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Abstract 
Yield strength and fracture toughness are key properties of structural materials used by designers for 
engineering applications, whereas secondary properties like ductility are not generally used in 
quantitative design calculations. However, since ductility is usually measured along with strength in 
the same tensile test, it is often used as an indication of the fracture toughness even though these 
properties are usually not directly proportional. As a result, many researchers initially, and only, 
screen new materials and processing routes for good combinations of strength and ductility rather 
than evaluating fracture toughness independently. This can result in poorly informed decisions being 
made early in the development stages for structural applications where materials with combinations 
of high strength and good fracture toughness are required. In this article, we evaluate the correlation 
between fracture toughness and ductility of Al-, Fe-, and Ti-based alloys that were processed using 
conventional methods as well as by additive manufacturing (AM) routes. We highlight that the 
correlation between fracture toughness and ductility is very weak, which in the case of AM materials 
is attributed to their often-metastable microstructures, their layer-by-layer mesostructures, and their 
anisotropic failure characteristics that lead to pronounced variability in the fracture toughness data 
for materials with similar ductility. Our findings suggest that an independent assessment of fracture 
toughness alongside the tensile properties (strength and ductility) is required to correctly optimize the 
AM processing of structural materials and provide engineers with the properties required for the 
design of parts and components for structural and safety-critical applications. 
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1. Introduction 
Various mechanical properties are evaluated and considered (often in combination) during alloy 
development as well as the material selection process for structural applications. The most 
commonly evaluated properties include Young's modulus (E), yield strength (σy), ultimate tensile 
strength (σUTS), ductility in terms of failure strain (ε f), and fracture toughness (K Ic). Additional 
properties, such as fatigue strength and creep resistance, become important for specific application 
scenarios such as fluctuating loads or elevated temperatures, respectively. Needless to say, cost and 
availability, in addition to the mechanical and functional performance metrics, play vital roles in the 
material selection process. Most mechanical properties (except for E, which is not particularly 
sensitive to microstructure) can be manipulated by altering the chemical composition of the alloy 
and/or the processing methodology and conditions, all of which can result in microstructural changes. 
The objective of such strategies is often to design alloys and their microstructures for an optimum 
combination of properties. 
During the evaluation of the mechanical performance of an alloy, σy is often the first parameter that is 
examined critically, followed by ductility. Fracture toughness2 and ductility3 are both considered to be 
inversely related to strength [[1], [2], [3]]. Therefore, they are often considered indicative of each other, 
whereby an increase in ductility for a given alloy is thought to suggest enhanced fracture toughness. 
Consequently, a vast number of studies focus on the strength-ductility combination, which is 
relatively easier to experimentally assess through a simple tensile test. However, while a correlation 
between ductility and fracture toughness can be found in some cases, a one-to-one correspondence 
between them has not been reported. In some specific instances, the connection between ductility 
and fracture toughness does not even exist [[4], [5], [6]]; prominent examples are metallic 
glasses which have negligible tensile ductility but can exhibit excellent K Ic values well exceeding 100 
MPa√m [7]. 
The breakdown in the correlation of ductility and fracture toughness can be understood by considering 
that while ductility and fracture toughness both depend on the extent to which an alloy 
accommodates plastic deformation, the micro-mechanisms are vastly different. In the context of 
fracture toughness, plastic deformation is highly constrained in a small volume of material in the 
plastic zone ahead of the crack tip where a triaxial state of stress often prevails. Other non-plasticity 
factors can also contribute to the toughness such as the crack path tortuosity and local mode-mixity. 
In contrast, ductility is governed by the relatively unconstrained plastic deformation across the entire 
gauge section of a specimen. It is particularly sensitive to the nature and extent of strain hardening, 
necking, and defects that are randomly distributed within the gauge volume. 
Additive manufacturing (AM) represents a relatively recent advancement in material processing, and 
a large amount of research has focused on how to achieve desirable combinations of mechanical 
properties using AM. It has been shown that in the as-fabricated state, the strengths of alloys 
fabricated using various AM techniques such as laser or electron beam powder bed fusion (PBF-LB or 
PBF-EB) and directed energy deposition (DED) are often much higher than those of materials 
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processed using conventional manufacturing routes (such as casting, forging, rolling, etc.) 
[[8], [9], [10]]. Enhanced strength arises from the rapid solidification conditions that are inherent to 
the aforementioned AM methodologies that give refined microstructural features with substantially 
higher dislocation densities and super-saturation of the solute content [[10], [11], [12]]. Such 
improved strength, however, is often accompanied by low ductility – depending on the alloy – which 
may be related to the trade-off between strength and ductility as well as defects that are unique to AM 
materials. Moreover, because strength and ductility can be measured at the same time, most 
published reports hitherto have focused only on the strength-ductility trade-off, with relatively little 
attention being given to fracture toughness. 
A distinct feature of AM materials is their often-pronounced mesostructure that forms due to the line-
by-line and layer-by-layer build strategy. The length scale of such mesostructures can range from tens 
to hundreds of micrometers. They can influence the fracture toughness of AM alloys by introducing 
pronounced crack path tortuosity that is unrelated to plastic deformation and thus uncorrelated to 
ductility [[13], [14], [15], [16], [17]]. For example, in an Al-12Si alloy that was fabricated using PBF-LB 
[18], a substantial increase in strength is accompanied by a marked loss in ductility (to almost zero 
for some processing conditions) compared to cast material while the measured fracture toughness is 
more than double that of cast Al-12Si. Thus, if researchers make early-stage decisions regarding how 
to optimize the PBF-LB process parameters based on only strength and ductility measurements, they 
might completely miss finding the optimal combinations of strength and fracture toughness that 
would be most useful to design engineers. 
