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Understanding the factors influencing yield strengthening in alloys processed by laser powder bed fusion (LPBF)
is critical in designing new formulations, and for predicting the optimum parameters for their processing. In this
work, a relationship between the heat input and strengthening and softening mechanisms is proposed for a tita-
nium, nickel and stainless steel alloy (Ti-6Al-4V, IN718 and 316L, respectively). Maximum strength is obtained
with increasing heat input in 316L stainless steel; whereas IN718 and Ti-6Al-4V require low heat inputs. The re-
sults demonstrate that yield strength can be described in terms of the normalised enthalpy. The variation in the
yield strength of LPBFed alloys depends prominently on dislocation multiplication/annihilation at certain pro-
cessing temperatures and thermal straining, which are alloy dependent; as well as on dislocation strengthening
and heat dissipation during cooling, which are process dependent. These dependencies are modelled via well-
known metallurgical approaches. The relative contribution of various strengthening mechanisms is revealed.
The findings of this work can be used as a metric for the prediction and further improvement of yield strength
based on the choice of LPBF process parameters and chemical composition.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
. This is an open access article under
1. Introduction

Laser powder bed fusion (LPBF) processing offers a good opportu-
nity to enhance the mechanical properties of engineering alloys [1].
During LPBF, a focused laser beam selectively melts powder in thin
layers to produce a solid part [2]. The most common alloy families that
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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are used in LPBF are stainless steels (such as 316L stainless steel (SS)),
titanium alloys (especially Ti-6Al-4V) and nickel superalloys (IN718)
[3–5]. LPBF-processed alloys typically exhibit microstructures distinct
from their wrought counterparts as they experience extreme heating
and cooling rates and thermal strains [6]. During LPBF, the layer-by-
layer scanning of a laser beam leads to a rapid non-equilibrium process
[7]; this displays short interaction times between the powder and the
laser beam with high heat inputs being locally applied. Sections of the
powder bed experience complex cycles of heating above the melting
temperature, cooling and solidification once the laser moves away, re-
peating this as layering proceeds. This leads to the development of
solidification-enabled cellular structures, low angle grain boundaries
and high dislocation densities, as well as an enhanced possibility for
martensitic transformation upon cooling [8–10]; this renders most
LPBF alloys exceptional strength. Representative transmission electron
microscopy (TEM) micrographs of the three mentioned alloys are
shown in Fig. 1. The high dislocation density resulting from dislocation
multiplication/annihilation at high temperatures and thermal strains
is the main feature of the LPBFed 316L SS (Fig. 1a), Ti-6Al-4V (Fig. 1b)
and IN718 (Fig. 1c). The α′-martensite laths can also be seen in the mi-
crostructure of Ti-6Al-4V (Fig. 1b) as another importantmicrostructural
feature. Fig. 1d shows the cellular structure reported for as-built 316L SS
[11] and Fig. 1e shows the same features inside an IN718 grain proc-
essed by LPBF [12].

A fundamental understanding of the process-structure-property re-
lationships in engineering alloys is vital to tailor mechanical properties.
There have been numerous attempts to interpret the exceptional me-
chanical properties of LPBF alloys [5,14–17], but variations in process
parameters or chemical composition of the powder affect mechanical
properties such as yield strength. Many researchers have attempted to
relate them to the heat input using the energy density concept [3,18];
however, there is no specific correlation. As the material experiences
multiple thermal cycles during LPBF, the heat input should play a signif-
icant role in determining the yield strength through dislocation
Fig. 1. The representative bright field TEM images of the LPBF processed (a) 316L SS [11],
microstructure of a LPBF processed 316L SS showing cellular structures [11]. (e) Bright fi
boundaries) in LPBF-processed IN718 [12].
multiplication and annihilation processes. In alloys such as 316L stain-
less steel (SS), dislocation climb and cross-slip readily occur. Dynamic
recovery and cell formation take place at high temperatures leading to
microstructural restoration [19]. In alloys in which recovery processes
are slow, such as IN718, dynamic recrystallisation may set in when a
critical strain is reached with new grains originating at existing grain
boundaries; but for longer deformation times, further contraction
causes an increase in dislocation density of certain grains [20]. The
strength of alloys prone to martensitic transformation under LPBF, e.g.
Ti-6Al-4V, is significantly dependent on the initial dislocation density
of the parent phase at high temperatures [21]. All of the aforementioned
hot deformation mechanisms can be activated during LPBF depending
on the heat input. Figs. 2a-c show electron backscattered diffraction
(EBSD) micrographs of as-built 316L SS reported in [8]. The orientation
gradients inside the grains in an inverse pole figure (IPF) map (Fig. 2a),
combinedwith the evolution of low angle grain boundaries (LAGBs) in-
side the grains (Fig. 2b) and the fact that the dislocation density is quite
high, especially in coarse grains (kernel average misorientation (KAM)
map shown in Fig. 2c), support the occurrence of DRV during LPBF of
316L SS. Moreover, the evolution of very fine grains with high angle
grain boundaries (HAGBs) can be attributed to the activation of DRX, al-
though this mechanism is less prominent than DRV in 316L SS. In Ti-
6Al-4V, themartensite lath thickness and fraction are controlled by res-
torationmechanismswhich determine the yield strength. A representa-
tive fine martensitic microstructure processed by LPBF is shown in
Fig. 2d. The IPF map of the as-built IN718 reported in [10], is shown in
Fig. 2e; this supports the presence of very fine grains, that can be attrib-
uted to the activation of DRX. The weighted contribution of the dense
cellular structure (Fig. 1), and the restorationmechanisms (Fig. 2) is es-
sential to determine the process-structure-property relationships in
LPBF.

