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a b s t r a c t 

This investigation concerns superalloy samples produced by an additive manufacturing procedure. Microstruc- 

tural examination confirmed that they exhibited a columnar grain structure, with the grains elongated in the 

growth ( “build ”) direction and exhibiting a strong texture involving alignment of ⟨100 ⟩ parallel to this axis. Sam- 

ples were tensile tested along both build and transverse directions, being found to be both stiffer and harder in the 

latter. This material thus exhibits well-characterized anisotropy, making it well-suited to study of how this affects 

outcomes from an indentation-based procedure for obtaining stress-strain curves. This is termed Profilometry- 

based Inverse FEM for Plasticity Parameters from Indentation (PIP). True stress-strain curves obtained using this 

methodology were found to be entirely consistent with the directly-measured curves. Furthermore, it is shown 

that full 3-D characterization of the indent profiles can be used to obtain at least a semi-quantitative indication 

of the nature and strength of the plastic anisotropy. This constitutes a significant advance in the context of a 

technique that could have a transformative effect on mechanical testing procedures. 
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. Introduction 

There is extensive activity [1-7] related to additive manufacturing

 “3-D printing ”), which is attractive for the production of (relatively

mall) components with complex shapes, to a high level of precision.

nitial developments largely related to polymeric materials, but it has

ecome clear that it can also be successfully applied to various metals.

n particular, there is considerable interest [8-15] in Ni-based superal-

oys made via AM, with quite extensive study [16-21] of their mechan-

cal properties. There are several variants of the process, but a common

eature is the directional layer-by-layer build-up of consolidated mate-

ial, involving close control over the relevant transport phenomena (heat

ransfer, mass movement and fluid flow). The procedure commonly in-

olves powder feedstock and a directed heat source (usually a laser or

n electron beam). 

One of the most important areas to be addressed concerns the re-

ationships between processing conditions and mechanical properties.

hese have been established over an extended period for conventional

etal processing operations such as casting, rolling, forging, powder

intering etc. However, additive manufacturing differs from these, al-

hough it often incorporates features of several of them. Moreover, there

re often local variations in consolidation conditions, and hence in mi-

rostructure and mechanical properties. There is particular interest in
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he plasticity response - the yield stress and the work hardening behavior

which also provide insights into the toughness). There is also potential

or the directionality of the process to result in these properties being sig-

ificantly anisotropic (as a result of crystallographic texture, grain shape

nisotropy, alignment of second phase, porosity etc.). There has already

een work [22] on controlling the texture of additively manufactured

uperalloy components (by imposing a magnetic field). Of course, such

ffects can also arise in conventionally-processed metallic components,

ut the relatively small scale of many additively manufactured compo-

ents, and the complexity of their shape, means that growth conditions

nd microstructure may change over short distances. This is challeng-

ng in terms of mechanical property characterization, since tensile test-

ng on a small scale presents certain difficulties, while hardness is not

n unambiguous or well-defined “property ”. Nevertheless, in order to

apitalize in various directions on the potential of additive manufactur-

ng, detailed information concerning the linkages between processing

onditions, microstructure and mechanical properties is essential. 

In fact, a testing methodology has recently been developed with a

apability for obtaining meaningful information about plasticity (ie the

niaxial stress-strain relationship) from testing (indentation) of a small

ocal area. This is now termed Profilometry-based Inverse FEM for Plas-

icity Parameters from Indentation (PIP). Its emergence is the outcome

f an extended period of research and development [23-29] . It has al-
d. 

https://doi.org/10.1016/j.mtla.2021.101017
http://www.ScienceDirect.com
http://www.elsevier.com/locate/mtla
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtla.2021.101017&domain=pdf
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Table 1 

Powder composition. 

Powder Composition (wt.%) 

Cr Co Mo Al Ti Ta Nb W C B Ni 

ABD-850AM 19.7 18.6 2.0 1.5 2.4 0.6 0.4 5.1 0.13 0.01 bal. 

r  

a  

[  

w  

c  

p  

w  

r  

i  

(  

r

 

d  

i  

o  

t  

a  

b  

r  

“  

q  

t  

p  

o  

l  

u  

i  

T

2

2

 

s  

a  

g

 

b  

o  

e  

b  

[  

l

 

v  

m  

d  

t  

F

2

 

b  

g  

3  

(  

l  

Fig. 1. Schematic depiction of the three types of sample produced by additive 

manufacturing, showing the coordinate system nomenclature. 
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eady been applied locally to a Ni-based superalloy, in a study aimed

t obtaining the stress-strain response of a thin plasma sprayed layer

30] . It is based on iterative FEM simulation of the indentation process,

ith the plasticity parameters (in a constitutive law) being repeatedly

hanged until optimum agreement is reached between experimental and

redicted outcomes. While the outcome that was used in much early

ork was the load-displacement plot, it has become clear that using the

esidual indent profile is often preferable. An obvious advantage of this

s that it at least offers potential for investigation of plastic anisotropy

whereas using load-displacement data does not). This point has been

ecognized in several indentation-based studies [31-33] 