Given that ductility (i) is sensitive to the specimen geometry used to measure failure strains, (ii) is not 
a design parameter that is quantitatively used in the engineering of structural components (unlike E, 
σy, K Ic, etc.), and (iii) is inconsequential for AM alloys from the standpoint of enabling secondary 
deformation processing (such as forging and rolling) since the primary purpose (and unique advantage) 
of AM is to produce near-net shaped parts, it is our view that screening materials and AM processing 
parameters based on ductility has limited practical value. Instead, we suggest that researchers 
developing processing-structure-mechanical property correlations for AM alloys should focus their 
efforts on evaluating – and enhancing – the fracture toughness since 1) it is a direct engineering design 
parameter and, more importantly, 2) it dictates the ability of AM alloys to tolerate defects (e.g., lack of 
fusion, gas porosity, etc.) that are often inherent to the various AM processes. 
To support this viewpoint, in this paper we examine the correlations between ductility and fracture 
toughness for the most widely studied alloy systems used in AM, namely, Al-, Fe-, and Ti-based alloys. 
Our analysis emphasizes the importance of reporting the fracture toughness of AM materials, as sole 
reliance on comparisons of ductility during the optimization of mechanical properties may not provide 
a comprehensive understanding of a material's mechanical performance. This approach will allow for 
a more useful evaluation of the potential of AM materials in various structural applications, ensuring 
their performance and durability. 
2. Data curation 
The following procedures were adhered to when collecting data on tensile and fracture toughness 
properties from the literature in an objective manner for the purpose of this study. A key issue 
for AM alloys is batch to batch variation in the microstructures and mechanical properties of 
produced parts. Keeping this in mind, only data sets that report both tensile properties (σy and ε f) and 
mode I fracture toughness (K Ic) from the same research group on the same batch (either in the same 
publication or in successive publications where the authors refer to the properties reported earlier by 

https://www.sciencedirect.com/science/article/pii/S1359645424004129?via%3Dihub#bib0008
https://www.sciencedirect.com/science/article/pii/S1359645424004129?via%3Dihub#bib0009
https://www.sciencedirect.com/science/article/pii/S1359645424004129?via%3Dihub#bib0010
https://www.sciencedirect.com/topics/materials-science/rapid-solidification
https://www.sciencedirect.com/science/article/pii/S1359645424004129?via%3Dihub#bib0010
https://www.sciencedirect.com/science/article/pii/S1359645424004129?via%3Dihub#bib0011
https://www.sciencedirect.com/science/article/pii/S1359645424004129?via%3Dihub#bib0012
https://www.sciencedirect.com/science/article/pii/S1359645424004129?via%3Dihub#bib0013
https://www.sciencedirect.com/science/article/pii/S1359645424004129?via%3Dihub#bib0014
https://www.sciencedirect.com/science/article/pii/S1359645424004129?via%3Dihub#bib0015
https://www.sciencedirect.com/science/article/pii/S1359645424004129?via%3Dihub#bib0016
https://www.sciencedirect.com/science/article/pii/S1359645424004129?via%3Dihub#bib0017
https://www.sciencedirect.com/science/article/pii/S1359645424004129?via%3Dihub#bib0018
https://www.sciencedirect.com/topics/materials-science/three-dimensional-printing
https://www.sciencedirect.com/topics/materials-science/tensile-property


themselves) were considered. 
Tensile properties: First, the considered tensile stress-strain responses were examined closely to 
ensure that the reported σy matched the estimated values from the stress-strain curves; in all cases, 
the stress corresponding to the ∼0.2% strain-offset value was taken. Ductility is a considerably more 
complex problem, particularly as many studies report εf  as a measure of ductility. While this approach 
may be acceptable for materials that exhibit only limited necking across their plastic 
deformation regime (like some Ti-based alloys), most metals do show necking which effects the 
failure strain differently depending on the specimen dimensions and test methods used. Therefore, in 
this study ductility was defined two different ways to search for correlations with fracture toughness: 
i) as the total elongation to failure, εf  – this is how ductility is reported in most published articles – and 
ii) the uniform plastic deformation strain, εupl, i.e., the difference between the strain corresponding 
to the yield and peak engineering stress (σy and σUTS), as illustrated in the schematic of Fig. A1. For the 
latter case of εupl, full stress strain curves were required, which were only available for the AM studies 
because for the conventional alloy studies the strain to failure was usually reported in tables. Thus, 
correlations between fracture toughness and εupl are only included for the AM alloys. Additionally, 
some studies report 'ductility' as measured through a uniaxial compression test; such data was 
excluded from the current analysis. 