Here we present a methodology for the yield strength prediction of
different types of alloys produced by LPBF. Experimental work on
316L SS, IN718 and Ti-6Al-4V demonstrates that the yield strength of
(b) Ti-6Al-4V [13] and (c) IN718 [12]. (d) Scanning electron microscope image of the
eld TEM image showing the cellular structure inside a grain (GB indicates the grain



Fig. 2. (a) IPF, (b) grain boundary and (c) KAMmaps for the as-built 316L SS reported in [8] (d) Optical micrograph showing finemartensite laths in an LPBFed Ti-6Al-4V [22]. (e) IPFmap
showing very fine grains that can be the result of activation of DRX during LPBF of IN718 [10].
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as-built fully-dense LPBF specimens correlates with the heat input via
the normalised enthalpy (Fig. 3). The normalised enthalpy, Hn, has
been used to quantify the process heat input, which considers both
the LPBF process parameters and the alloy physical properties [23].
The contribution of various mechanisms governing strengthening in
LPBF alloys is revealed using analytical models. The findings presented
here shed new light on the alloy and process dependent mechanisms,
which can lead to maximum yield strength of LPBF alloys. This can ex-
plain some unresolved observations in the literature related to
process-structure-property correlations and highlight the incomplete-
ness of the existing single viewpoints for interpretation of the yield
strength of LPBFed alloys.
2. Materials and processes

Three different alloys have been studied in this work: 316L SS,
Ti-6Al-4V and IN718. Hn can be calculated via [24]:
Fig. 3. Correlation between the yield strength and the normalised enthalpy Hn for alloys
subjected to LPBF.
Hn ¼ AP

hs
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
πdvD3

p ; ð1Þ

where A is the absorptivity, P is the laser power, hs is the enthalpy at the
melting temperature, d is the thermal diffusivity, v is the laser scan
speed andD is the nominal laser spot size. Table 1 depicts the heat input
decreasing from experimental conditions 1 to 6 (E1 to E6). Experimen-
tal values of the heat input and yield strength were obtained from the
literature [8,10–12,25–33] and from previous work performed by the
authors [24]. The associated process parameters and materials proper-
ties for the Hn calculation are listed in Tables 2 and 3, respectively. The
depicted alloys display sufficiently reduced porosity to eliminate the ef-
fects of keyholes and lack of fusion on the yield strength. Themaximum
Hn for keyhole formation prevention is given from [24] Hmax

n ¼ π Tb
Tm
,

where Tb is the boiling temperature and Tm is the melting (liquidus)
temperature; therefore Hn

max= 5.5, 6 and 6 for 316L SS, Ti-6Al-4V and
IN718, respectively. The melt pool peak temperature is scaled to the
boiling and melting temperatures via the ratio between Hn and Hn

max:

Tpeak ¼
HnTb

Hmax
n

¼ HnTm

π
: ð2Þ
Table 1
Hn values used in this study. Hn

max and Hn
min are the limits based on boiling and melting

points.

Experiment 316L Hn Ti-6Al-4V Hn IN718 Hn

Hn
max 5.5 6 6

E1 5.1 [24] 6 [25] 5.5 [26]
E2 4.75 [8] 5 [31] 5.3 [27]
E3 3.9 [11] 4.4 [33] 5 [28]
E4 3.5 [29] 4.2 [31] 4.4 [12]
E5 3.4 [30] – 3 [10]
E6 3.2 [32] – –
Hn
min 3 3 3



Table 2
Process parameters used for Hn calculation for different materials. E1-E6 references ap-
peared in Table 1.

Experiment 316L SS Ti-6Al-4V IN718

P
(W)

v
(m/s)

D
(μm)

P
(W)

v
(m/s)

D
(μm)

P
(W)

v
(m/s)

D
(μm)

E1 100 1 35 170 0.65 100 175 0.62 100
E2 150 0.7 54 240 1 100 250 0.7 100
E3 200 0.85 70 175 0.7 100 285 1 100
E4 175 0.55 100 240 1.4 100 160 0.8 80
E5 300 0.9 100 – – – 400 7 100
E6 175 668 100 – – – – – –

Table 3
Materials parameters used for solving equations in this study. The shear modulus is ap-
proximated at melting temperature. αCTE values are reported values near the melting
point.