Several important points concerning the optimization of this proce-

ure have recently become clear. One of these [27] is that a spherical

ndenter is preferable to a “sharp ” one. Others include the importance

f deforming a volume that is large enough for its mechanical response

o be representative of the bulk, which requires it to be a multi-grain

ssembly and typically translates into a need for the indenter radius to

e of the order of 1 mm and the load capability to extend to the kN

ange. This means that equipment allowing what is often described as

nano-indention ” is unsuitable and a customized loading frame is re-

uired. It is also clear that, if the technique is to be routinely employed,

hen an integrated system is required, incorporating a loading frame, a

rofilometer and a software package allowing automated convergence

n the best fit stress-strain curve. Of course, once that has been estab-

ished, then FEM simulation of any loading configuration, including a

niaxial tensile test, can readily be carried out. Such an integrated facil-

ty is now being produced and sold commercially by Plastometrex Ltd.

his facility was used in the work described here. 

. Experimental procedures 

.1. Additive manufacturing 

A trial version of the ABD-850AM alloy was used for the current

tudy. The material was first argon gas atomized into powder. This had

 median diameter of about 30 𝜇m. The approximate composition is

iven in Table 1 . 

The additive manufacturing procedure was carried out via powder-

ed laser melting, using a Renishaw AM400 machine. The laser was

perated in modulated (pulsed) mode, scanning with a meander strat-

gy. The powder bed layer thickness was about 30 𝜇m. Each layer was

uilt up after rotating by 67 ̊ relative to the previous one and finished

11] with a double pass border scan (to enhance the surface finish). The

aser power was 200 W, with a traverse speed of 1.2 m s − 1 . 

Three types of sample were produced: cube, axial cuboid and trans-

erse cuboid. The cube had sides of 10 mm. The cuboids both had di-

ensions of 10 mm by 10 mm by 52 mm. The long axis was the growth

irection in one case ( “vertical ”), while in the other ( “horizontal ”) it was

ransverse to this. The coordinate nomenclature employed is shown in

ig. 1 . 

.2. Sample preparation and microstructural examination 

Both axial ( x-z ) and transverse ( x-y ) sections were examined in the

ulk part of the cube. Samples were prepared using standard metallo-

raphic procedures, with a colloidal silica suspension (40 nm) finish for

 mins. A Zeiss Merlin field-emission gun scanning electron microscope

FEG-SEM) was used, the images being obtained using an angular se-

ective backscattered electron (AsB/BSE) detector with an accelerating
2 
oltage of 15 kV. In addition to the internal microstructure, free sur-

aces in the immediate vicinity of indents were also examined using a

econdary electron (SE) detector. Texture and grain size measurements

ere carried out via electron backscatter diffraction (EBSD) scans, us-

ng a BRUKER e − Flash HR detector and analysed using HKL Channel 5

oftware. 

Furthermore, dislocation structures in the as-fabricated state were

evealed using bright field fore-scattered electron (FSE) imaging in the

ame SEM system, with an on-axis transmission Kikuchi diffraction

TKD) detector. An axial sample was mechanically ground to a thick-

ess of ~150 𝜇m. This was then converted to an electron-transparent

hin foil, using a twin jetting method with HClO4 in methanol under

0 V at − 40°C. An accelerating voltage of 30 kV was used, with a 2 nA

robe current. Further details are available elsewhere [34] . 

.3. Tensile testing 

Uniaxial tensile testing was carried out at room temperature, using

n Instron electro-thermal mechanical testing (ETMT) system. A 5 kN

oad cell was employed. Testing was carried out under displacement

ontrol, at a rate of 5 μm s − 1 (a strain rate of about 3 10 − 4 s − 1 ).

amples were cut to a dog-bone shape using electro discharge machin-

ng (EDM), to give (square section) gage length dimensions of 1 mm by

 mm by 14 mm. This was done for both “horizontal ” and “vertical ”

amples (see Fig. 1 ). Sample surfaces were ground to 4000 grit (to re-

ove the recast layer). The cross-section was then accurately measured

sing a micrometer prior to testing. Strain was measured using a video

xtensometer, with an iMetrum system. Speckle patterns were applied

n the surfaces to facilitate tracking. The focus was on the separation

f speckles at both ends of the gage length - ie the (nominal) strain was

eing measured in the same way as with a clip gage. All samples were

ested until fracture. 

.4. PIP 

The equipment used in this work was the Indentation Plastometer

hown in Fig. 2 . Four steps are involved in obtaining a tensile stress-

train curve from an indentation test. These are: (a) pushing a hard in-

enter into the sample with a known force, (b) measuring the (radially-

ymmetric) profile of the indent, (c) iterative FEM simulation of the
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Fig. 2. Image of the Plastometer, with the key 

components labeled. 
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est until the best fit set of plasticity parameter values is obtained and

d) using the resultant (true) stress-strain relationship in FEM simulation

f the tensile test. These steps are described in more detail below. 