Fracture toughness: Only mode I fracture initiation toughness (K Ic or KJIc) values evaluated using 
standard fracture specimens (compact-tension [C(T)], single-edge bend [SE(B)], disk-shaped 
compact [DC(T)] configurations) were considered where K Ic values were obtained directly from tests 
in accordance with ASTM standard E399 standard [19] or when KJIc values were calculated from J-
integral based crack resistance (R-curve) measurements in accordance with ASTM standard E1820 
[20] using the J-K equivalence relationship, KJIc = (E′ × J Ic)0.5, where E′ = E / (1 – ν2) under plane strain 
conditions. Importantly, only fracture toughness data obtained from fatigue precracked samples were 
used, as non-precracked samples overestimate fracture toughness results due to the insufficient 
stress concentration at the root of a notch. Also, it was verified whether the reported K Ic or KJIc values 
met the standard sample dimension requirements such that the ligament size, b, and the sample 
thickness, B, were ≥ 2.5 (KQ/σy)2 or ≥ 10 (JQ/σflow)2 for ASTM E399 and E1820, respectively, to ensure 
sample size-independent values for direct comparison between individual studies; the flow stress, 
σflow, is the average between σy and σUTS. For simplicity, KJIc values will hereafter be denoted as K Ic. 
3. Fracture toughness vs. strength, ductility, and strain to failure in AM alloys 
Fig. 1a shows fracture toughness versus yield strength plots for Al- [16,17,[21], [22], [23], [24], [25]], 
Fe- [15,[26], [27], [28], [29], [30], [31], [32], [33], [34], [35], [36], [37], [38], [39], [40], [41], [42]], and Ti-
based alloys [14,[43], [44], [45], [46], [47], [48], [49]] that were processed either conventionally (open 
symbols) or via an AM technique (closed symbols). While there is some correlation between the two 
properties for all three groups of materials, they spread more widely for the AM alloys than for those 
conventionally processed. Similarly, fracture toughness broadly correlates with ε f  for the three alloy 
groups, as shown in Fig. 1b; however, the distribution of the fracture toughness data is wider for the 
AM materials than for the conventionally processed alloys. 
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Fig. 1. Correlation between (a) fracture toughness and yield strength, as well as (b) fracture toughness 
and elongation to failure for Al-, Fe-, and Ti-alloys that were either AM-processed (solid symbols) or 
conventionally fabricated (open symbols). Data for Al-alloys was taken from 
[16,17,[21], [22], [23], [24], [25]], for Fe-based materials from 
[15,[26], [27], [28], [29], [30], [31], [32], [33], [34], [35], [36], [37], [38], [39], [40], [41], [42]], and for Ti-
alloys from [14,[43], [44], [45], [46], [47], [48], [49]]; only literature satisfying the data curation process 
was used to plot the graphs. 
3.1. Al-alloys 
3.1.1. Quantitative correlations between ductility and fracture toughness 
Aluminum alloys, with their high strength-to-weight ratio, good corrosion resistance, and 
reasonable weldability, are key materials in industries such as automotive, aerospace, and defense. 
Processing complex-shaped parts and components used in these fields can achieve significant 
benefits from the versatile design capabilities provided by the various AM technologies [50]. However, 
high strength aluminum alloys are also well known for having relatively low fracture toughness, making 
its accurate evaluation highly important for many engineering designs. Fig. 2a shows how fracture 
toughness and ε f of AM and conventionally processed Al-alloys, as well as both combined, correlate. 
It should be noted that most of the data is from the AM Al-Si and Al-Si-Mg alloy systems, whereas the 
data for conventionally processed alloys is taken from the different series of commercial Al-alloys. 
While there is a positive trend between the two properties for both manufacturing routes, their 
correlations are – individually as well as combined – weak, as indicated by the low coefficient of 
determination, R2, values. 
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Fig. 2. Correlations between (a) fracture toughness and elongation to failure, εf, for Al-alloys 
processed by conventional and AM methods and (b) fracture toughness and uniform plastic 
deformation, εupl, for AM processed Al-based alloys. In (c), separate fits and coefficients of 
determination, R2 are shown for the different AM processes (PBF-LB and wire-arc DED) using both 
ε f  (open symbols) and εupl (closed symbols). Data was taken from [16,17,[21], [22], [23], [24], [25]]. 
For the AM-processed Al-alloys, the correlation between fracture toughness and the uniform plastic 
deformation strain, εupl, is also weak, as shown in Fig. 2b. Ductility is an especially poor indicator of 
the fracture toughness at intermediate ductility values (e.g., εf  ∼ 10% or εupl ∼ 8%), where K Ic values 
can vary between ∼17 and 50 MPa√m. Next, Fig. 2c illustrates the challenge faced by researchers 
trying to optimize AM processing parameters for useful combinations of mechanical properties based 
solely on tensile test results. For PBF-LB processing, the correlation between fracture toughness and 
ductility is only R2 = 0.05 when using the commonly reported value of ε f and only improves slightly to 
R2 = 0.12 when considering then correlation with εupl. Similarly poor correlations are seen for wire-
arc DED where R2 values of 0.16 and 0.01 are seen for fracture toughness correlations with εf  and εupl, 
respectively. Overall, optimizing the AM processing parameters to achieve high combinations of 
strength and ductility will not indicate the optimal combination of strength and fracture toughness 
that is desired for engineering designs. 