Parameters 316L SS Ti-6Al-4V IN718

A 0.36 [24] 0.7 [34] 0.59 [35]
hs (J/m3) 7.76×109 [36] 6.15×109 [36] 6.81×109 [36]
d (m2/s) 6×10−6 [24] 1.07×10−5 [37] 6×10−6 [38]
μ (Pa) (88,884.6–37.3T)×106

[39]
(49- 4:355

;exp ; 198
Tð Þ−1

)×109

[40]

83,100(1–0.5
(T−300

Tm
))×106 [41]

b (m) 2.54×10−10 [42] 2.9×10−10 [9] 2.54×10−10 [43]
B 80 [44] 80.9 [45] 34 [46]
n 0.33 [44] 0.34 [45] 0.25 [46]
αCTE (/K) 20.21×10−6 [47] 2.11×10−6 [48] 17.5×10−6 [49]
ν 0.3 0.3 0.3
η 1 [50] 1 [50] 1 [50]
k (W/m⋅K) 27.8 [47] 27 [51] 29.3 [52]
μ0 (Pa) 8.88×1010 49.02×109 8.31×1010

α 0.3 [53] 0.3 [53] 0.3 [53]
Tb (K) 2885 [36] 3533 [36] 3188 [36]
Tm (K) 1648 [36] 1877 [36] 1528 [36]
c (m/s) 5280 [54] 4898 [54] 5205 [54]
Em (J/mol) 73×103 [55] 121×103 [56] 135×103 [57]
Cp (J/Kg⋅K) 663[36] 758 [36] 725 [36]
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This is due toHn
max is themaximum allowable heat input before keyhole

formation, which onset is triggered by boiling [24]. The estimated Tpeak
for different conditions and materials is presented in Table 4.

To prevent lack of fusion, the lower bound to the normalised en-
thalpy,Hn=Hn

min, is dictated by Tpeak= Tm.Hn
min= π≈ 3 [58] for all ma-

terials. It follows that the process boundary values are delimited by
Hn
min < Hn < Hn

max, i.e. when the peak melt pool temperature is above
melting but below boiling.
3. Theory

After tensile testing at room temperature, the relationship between
yield strength and normalised enthalpy is shown in Fig. 3. There are
Table 4
Estimated values of peak temperature and strain rate during LPBF for different experimen-
tal conditions and different materials.

Experiment Tpeak (K) ϵ
:
(s−1)

316L SS Ti-6Al-4V IN718 316L SS Ti-6Al-4V IN718

E1 2675 3533 2922 744 365 303
E2 2491 2944 2816 323 331 231
E3 2045 2590 2656 242 279 273
E4 1835 2473 2337 160 389 342
E5 1783 – 1594 149 – 817
E6 1678 – – 179 – –
multiple possible relationships between σY and Hn, but the reported
values are the result of a process optimisation leading to low residual
stresses, low (near-full) density and a single phase upon which solidifi-
cation/deformation processes are imposed. The forthcoming theory is
for such process-optimised builds. In the case of 316L SS, increasing
heat input results in amonotonic hardening response,whereas depend-
ing on the heat input, a balance between softening and a hardening de-
termines the yield strength of IN718 and Ti-6Al-4V. Themaximumyield
strength results from the highest heat input in 316L SS. Conversely, in
IN718 and Ti-6Al-4V, themaximum yield strength occurs for their low-
est corresponding Hn.

Inspection of the polynomial forms of σY in Fig. 3 indicate that the
variation of yield stresswith normalised enthalpy can be completely de-

termined by dσY
dHn

and d2σ
dH2

n
. The most conspicuous aspect of LPBF is rapid

solidification leading to a severe thermal strain ϵ. Thus, it is postulated
that dσY

dHn
¼ dσY

dϵ
dϵ
Hn
, but.

• dϵ
dHn

¼ dϵ
dT

dT
dHn

, where dϵ
dT ¼ αCTE is the coefficient of thermal

expansion,

• and dσY
dϵ ¼ dσY

dρ
dρ
dϵ, which indicates that the thermal strain ϵ changes

yield strength via a variation in dislocation density ρ.

3.1. Yield strength variation with normalised enthalpy

To reveal the contribution of the different hardening and softening
mechanisms, the variation of yield strength with normalised enthalpy
is therefore expressed as the product of four terms:

dσY

dHn
¼ dσY

dρ
dρ
dϵ

dϵ
dT

dT
dHn

; ð3Þ

(i) the Taylor strengthening dσY
dρ , (ii) the Kocks-Mecking contribution dρ

dϵ,

(iii) the thermal straining dϵ
dT, and (iv) the heat dissipation cooling dT

dHn
.

The chain rule applied in eq. (3) indicates that such variations subse-
quently depend on each other. In other words, for a given heat input
expressed as Hn, once the laser beam moves away a temperature drop
ΔT takes place, causing a unique strain inducing a variation in disloca-
tion density that accommodates it. Based on the dislocation density ob-
tained from the complex multiplication and annihilation processes, the
yield strength can be determined via the Taylor relationship.

