardner, Experimental investigation of
wire arc additively manufactured steel single-lap shear bolted connections, Thin-
Walled Struct. 181 (2022) 110029.

[64] C. Guo, M. Liu, R. Hu, T. Yang, B. Wei, F. Chen, et al., High-strength wire + arc
additive manufactured steel, Int. J. Mater. Res. 111 (2020) 325–331.

[65] C. Huang, L. Li, N. Pichler, E. Ghafoori, L. Susmel, L. Gardner, Fatigue testing and
analysis of steel plates manufactured by wire-arc directed energy deposition,
Addit. Manuf. 73 (2023) 103696.

[66] B. Karabulut, X. Ruan, S. MacDonald, J. Dobrić, B. Rossi, Fatigue of wire arc
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