3.1.2. Mechanistic reasons for the poor correlations in AM fabricated Al-alloys 
One contributor to high fracture toughness seen in Fig. 2 is the chosen AM technique whereby the 
alloys with K Ic ∼ 50 MPa√m were processed using wire-arc DED, and all others by PBF-LB. But it is also 
important to acknowledge how different processing parameters, test orientations, and other factors 
impact ductility and fracture toughness differently. De Menezes et al., for example, reported 
significant differences in fracture toughness based on the test orientation with K Ic values for as-built 
PBF-LB-processed A357 (AlSi7Mg) ranging from ∼16–32 MPa√m despite the reported εf for all 
orientations being within ∼6.9 to 7.6% [21]. In contrast to that, we demonstrated in our own work on 
AlSi10Mg, processed by PBF-LB with different processing parameters but constant energy density, a 
reasonably good correlation between εf  (ranging between ∼3.2–6.9% for different testing orientations) 
and fracture toughness (which ranged from ∼20–30 MPa√m) [16]. While both studies showed a wide 
range of measured fracture toughness values across the different orientations, a key difference was 
seen in the range of ε f. The relatively wide range of εf observed in our work was primarily associated 
with differences in hatch spacing and layer thickness that impact grain size, grain orientation, cellular 
morphology, and melt pool arrangement and, as such, result in pronounced anisotropy. Tensile 
samples tested along the build direction showed more pronounced strain hardening, resulting in 
premature failure along the melt pool boundaries at ε f ∼ 3.5%, compared to ∼5–7% for the orthogonal 
loading direction (Fig. 3c). In contrast, De Menezes et al. reported some anisotropy in σy associated 
with crystallographic texture due to the thermal gradients that arise during printing, but the test 
orientation had relatively little effect on ε f. The difference in the range of ε f  observed in these two 
studies is caused by differences in the Si composition that affect the morphology of the melt pool 
boundaries. In AlSi10Mg, a higher Si concentration results in wider melt pool boundaries, 
characterized by a coarser cellular region and a heat-affected zone (HAZ) [16], compared to the 
narrow melt pool boundaries in A357 (AlSi7Mg) that exhibit only a HAZ [21,51]. The width of the melt 
pool boundaries significantly impacts ε f  depending on the testing orientation, thereby controlling 
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anisotropy during tensile testing. However, these melt pool boundaries, independent of their width, 
have a significant effect on the fracture toughness due to localized stress concentration that occurs 
near the crack tip, resulting in large anisotropy in K Ic values, as seen in AlSi10Mg as well as in A357. 
The ranges in fracture toughness in both PBF-LB studies was primarily attributed to crack path 
tortuosity caused by crack deflections along the melt pool boundaries, as shown in Fig. 3 a,b, and 
hence more pronounced for cracks that grow parallel to the build direction, Fig. 3a, as compared to 
the orthogonal testing orientation, Fig. 3b. This results in significantly different R-curves, as indicated 
in Fig. 3c. We have shown that ductility (and strength) in AlSi10Mg – particularly parallel to the build 
direction – are controlled by the structure of the melt pool boundary and the formation of dimples that 
lead to failure [16]. Such crack path tortuosity is not expected to impact the strain to failure 
significantly, and thus the variability in fracture toughness should not be expected to correlate well to 
ductility. 
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Fig. 3. Crack propagation path (a) parallel and (b) perpendicular to the build direction in PBF-LB 
processed AlSi10Mg alloys; (c) crack resistance curve behavior with respect to testing direction with 
the corresponding tensile test results shown in the inset; (d) micrograph indicating crack initiation 
along the interface of α-Al dendrites and eutectic Al-Si in wire-arc DED-processed Al-Si alloy; 
micrographs of (e) AlSi10Mg alloys processed using PBF-LB and (f) Al-Si alloys processed using wire-
arc DED; (g) crack propagation in cast Al-Si material. Images are reproduced with permission from 
Elsevier [16,24]. 
The reported fracture toughness values of the wire-arc DED-processed Al-Si with a compositional 
gradient of ∼6.5–9.5% Si are in excess of ∼50 MPa√m, over a ductility range between ∼8–15%, as 
shown in Figs. 2b,c. This example represents a third situation where a wide range of ductility is 
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observed over a small K Ic range. These Al-Si alloys exhibit a combination of a dendritic microstructure 
and a coarse mesostructure that enables combinations of high K Ic values and large ductility over a 
wide range which is primarily associated with differences in the Si-concentration at various tested 
locations. In tensile tests, upon plastic deformation, failure initiates in the form of microcracks along 
the interface of α-Al dendrites and eutectic Al-Si phases (that form both at the melt pool boundaries 
and inside the melt pools) due to a mismatch in their local strain deformation capacity [24], as shown 
in Fig. 3d. The volume fractions of these microstructural features and their spatial dimensions, which 
are controlled by the Si concentration, govern strain to failure. Fracture toughness, on the other hand, 
is not significantly influenced by the Si concentration, as crack propagation occurs through the 
formation of microcracks by decohesion of Si particles in the eutectic Al-Si, which, subsequently, 
results in crack bridging. This indicates that the size of the Si particles in the eutectic Al-Si (∼2–4 µm 
and ∼0.7–1 µm inside the melt pool boundary and the melt pool, respectively) and their spatial 
distribution influence crack initiation and fracture toughness rather than the volume fraction of the Si 
particles. 
Comparing the micro- and meso-structures of the two AM methods (PBF-LB and wire-arc DED), 
structural features ranging from 200–600 nm cell structures are seen in PBF-LB alloys, shown in Fig. 
3e, while coarse mm-sized mesostructures are seen in wire-arc DED-processed material with Si-
particles ranging between ∼0.7–4.5 μm embedded in the eutectic Al-Si, shown in Fig. 3f. These very 
different characteristics are governed by the distinct cooling rates of the two AM processes combined 
with the low melting points of Al-alloys [52]. Conventionally processed, for example cast, Al-Si alloys, 
typically exhibit large dendrites with Si flakes or needles in the range of 100–200 µm, as indicated in Fig. 