3.2. Yield strength variation with dislocation density

The evolution of strength is first expressed in terms of dislocation
density as can be described by thewell-known Taylor relationship [59]:

σY ¼ αMμb
ffiffiffi
ρ

p
; ð4Þ

where α=0.3 [53] reflects the average strength of dislocation interac-
tions (Taylor constant), M=3 [60] is the Taylor factor and accounts for
textural effects, μ is the shear modulus and b is the magnitude of the
Burgers vector. Therefore, the dependency of strength with dislocation
density can be estimated by:

dσY

dρ
¼ 0:5αMμbρ−0:5: ð5Þ

For dislocation density estimation in various experimental condi-
tions, the equations presented by Galindo-Nava et al. [61,62] are used
for face-centred cubic (FCC) structures (316L SS and IN718) and body-
centred cubic (BCC) structures (Ti-6Al-4V above the β-transus temper-
ature), respectively:

ρ ¼ 12π 1−νð Þ
2þ νð Þ 1þ η−1TΔSFCC

0:5μb3

 !" #2
d−2
c ; ð6Þ
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ρ ¼ 6π 1−νð Þ
2þ νð Þ 1þ η−1TΔSBCC

2μb3

 !" #2
d−2
c ; ð7Þ

where ν is the Poisson's ratio, η is the impingement effect due to the
overlapping strain field of contiguous dislocations that alter the possi-
bilities for dislocation slip, ΔSFCC andΔSBCC are the statistical dislocation
entropies of FCC and BCC structures, respectively, T is the peak temper-
ature and dc is the dislocation cell size. The statistical entropy for FCC
and BCC structures is respectively [62,63]:

ΔSFCC ¼ kB ln
_ϵ0 þ ϑ

_ϵ

� �η

; ð8Þ

ΔSBCC ¼ kB ln
_ϵ0 þ ϑ

_ϵ

� �2η

; ð9Þ

where kB is the Boltzmann constant, ϵ
:
0 ¼ cbρ is a limiting value for the

strain rate, and c is the speed of sound in the bulk. ϑ ¼ ϑD exp − Em
RT

� �� �
is the vacancy migration frequency, ϑD=1013 s−1 is the Debye fre-
quency, R=8.314 J/mol⋅K is the gas constant, Em is the vacancy migra-
tion energy and T is the absolute temperature, which is taken as the
peak temperature of the melt pool as in eqs. (6) and (7). ϑ accounts
for the number of atomic sites a vacancy jumps per second. ϵ

:
is the

LPBF strain rate. ϵ
:
can be estimated via:

_ϵ ¼ kTpeakv
P

; ð10Þ

where k is the thermal conductivity. Eq. (10) is proposed in this work to
estimate the strain rate originated by a laser beam, which speed (v)
causes a maximum temperature (Tpeak) leading to an amount of energy
dissipated into the powder bed at a rate dictated by the thermal conduc-
tivity (k), but which magnitude is determined by P.

The corresponding cellular structure size (dc) can be estimated via
the average LPBF cooling rate (CR) through the empirical equation pro-
posed by Hunt [64]:
Fig. 4. (a) Average cooling rate during LPBF of different alloys under various experimental
(d) dislocation density with normalised enthalpy in different alloys.
dc ¼ B CRð Þ−n; ð11Þ

where B and n are material-dependent constants. The average LPBF
cooling rate can be approximated via:

CR ¼ _ϵΔT; ð12Þ

where,ΔT is the difference between the peak temperature and the pow-
der bed temperature.

3.3. Dislocation density variation with thermal strain

The Kocks-Mecking (KM) theory for FCC alloys (eq. (13)) and its
modified version for BCC alloys (eq. (14)) have been used [62,65] to es-
timate the contribution of dislocation hardening and softening during
LPBF:

dρ
dϵ

				
FCC

¼ k1
b

ffiffiffi
ρ

p
−fρ; ð13Þ

dρ
dϵ

				
BCC

¼ 3k1
8b

ffiffiffi
ρ

p
−

8
3
fρ; ð14Þ

where k1 is the dislocation storage coefficient and f is the softening co-
efficient, accounting for dynamic recovery and/or recrystallisation. k1

can be estimated via k1 ¼ μ
μ0


 �2
1

100α [50], where μ0 is the shearmodulus

of the material at 0 K.

3.4. Thermal strain variation with temperature

The contribution of thermal strain to strengthening is constant for all
conditions for a given alloy and depends only onαCTE ¼ dϵ

dT, which values
are listed in Table 3.
conditions. (b) Variation of dislocation cell size, (c) statistical dislocation entropy and
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3.5. Temperature variation with heat input

Based on eq. (1),Hn is inversely related to the enthalpy atmelting hs,
which can be defined as hs = CpdT + Hm, where Cp is the heat capacity
and Hm is the latent heat of fusion. Therefore, the variation of tempera-
ture with heat input can be expressed as:

dT
dHn

¼ −
AP

H2
nCp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
πdvD3

p : ð15Þ

4. Results

To identify the variation of yield stress with heat input, dσY
dHn

is calcu-
lated for 316L SS, Ti-6Al-4V and IN718. All thematerial properties input
to calculationswere collected from the literature or ThermoCalc, and are
listed in Table 3, along with their sources. The contribution of disloca-
tion density to yield strengthening in LPBF relates to the cellular struc-
ture and its corresponding dislocation cell size, which itself depends
on the cooling rate. To estimate the average LPBF cooling rate for the dif-
ferent experimental conditions (E1-E6), the average strain rate is esti-
mated via eq. (10) and shown in Table 4 adopting the values listed in
Tables 2 and 3. Taking room temperature as the reference powder bed
temperature for all experimental conditions, the average cooling rates
of the different experiments are shown in Fig. 4a. The maximum
strength is achieved when the cooling rate is maximum in the case of
316L SS and IN718. In contrast, the minimum cooling rate caused the
maximum yield strength in Ti-6Al-4V. Using B and n values in Table 3,
the dislocation cell size is estimated for various process conditions and
materials (eq. 11) and is shown in Fig. 4b. In Ti-6Al-4V, which is prone
to martensitic transformation upon cooling, the coarsest dc resulted in
the highest yield strength, while in non-martensitic alloys (316L SS
and IN718), the finest dc led to the maximum strength. As the disloca-
tion density depends also on ΔSi, i=FCC, BCC; the variation of ΔSi with
Hn for different alloys is plotted in Fig. 4c (the values in Tables 2 and 3
are used for calculations). The variation of ρ with Hn for the given heat
inputs are shown in Fig. 4d.

Ti-6Al-4V displays the highest dislocation entropy and dislocation
density comparedwith the other two alloys. 316L SS displays the lowest
dislocation density. ρ increases with heat input in all cases. The contri-
bution of dislocation density to the yield strengthening (Taylor
strengthening) is shown in Fig. 5. It can be seen that Taylor strengthen-
ing has the most significant contribution to the yield strengthening in
316L SS compared with the two other alloys. There is a decrease in the
Fig. 5. Taylor strengthening based on the normalised enthalpy in different alloys.
contribution of Taylor strengthening with an increase in heat input in
all alloys, indicating that in 316L SS, the lower the Taylor strengthening
contribution, the higher yield strength is. However, maximum yield
strength is obtained when there is a highest contribution from Taylor
strengthening in Ti-6Al-4V and IN718.

For solving theKMequation for the studiedmaterials in thiswork, k1
and f should be calculated. k1 is not dependent on process parameters
and heat input. However, f varies strongly with process heat input. f
values are fitted to experiments and shown in Table 5. An increase in
heat input results in an increase in the peak temperature, which tends
to reduce f. However, the highest process temperatures increase the
rate of recovery and/or recrystallisation shown in Table 6 as the soften-
ing term; this is consistent with the fact that recovery and
recrystallisation are thermally activated processes, which occurrence
is more likely at higher process temperatures. Table 6 indicates that in-
creasing heat input increases both the ability for hardening and soften-
ing simultaneously. However, in 316L SS softening is more pronounced
than hardening. In this material, the highest strength is obtained when
softening exceeds hardening processes due to the other terms in eq. (3).
But in Ti-6Al-4V hardening dominates softening; its maximum yield
strength is achieved for low heat inputs, where there is a higher contri-
bution of hardening compared with softening processes. In IN718, ex-
cept for the lowest heat input, the contribution of hardening exceeds
softening during LPBF. However, maximum strength is obtained when
the contribution of softening dominates. The consolidated contribution
of dislocation multiplication and annihilation is shown in Fig. 6. In 316L
SS the more negative the KM equation value is, the higher the yield
strength becomes. In Ti-6Al-4V, all the KM values are positive and the
highest strengths are obtained when ρε value is less positive at lower
heat inputs. In IN718 themaximumstrength is achievedwhen ρε is neg-
ative (similar to 316L SS); however, in contrastwith 316L SS, by increas-
ing the heat input, the ρε values become positive, lowering yield
strength.

Taking into account that the variation of thermal strain with tem-
perature in all cases only depends on αCTE, which is independent of Hn,
the final contributor to the yield strength variation with heat input is
dT
dHn

, shown in Fig. 7 (computed using values reported in Tables 2 and
3). Generally, a decrease in heat input, leads to an increase in the con-
tribution of the variations in temperature to the yield strength. There-
fore, temperature variations with heat input have a more significant
role in strengthening IN718 and 316L SS, compared with Ti-6Al-4V.
Moreover, it can be seen that an increase in heat input results in a
lower temperature drop, as increased heat enhances the melt pool
stabilisation.

As a proof of concept, the numerical values associated to the product
of the four terms in eq. (3) are presented as ‘Model’ in Fig. 8. The values
directly fit from experiments, which correspond to thefirst derivative of
thepolynomial equations shown in Fig. 3, are referred to as ‘Experiment’
in Fig. 8:

dσY

dHn

				
316LSS

¼ 10Hn þ 9; ð16Þ
Table 5
The values of k1, f used for solving the KM type equations.