3g [53]. While these Si particles enhance the material's strength through precipitation hardening, they 
can also act as stress concentrations that result in cracks (Fig. 3g) and reduce the fracture toughness 
of the material. This behavior is also seen in heat-treated PBF-LB alloys that exhibit μm-sized Si 
particles that act as stress concentrations and reduce fracture toughness from ∼30 MPa√m to ∼17 
MPa√m while ductility remains essentially the same [23]. As a result, similar to wire-arc DED-
processed Al-Si, the volume fraction and size of the Si particles may impact the strength, fracture 
toughness, and ε f differently in these materials depending on the microstructural details and the 
active damage mechanisms. 
3.2. Fe-based alloys 
3.2.1. Quantitative correlations between ductility and fracture toughness 
Fig. 4a shows the correlation between fracture toughness and (reported) ε f for AM and conventionally 
processed Fe-based alloys, as well as their combined correlation, indicating a weak positive 
correlation (i.e., low R2 values from 0.28 to 0.55) between these properties. The correlation between 
fracture toughness and the uniform plastic deformation strain, εupl, is also weak across the various 
AM produced steels as shown in Fig. 4b. Next, Fig. 4c illustrates the issue with trying to optimize PBF-
LB processing parameters for useful combinations of steel mechanical properties based solely on 
tensile test results. In Fig. 4c, only the PBF-LB results are shown due to the limited data for other 
methods. The correlation between fracture toughness and ductility is R2 = 0.57, when the commonly 
reported values of εf  are used and only R2 = 0.0004 when εupl is considered. Similar to the findings for 
AM fabricated Al-alloys, the lack of correlation is apparent at intermediate ductility levels (e.g., εf  ∼ 
15% or εupl ∼ 10%) where K Ic can be as high as 240–250 MPa√m for wire-arc DED produced high-
strength low-alloy (HSLA) steels [26] and as low as 62–69 MPa√m for direct metal laser sintered 
(DMLS) fabricated 15–5 PH stainless steel [42]. Also, such results are similar to past reports on 
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conventionally processed high-strength steels [[4], [5], [6],54] that have shown that there is no 
reasonable correlation between fracture toughness and any uniaxial tensile stress-strain properties 
and that no ductility parameter can be considered as a reliable indicator of fracture toughness. 
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Fig. 4. Correlations between (a) fracture toughness and elongation to failure in Fe-based alloys 
processed through both conventional and AM methods and (b) fracture toughness and uniform plastic 
deformation, εupl, for AM processed Fe-based alloys. In (c), separate fits and coefficients of 
determination, R2, are shown for the different AM processes (PBF-LB and wire-arc DED) using both 
ε f  (open symbols) and εupl (closed symbols); inset in (c) shows the difference in ε f  and εupl for PBF-
LB processed maraging steels that have undergone different heat treatments: solutionized + aged 
(STA), directly aged (DA), or thermal cycling (TCA). Data was taken from 
[15,[26], [27], [28], [29], [30], [31], [32], [33], [34], [35], [36], [37], [38], [39], [40], [41]]. 
3.2.2. Mechanistic reasons for the poor correlations in AM fabricated steels 
The wide spread in fracture toughness at similar, intermediate ductility levels of ∼10% εupl, Fig. 4b, is 
the result of differences in the materials’ microstructures that derive from the specific AM method that 
has been used and that affect the two properties differently. The combination of low εupl and 
high K Ic data is from the wire-arc DED-processed high-strength low-alloy (HSLA) structural steels [26] 
that are precipitation-hardened, contain low amounts of alloying elements, e.g., 0.05–0.25% C, and 
exhibit a microstructure of primarily austenite and ferrite. In contrast, the data from the material that 
is similarly ductile but exhibits much lower K Ic is from studies on the direct metal laser sintered (DMLS) 
15–5 PH stainless steel [42], which is a precipitation-hardened martensitic stainless steel with ∼15% 
Cr and 5% Ni. While ductility and fracture toughness in these alloys do not correlate, K Ic seems to 
weakly correlate with the fraction of strain in the necking region (i.e., ε f – εUTS in Fig. A1) to the total 
strain, and which is indicated by the red arrow in Fig. 4c for the wire-arc DED-processed material and 
by the blue arrow for the DMLS-processed material. The reason for this is that the plastic zone at the 
crack tip more closely resembles necking than uniform elongation. The wire-arc DED-processed HSLA 
steel with high fracture toughness, for example, exhibits more stable plastic deformation (∼40% of εf, 
indicated by the red arrow in Fig. 4c) after the onset of necking than the DMLS 15–5 PH steel that has 
a lower fracture toughness and where stable plastic deformation accounts for ∼28% of ε f, shown as 
blue arrow in Fig. 4c. This observation, once again, emphasizes the importance of assessing fracture 
toughness rather than solely relying on strength and ductility in these materials as strain, particularly 
after the onset of necking, is dependent on not only sample size but also the location where it is 
measured. 