Experiment 316L SS Ti-6Al-4V IN718

k1 f k1 f k1 f

E1 0.023 8.38 0.026 2.13 0.028 3.8
E2 0.023 11.59 0.026 2.83 0.028 4.22
E3 0.023 15.39 0.026 3.55 0.028 4.35
E4 0.023 19.39 0.026 3.42 0.028 4.78
E5 0.023 20.38 – – 0.028 5.8
E6 0.023 20.41 – – – –



Table 6
The contribution of hardening and softening during LPBF of different alloys in different processing conditions.

Experiment Hardening, k1b
ffiffiffi
ρ

p Softening, fρ

316L SS Ti-6Al-4V IN718 316L SS Ti-6Al-4V IN718

E1 9.799×1014 3.698×1015 3.150×1015 9.815×1014 3.620×1015 3.106×1015

E2 7.082×1014 2.820×1015 2.850×1015 7.093×1014 2.793×1015 2.826×1015

E3 5.332×1014 2.260×1015 2.77×1015 5.337×1014 2.156×1015 2.752×1015

E4 4.234×1014 2.340×1015 2.53×1015 4.239×1014 2.332×1015 2.523×1015

E5 4.025×1014 – 2.095×1015 4.028×1014 – 2.097×1015

E6 4.021×1014 – – 4.024×1014 – –

Fig. 6. Variation of dislocation density with normalised enthalpies for (a) 316L SS, (b) Ti-6Al-4V and (c) IN718.

Fig. 7. The variation of temperature with normalised enthalpy during LPBF of different
materials.

Fig. 8. Variation of the yield strength with normalised enthalpy, comparing experimental
and modelling values. Eqs. (16), (17) and (18) come from the experimental fitting from
Fig. 3. Model values are the product of the four numerically obtained terms in eq. (3).
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dσY

dHn

				
Ti−6Al−4V

¼ −18Hn þ 60; ð17Þ

dσY

dHn

				
IN718

¼ −100Hn þ 328: ð18Þ

There is an excellent fit between the model and experiment in all
cases. Given the near-perfect match of the slope of the curves in Fig. 8,
d2σY

dH2
n
can also be numerically derived, and with it the whole shape of

the curves in Fig. 3 can beprecisely determined in support of the validity
of eq. (3).

5. Discussion

5.1. Variation of yield strength with heat input

The variation of yield strength with heat input in LPBF processed al-
loys depends on four mechanisms: (i) Taylor strengthening, (ii) Kocks-
Mecking contribution, (iii) thermal straining and (iv) heat dissipation
cooling. Taylor strengthening and heat dissipation cooling are process-
dependent mechanisms, while the Kocks-Mecking contribution and
thermal straining aremainly alloy-dependentmechanisms. The relative
contribution of each of thesemechanisms to the yield strength of differ-
ent materials is illustrated in Fig. 9. We note that the vertical axis in the

bar chart is ln dσY
dHn

			 			 ¼ ln dσY
dρ

			 			þ ln dρ
dϵ

			 			þ ln dϵ
dT

		 		þ ln dT
dHn

			 			 to demon-

strate the relative contribution of each term in eq. (3) in the variation
of yield stresswith normalised enthalpy. By taking the relative contribu-
tions in the bar chart, the corresponding fractions of the contribution of
each of the mechanisms are summarised in the pie charts in Fig. 9 for
various alloy families.

5.2. Kocks-Mecking contribution

Kocks-Mecking contribution (Fig. 9) is the most crucial strengthen-
ingmechanism in all three differentmaterials studied in this work, con-
tributing to over 40% of the yield strength; but the remaining
mechanisms put together play a similar role. This is in contrast with
the view that the presence of the cellular structure is the only
Fig. 9. Contribution of the four strengthening mechanisms involved during LPBF of different m
ranges within which each term varies with Hn for the corresponding alloy. Pie charts repres
produced by LPBF.
contributor to the yield strength of LPBF alloys [8,11,12,66]. Therefore,
it can be concluded that the yield strength of the LPBF-produced compo-
nents is significantly sensitive to the dislocation generation coefficient
(k1) and the dynamic recovery coefficient (f). From eqs. (13) and (14)
it is concluded that the evolution of dislocationswith the thermal strain
is related to the dislocation generation and annihilation. The graphs in
Fig. 6 show the Kocks-Mecking contribution to the yield strengthening.
Tables 5 and 6 indicate the Kocks-Mecking contribution sensitivity and
strain hardening/softening during LPBF in relation to the variations of k1
and f. The KM equation is composed of a positive and a negative term,
respectively contributing to dislocation multiplication and annihilation.
A softening process (recovery/recrystallisation) at high temperatures
during LPBF dominates in 316L SS, but hardening prevails in the other
alloys (Fig. 6). Due to the thermal strain generated during LPBF disloca-
tions form, and when thermal straining proceeds dislocation cross-slip
and climb follows. This promotes the formation of more energy
favourable dislocation cell structures with low angle grain boundaries
[67]. This is part of a dynamic recovery (DRV) process, which is thought
to be the main softening mechanism in 316L SS [19,39,68–70]. By in-
creasing the dislocation population, new dislocation cells will form
and grain refinementwill take place that can enhance the yield strength
of thematerial upon tensile testing [67,71]. The formation of dislocation
cells during LPBF of 316L SS is in agreement with previous reports
[8,11], which supports the dominance of DRV during LPBF of 316L SS.
When thermal strain exceeds a certain critical value, heavily dislocated
grains with dislocation cells will nucleate strain-free grains through dy-
namic recrystallisation (DRX), which is thought to be the main soften-
ing mechanism in LPBF of IN718 and Ti-6Al-4V [20,72].