PBF-LB-processed maraging steels generally have been reported to have similar uniform plastic 
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deformation strain below 5% while the K Ic values range between 20–100 MPa√m [15,27,30,31]. This is 
associated with differences in process parameter-controlled cellular, micro- and meso-structures as 
well as varying heat treatments and, hence, differences in the microstructural phases and their 
fraction. In the as-built condition, these materials exhibit a cellular microstructure, shown in Fig. 5a, 
with a network of dislocations formed by the segregation of solute elements like Mo, Ti, Al, and Ni, 
together with minor fractions of retained austenite at the cell boundaries [31,[55], [56], [57]] which 
impact εupl and ε f  differently. For example, AM maraging steel that has been subjected to a solution 
treatment at 1000 ºC for 1 hour followed by aging at 480 ºC for 6 hours, which has been shown to 
decompose the cellular structures, as shown in Fig. 5b, exhibits uniform elongation comparable to 
the material that was directly aged at 480 ºC for 6 hours (∼0.5–0.7%), which retained its cellular and 
mesostructural features, as shown in Fig. 5c [30]. However, strain from the onset of necking to failure 
(i.e., εf  – εUTS) is considerably more in the directly aged condition than in the solution treated + aged 
material, as shown by the black arrows in the inset of Fig. 4c, which is associated with the cellular 
features acting as soft barriers that stabilize dislocation motion and as such delay failure [56]. This, 
as mentioned before, impacts fracture toughness, resulting in a K Ic of ∼67 MPa√m for samples that 
are directly aged (DA) compared to K Ic ∼ 45 MPa√m for the solutionized + aged material (STA), despite 
both having similar ductility [30]. Additionally, segregation during aging enables 
austenite stabilizers like Ni to promote the reverse transformation of martensite into austenite 
partially decomposing the cellular microstructure, shown in Fig. 5d, which, while decreasing strength, 
enhances plasticity [30,58,59]. We have shown that heat treatments such as thermal cycling (TCA), 
specifically designed to trigger the reverse transformation of austenite, can increase the fracture 
toughness of the material as crack tip stresses during crack growth can then induce transformation-
induced plasticity (TRIP) through the transformation of austenite into martensite, indicated in Fig. 5e,f; 
this enables enhanced crack growth resistance, shown in Fig. 5g, with K Ic values in excess of 100 
MPa√m. While the TRIP effect enhances the fracture toughness, it is often only triggered close to or at 
σUTS so that ductility of the material remains comparable to the peak-aged condition with 0.5–0.6% 
[30]. In contrast, certain heat treatments such as aging the material at 530 ºC for 3 hours can have a 
negative impact on fracture toughness reducing K Ic to ∼20 MPa√m. The reason for this is a lack of 
austenite combined with oxidation-induced embrittlement, which, however, has also only a limited 
impact on ductility which remained comparable to that for the highest reported K Ic values [31]. Thus, 
steels are an excellent example where metastable phases formed during the AM processes and 
subsequent post heat treatments can play a strong role in causing the lack of correlation between 
fracture toughness and ductility. 
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2. Download: Download full-size image 
Fig. 5. (a) Microstructure of as-built PBF-LB-processed maraging steel and (b-d) after different heat-
treatments; (e,f) EBSD crack path analyses indicating the TRIP effect contributing to the (g) increase 
in the crack growth resistance after thermal cycling + aging. Images are reproduced with permission 
from Elsevier [15,30]. 
3.3. Ti-6Al-4V (Ti64) 
3.3.1. Quantitative correlations between ductility and fracture toughness 
Similar to Al and Fe-based alloys, there is a very weak correlation between fracture toughness and 
ε f  for the AM and conventionally processed Ti64, both individually and combined, as shown in Fig. 6a. 
There is zero correlation between fracture toughness and uniform deformation strain for PBF-LB 
processed Ti64, as shown in Fig. 6b. It should be noted that due to our data selection criteria, the data 
points shown in Fig. 6b are limited to only two studies using the PBF-LB method [14,43]. Moreover, Fig. 
6 demonstrates how optimizing PBF-LB processing parameters to achieve high combinations of 
strength and ductility for Ti64 may not always be helpful for finding the optimal combination of 
strength and fracture toughness that is desired for engineering designs. 
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Fig. 6. Correlations between (a) fracture toughness and elongation to failure in Ti64 alloys processed 
through both conventional and AM methods and (b) fracture toughness and ductility in PBF-LB 
processed Ti64 alloys. Data was taken from [14,[43], [44], [45], [46], [47], [48], [49]]. 
3.3.2. Mechanistic reasons for the poor correlations in PBF-LB fabricated Ti64 
Over the entire ductility range, the K Ic values of the AM-processed Ti64 range between 16–58 MPa√m 
in the as-built condition. The poor correlation in the data could be attributed to the following three 
factors. (a) Low work hardening in Ti64. The near-perfectly plastic tensile response of Ti64 makes 
stress and strain in the plastic regime uncorrelated and, hence, strain to failure more sensitive to other 
microstructural parameters (such as porosity and grain texture) and specimen geometry. (b) Epitaxial 
growth of the grains under certain processing conditions, which makes them columnar and, in turn, 
causes the mechanical properties to be highly anisotropic. Such anisotropy often has different 
consequences for ductility and fracture toughness. (c) Porosity that forms during processing. While 
porosity is known to have a negative impact on ductility for many classes of materials, its effect on 
fracture toughness varies between materials. In Al-alloys, porosity can lead to enhanced fracture 
toughness through localized blunting and crack deflections [24], whereas in Ti64, porosity 
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significantly compromises fracture toughness, primarily due to the alloy's limited strain hardening 
capacity. For PBF-LB-processed Ti64 with ductility ranging between ∼3–5%, Cain et al., for example, 
reported K Ic values ranging from 16–28 MPa√m [43], whereas Kumar et al. measured K Ic values 
between 48–58 MPa√m, which has been associated with the relatively lower porosity in their material 
[14]. Additionally, AM scan strategies such as a chessboard pattern – where small "islands" within a 
single layer are printed in various directions as an approach to reduce residual stresses – have been 
shown to lead to the formation of pores aligned with the scan direction, as shown in Fig. 7a, which 
promotes anisotropy in the material and may be among the main reasons for the large variations in 
fracture toughness despite otherwise similar microstructure characteristics [14,43,60]. 