Based on the values reported in Table 5, in 316L SS the maximum
strength is obtained when f is lowest, and the highest dislocation den-
sity is achieved (Fig. 4d). 316L SS is prone to DRV; as seen in Table 6,
the highest DRV rate is obtained at the highest heat input, as well as
the highest contribution of the hardening term, which results in the
maximum yield strength. Considering that thermal strain increases
with heat input, a portion of such strain is relaxed through DRV, the
rest increases dislocation density, leading to the maximum yield
strength.

Ti-6Al-4V shows a completely different behaviour. The maximum
strength is obtained when f is maximum and, subsequently, the
aterials in a natural logarithmic scale presented in the bar chart. Error bars represent the
ent the fraction of contribution of each strengthening mechanism in the alloy families
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dislocation density is minimum (Fig. 4d). In Ti-6Al-4V, where DRX is
thought to be the main restoration mechanism [73–76], the lower
DRX rate (softening in Table 6) results in a higher tendency formartens-
ite formation. When a critical strain for DRX is achieved, new grains
form with low dislocation density [77]. This reduces the probability
for martensite formation upon cooling. The thermal strain generated
during LPBF in Ti-6Al-4V is estimated to be about 0.05 (ϵ = αCTEΔT) in
E3 and E4 conditions, and in these conditions the material has a lower
ability for DRX, which leads tomoremartensite formation upon cooling
and a higher subsequent yield strength.

Fig. 6c reveals that hardening processes dominate during LPBF of
IN718 at high and moderate heat inputs (because the KM equation

has a positive value). However, dρdϵ is negative at low heat inputs, show-
ing the dominance of softening. IN718 is prone to DRX, when a critical
strain is achieved [20,78–81]. Interestingly, the maximum strength is
obtained at the lowest heat input, where softening prevails. The f values
for IN718 increase with reducing heat input. However, the drop in dis-
location density at low heat input, leads to a lower DRX rate at such
heat inputs (Fig. 4d). The lower the rate of DRX results in the highest
yield strengthening in this material.

Ti-6Al-4V and IN718 behave similarly at high temperatures (Fig. 6).
It is likely that Ti-6Al-4V KM values (Fig. 6b) would become negative at
lower heat inputs (Hn→ 3), but due to lack of data, it can be claimed that
the extrapolation of the present data can lead to similar responses in Ti-
6Al-4V to IN718, with both being prone to DRX during LPBF. It can be
concluded that materials prone to DRX need to be processed such that
the DRX rate can be slowed by reducing the softening term in KM equa-
tion.While materials prone to DRV at high temperatures should be sub-
jected to process conditions that lead to the highest DRV rate. From
Figs. 3, 316L SS yield strength increaseswith heat input, which is a result
of higher rate of DRV during processing. However, the yield strength of
Ti-6Al-4V and IN718 is determined by a balance between the softening
effects of DRX and hardening of dislocation multiplication. Therefore,
the reduction in DRX rate at lower heat inputs increases the yield
strength in these two alloys.
5.3. Taylor strengthening

As depicted in Fig. 9, Taylor strengthening plays the secondmost sig-
nificant role in yield strengthening of Ti-6Al-4V and IN718, while in
316L, heat dissipation cooling is more prominent. This is mostly due to
the lower heat capacity (Cp) of 316L SS comparedwith the other studied
alloys, making it more susceptible to heat dissipation upon cooling.
Fig. 9 shows that, despite the fact that 316L SS has the highest Taylor
strengthening values, its role in yield strengthening is even lower than
heat dissipation cooling. As seen in Fig. 4d, the yield strength decreases
with an increase in the dislocation density in Ti-6Al-4V and IN718. This
challenges a previous point of view that yield strength is significantly
controlled by the dislocation density [11,82].Moreover, Fig. 4b indicates
that the highest yield strength in Ti-6Al-4V is obtained,when the largest
dislocation cell size is produced during LPBF. This also contradicts a pre-
vious hypothesis about the cruciality of dependence of yield strength on
the dislocation cell size [8]. Findings of thiswork demonstrated that dis-
location multiplication/annihilation through KM contribution domi-
nates in determining the yield strength in LPBF processed alloys.