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Fig. 7. (a) Pores that form during printing, are aligned along the scan track; (b) microstructure of as-
built PBF-LB-processed Ti6Al4V; microstructure changes with heat treatments (c) above and (d) below 
the β transus temperature; microstructure of as-built Ti6Al4V processed by (e) DED and (f) PBF-EB. 
Images are reproduced with permission from Elsevier and Wiley [43,60,61]. 
In addition to porosity, unique microstructural features that span across multiple length scales impact 
the mechanical properties of AM-Ti64. PBF-LB-processed material in the as-built condition, for 
example, primarily consists of a fine α'-lath microstructure within the prior-β grains that are 
mesostructured (Fig. 7b); the size of the laths and the texture introduced by the prior-β grains play a 
significant role on both ductility and fracture toughness. During tensile testing, failure in Ti64 alloys 
often occurs along the columnar prior-β grain boundaries indicating that the shape and size of prior-β 
grains control εf  [14]. Based on the Ritchie–Knott–Rice (RKR) micromechanical model [62], fracture 
toughness, however, is associated with a characteristic microstructural length scale, l* which, in the 
case of Ti64 alloys, is related to the size of the α'/α laths [14]. For example, work on the impact of 
processing parameters on the mechanical properties of PBF-LB-Ti64 shows that batches of material 
with significantly different size and shape of the prior-β grains exhibit ε f  varying between ∼7–13%; 
fracture toughness, however, remains consistent with K Ic values of ∼ 48–58 MPa√m which is 
associated with the uniform lath size of ∼1 μm for all batches [14]. 
Thermal post-processing can be used to control the size, shape, and fraction of the α and β phases 

https://www.sciencedirect.com/science/article/pii/S1359645424004129?via%3Dihub#bib0043
https://www.sciencedirect.com/science/article/pii/S1359645424004129?via%3Dihub#bib0014
https://www.sciencedirect.com/science/article/pii/S1359645424004129?via%3Dihub#fig0007
https://www.sciencedirect.com/science/article/pii/S1359645424004129?via%3Dihub#bib0014
https://www.sciencedirect.com/science/article/pii/S1359645424004129?via%3Dihub#bib0043
https://www.sciencedirect.com/science/article/pii/S1359645424004129?via%3Dihub#bib0060
https://ars.els-cdn.com/content/image/1-s2.0-S1359645424004129-gr7_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S1359645424004129-gr7.jpg
https://www.sciencedirect.com/science/article/pii/S1359645424004129?via%3Dihub#bib0043
https://www.sciencedirect.com/science/article/pii/S1359645424004129?via%3Dihub#bib0060
https://www.sciencedirect.com/science/article/pii/S1359645424004129?via%3Dihub#bib0061
https://www.sciencedirect.com/science/article/pii/S1359645424004129?via%3Dihub#fig0007
https://www.sciencedirect.com/science/article/pii/S1359645424004129?via%3Dihub#bib0014
https://www.sciencedirect.com/science/article/pii/S1359645424004129?via%3Dihub#bib0062
https://www.sciencedirect.com/science/article/pii/S1359645424004129?via%3Dihub#bib0014
https://www.sciencedirect.com/science/article/pii/S1359645424004129?via%3Dihub#bib0014


and, as such, control the spread in the fracture toughness data. Post-processing aimed to stress 
relieve PBF-LB-processed material, for example, has shown that heat-treatments below the β transus 
temperature (Tβ) partially decompose the α′ martensite structure into a coarsened acicular α phase, 
indicated in Fig. 7c, while retaining the prior-β grains and hence the mesostructure. Compared to that, 
heat-treatments above Tβ lead to the formation of β which, upon subsequent cooling, develops into 
the Widmanstätten α/β structure, shown in Fig. 7d; this transformation is strongly linked to the cooling 
rate. While coarsening of the α-laths or the formation of the Widmanstätten α/β structure can increase 
ductility, such microstructure modifications impact fracture toughness significantly. In the Cain et al. 
work, for example, fracture toughness increased from 16–28 MPa√m in the as-built condition to 41–
49 MPa√m after heat-treatment, while ductility remained essentially the same (or in some cases even 
degraded) [43]. 
PBF-LB-Ti64 microstructure characteristics are distinct to those from other AM-techniques primarily 
due to differences in heat transfer and hence, cooling rate. Fig. 7b,e,f shows α and β microstructures 
that often form during processing using different AM methods. The as-built microstructures of PBF-LB 
and DED-processed material, Fig. 7b and Fig. 7e, respectively, are characterized by the fine needle-
shaped α' martensite, typically with a lath width of 0.2–1 μm. Compared to that, material processed 
using PBF-EB, Fig. 7f, often has an α + β dual phase, where the α-lath has an average length and 
thickness of 1–3 μm and 0.5–1 μm, respectively, while the β-platelets are often ∼0.1 μm thick [61]. 