It isworthmentioning that the combination of a veryfinedislocation
cell size, which subsequently resulted in maximum dislocation density
(Taylor strengthening) played as the third most significant contributor
to the yield strength of 316L SS. This demonstrates that dislocation den-
sity role in strengthening is related to the cellular structure and, specif-
ically, the size of these structures. Therefore, the cellular structure acts
as a strengtheningmechanism in LPBF processed 316L SS by influencing
the dislocation density. For IN718, dislocation cell size directly influ-
ences the yield strengthening, without increasing the dislocation den-
sity related to cell refinement. Ti-6Al-4V has a martensitic
microstructure after it is processed by LPBF; as a very fine cellular struc-
ture can inhibit formation of martensite, themaximum yield strength is
obtainedwhen the cellular structure is coarsest, although its dislocation
density is the lowest.
5.4. Heat dissipation cooling and thermal straining

The heat dissipation cooling in Ti-6Al-4V and IN718 and thermal
straining in all three alloys have the lowest contribution to strengthen-
ing (Fig. 9). Fig. 7 in combination with the fact that 316L SS and IN718
have the highest thermal expansion capability caused by thermal
strains, show that the yield strength in such FCCmaterials depends sig-
nificantly on heat input values. However, martensitic materials such as
Ti-6Al-4V have a lower sensitivity to variations in heat input.
5.5. Error estimation

The variability in physical properties input to eq. (1) may lead to er-
rors in predicting the yield strength. Although the enthalpy at the melt-
ing temperature and the thermal diffusivity have fixed values for a given
alloy, the absorptivity is the only parameter whichmeasurement is sen-
sitive to process parameters. Trapp et al. [83] showed that the LPBF pro-
cess parameters can change the absorptivity values by a factor of two.
They suggested the following relationship between the absorptivity
and process parameters:

A ¼ ΔH � vP
l

; ð19Þ

where ΔH is the enthalpy and l is the total length of the laser track.
Eq. (19) shows that in addition to the process parameters, the enthalpy,
which can be calculated viaΔH= ∫T0T1mCpdT (wherem is themass and T0
and T1 are the initial and final temperatures, respectively) play a signif-
icant role. As calculation of enthalpy and determining the effective P and
v values are quite challenging during LPBF, an average A has been used
in eq. (1), which appears to produce reasonable results, at least in the
case of keyhole and lack of fusion prevention [24]. Moreover, the two
phase state during solidification of powder in LPBFmakes the absorptiv-
ity measurements more challenging, supporting the use of an average A
in eq. (1).

The errors caused by composition and process parameter variation
in the four strengthening mechanisms introduced in this work are also
shown using the error bars in Fig. 9. In all cases, the error is less than 5%.
5.6. Alloy and process design potential

Additive manufacturing technologies such as LPBF currently are
using well-established wrought alloy compositions. But much effort is
needed to design alloys for LPBF to exploit its unique thermo-
mechanical process features. This study shows that the factors influenc-
ing the yield strength of LPBF alloys can be divided into two related cat-
egories: composition and process dependent. From an alloy design
point of view, new compositions with optimised k1 and f values can be
developed to increase the yield strength of the LPBF processed alloys,
via controlling process parameters to obtain the optimum dislocation
cell sizes, dislocation densities and heat dissipation upon cooling. The
thermostatistical approach to describe deformation is particularly
suited to the task, as it naturally incorporates the effects of temperature,
strain rate and composition [50,62,63,84].

The opportunities for process improvements are illustrated in Fig. 3,
where significant ranges of heat input (Hn) remain unexplored, some of
them likely leading to strength improvements such as Hn < 4.2 in Ti-
6Al-4V or Hn > 5.1 in 316L SS.
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6. Conclusions

The yield strength of fully-dense 316L stainless steel, IN718 and Ti-
6Al-4V processed by LPBF is related to the process heat input, from
which a methodology to describe the variation of yield strength with
normalised enthalpy is proposed. Analytical models are adopted to in-
terpret different mechanisms governing strengthening of LPBF. Taylor
strengthening, Kocks-Mecking contribution, thermal straining and
heat dissipation cooling are the mechanisms governing the superior
mechanical properties of LPBF processed alloys. In 316L SS, high heat in-
puts lead to maximum strength, which is the result of a high recovery
rate, combined with a higher contribution of dislocation hardening to
refine the cellular structure. However, in Ti-6Al-4V and IN718, low
heat inputs result in maximum strengths, which can be ascribed to a
low rate of recrystallisation and a strong contribution from dislocation
strengthening. The results show that dislocation multiplication/annihi-
lation capability, which depends strongly on the composition of the
alloy, controls yield strength in LPBF alloys. There is a trade between
hardening resulting from dislocation multiplication and the activation
of softening processes such as dynamic recovery and recrystallisation
during LPBF, scaling the yield strength. Our findings provide insight
into understanding the mechanisms responsible for the superior me-
chanical properties of different LPBF alloys. Themethodology presented
here, can be used as a metric for additive manufacturing community to
quantify yield strength variation with process parameters and physical
properties of alloy families.
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