While numerous studies on Ti64 processed by PBF-EB, DMSL, and DED focus on the materials’ 
ductility [8,61,63,64], there is limited work on fracture toughness and most of the samples used in 
these studies are not sufficiently large to provide size-independent fracture toughness data. Further 
work is required to fully understand the effect of α and β microstructures, which differ for the various 
AM methods and feature unique α'/α lath sizes, on fracture toughness. 
4. Impact of deformation and toughening mechanisms on ductility and fracture toughness 
The above sections highlight examples of how microstructural features and plastic deformation 
characteristics impact both the tensile stress-strain response and the fracture toughness, but often 
in different ways. Detailed structure-property relationships, therefore, should be developed with the 
careful consideration of all the factors that could affect these properties. In that regard, another 
consideration worthy of discussion is the sequence of plastic deformation mechanisms. Whether 
deformation mechanisms, such as dislocation multiplication and twinning- and transformation-
induced plasticity (TWIP, TRIP), are activated either simultaneously or sequentially can have a 
dramatic impact on the strain hardening capacity of a material [[65], [66], [67]]. However, while an 
early activation of, e.g., TRIP during testing may create brittle phases that act as stress concentrations 
that cause crack deflection but can also decrease crack growth resistance, this may, simultaneously, 
contribute to plastic deformation, enhancing ductility. Compared to that, the activation of TRIP close 
to or after reaching the ultimate tensile strength – after the onset of necking – may not accurately 
reflect the impact of plasticity on the crack tip during fracture toughness testing [30], as tensile 
strain measurements in this stage are highly sensitive to sample geometry. Similarly, 
micromechanisms such as the formation of shear and kink bands, which often occur during the 
necking stage of tensile tests, have the potential to significantly enhance fracture toughness by 
distributing damage at the crack tip without impacting ductility [68,69]. 
While discrepancies in the correlation between ductility and fracture toughness are apparent in many 
conventional alloys, they can be particularly pronounced in AM alloys. This is due to the interaction of 
deformation mechanisms with factors inherent to AM materials: (i) processing-related issues such as 
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defects, porosity, and residual stresses, (ii) unique micro- and mesostructural characteristics that 
arise from the line-by-line and layer-by-layer nature of ‘bottom up’ processing, (iii) the formation of 
metastable phases and cellular structures due to rapid solidification, and (iv) the unique thermal 
histories experienced by the solidified AM alloy that occur during fabrication. While fracture 
toughness is to some extent related to the material's intrinsic capacity to absorb plastic energy (as 
indicated by the work of fracture that can be deducted from tensile tests but also shows an only weak 
correlation with fracture toughness, as indicated in Fig. A2), it is often also significantly influenced by 
extrinsic toughening mechanisms such as crack bridging or crack deflection, that act on a more 
localized scale and can be more pronounced in AM materials due to their unique structural features. 
Aside from that, it should be mentioned that the sensitivity to sample geometry during tensile testing 
may additionally impact the correlation between fracture toughness and ductility. Due to fabrication 
size constraints in AM research, many studies follow ASTM standard recommendations regarding 
gauge length-to-width or gauge length-to-(area0.5) ratios rather than using full-size ASTM samples. 
While it is commonly accepted that gauge sections containing more than 100 grains should be 
sufficient to assess strength properties that can inform design parameters, additional factors such as 
the number of melt pool boundaries within the sample cross section should be considered when 
assessing their tensile stress-strain response. Furthermore, the use of shorter gauge lengths, even 
within the ASTM ratios, is known to result in elevated strain gradients that may, additionally, impact 
ductility [70] and hence could influence its correlation with fracture toughness. 
5. Concluding remarks 
While ductility is often used as an indicator for fracture toughness, the correlations between these 
two properties are weak for both AM and conventionally processed Al-, Fe-, and Ti-based alloys, and 
in some cases, there is essentially no correlation. Accordingly, care should hence be taken when 
optimizing AM processing parameters for structural applications solely based on strength and ductility. 
While ductility is an important property and critical to be assessed for applications that require 
excessive amounts of plasticity and deformability, parts and components for most engineering 
applications are designed based on yield strength and fracture toughness and, as a result, only require 
a modest amount of ductility if the fracture toughness is sufficient to provide adequate damage 
tolerance. Given the large spread in the fracture toughness data at intermediate ductility ranges, it is 
crucial to assess the failure characteristics of AM fabricated alloys in terms standardized fracture 
toughness measurements, (e.g., K Ic or KJIc), to fully understand how to best optimize the AM 
processing parameters for structural integrity and reliability. 
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Fig. A1. Schematic of tensile stress-strain data indicating yield, σy, and ultimate tensile strength, σUTS, 
as well as strain at yielding, εy, strain corresponding to tensile strength, εUTS, and failure strain, ε f. 
Ductility is defined as the strain corresponding to uniform plastic elongation, εupl, from yielding to 
εUTS, i.e., εUTS – εy, and the necking region from the onset of necking to failure, i.e., εf – εUTS. 
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Fig. A2. Correlation between fracture toughness and (σflow*ε f), for (a) Al-, (b) Fe- and (c)Ti-based alloys 
processed using AM techniques and their corresponding R2 values of the individual linear fits. 
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