.4.1. Indentation 

The samples for indentation were produced from 10 mm cubes and

ad dimensions of 10 mm by 10 mm by 5 mm (in the indentation direc-

ion). This was done with the indentation axis being either in the z di-

ection ( x - y plane) or in the y direction ( x - z plane). They were mounted

nd polished (to 1 μm finish). They were then placed on the baseplate of

he Plastometer and indented with a spherical indenter of radius 1 mm,

ade of WC 

–Co cemented carbide. Forces of 1.5, 2.5, 3.5 and 4.5 kN

ere applied (in the same location), with the profile being measured

fter each loading operation. The largest load generated a displacement

penetration) of about 200 μm ( 𝛿/ R ~ 20%), and the final indent diam-

ter was around 1 mm. 

.4.2. Profilometry 

A contacting stylus profilometer is incorporated into the Plastome-

rex machine. It has a depth resolution of about 1 μm. Scans were carried

ut in two perpendicular directions, both through the central axis of the

ndent. Tilt correction functions were applied to the raw data, based on

he far-field parts of the scan being parallel. This procedure is carried

ut automatically under software control. 

.4.3. . Extraction of plasticity parameters. For any approach involving

terative simulation of a deformation process, the stress-strain relation-

hip (material plasticity response) must be characterized via a (small)

et of parameter values. Several expressions are in common use, but the

urrent Plastometrex methodology is based on use of the Voce equation

35] 

= 𝜎𝑆 − 

(
𝜎𝑆 − 𝜎Y 

)
exp 

( 

− 𝜀 

𝜀 0 

) 

(1)

here 𝜎 is the (true) stress, 𝜀 is the (true) strain, 𝜎Y is the yield stress, 𝜎s 

s a saturation stress and 𝜀 0 is a characteristic strain (for the approach of

he stress to its saturation level). An expression of this type is consistent

ith strain hardening being mainly caused by the increasing density

f dislocations (impairing their mobility as more jogs, tangles etc. are
3 
ormed), but with a hardening rate that falls off with continued straining

as the dislocation density approaches a saturation level). 

The underlying methodology for converging on the best fit set of

arameter values, focusing on the residual indent profile as the target

utcome, is described in the literature [ 27 , 29 ], as are details of the

oundary conditions imposed during simulation of the indentation pro-

edure. Isotropy is assumed, both elastically and plastically. The elastic

onstants are required as input data. The Young’s modulus was taken to

e 200 GPa and the Poisson ratio to be 0.33. (The outcome of the mod-

ling is not strongly sensitive to these parameters.) In characterizing the

oodness-of-fit of the outcome of any particular simulation run, a least

quares regression approach [36] was used. This leads to a parameter

 red , which is a dimensionless positive number that tends to zero as the

t becomes perfect. The parameter set giving the lowest value of S red 

as extracted. A value below about 10 − 3 represents a good fit, while a

alue around 10 − 4 or below corresponds to excellent fit. 

.4.4. Simulation of tensile testing 

This set of plasticity parameter values was then employed during

imulation of a tensile test, with the same geometry as that of the exper-

mental test. General details of this modeling are available [29] in the

iterature. In order to simulate necking (in the center of the test-piece),

 boundary condition is imposed that there is no lateral straining at the

nds of the reduced section part of the samples [37-39] . 

. Microstructural features 

.1. Grain structure 

Information about the grain structure is presented in Figs. 3 and 4 .

ig. 3 shows two SEM micrographs of a transverse section, while Fig. 4

omprises EBSD patterns from both types of section. It can be seen in

ig. 3 that there was some evidence of both cracking and porosity. In

eneral, however, the level of both was relatively low. It was notice-

ble that the cracks tended to form with the crack plane lying in the

rowth direction. This is further explored in §4.1.2. It is in any event

lear that there is columnar grain structure, with each grain contain-

ng many cells (dendrites). In transverse ( x - y ) sections, the grain size is
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Fig. 3. SEM images of the x-z plane, at (a) low and (b) high magnifi- 

cation. 

Fig. 4. Inverse pole figure maps along the build direction 

from: (a) the x-y plane and (b) the x-z plane. 

Fig. 5. SEM-based on-axis transmission Kikuchi diffraction fore-scattered electron (TKD/FSE) images of a transverse (x-z) plane, at (a) low and (b) high magnification. 
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elatively small (~30–40 μm) and approximately isotropic. In axial sec-

ions, on the other hand, grains are elongated (to hundreds of microns)

n the growth ( z ) direction, while still being of the order of a few tens

f microns in the transverse ( x and y ) directions. The texture exhibits

 strong tendency for ⟨001 ⟩ to align parallel to the growth direction,

hich is about 3.6 times more frequently observed than random orien-

ations. 

.2. Intra-granular structure 

Some intra-granular features in the as-produced material were re-

ealed by on-axis TKD-FSE imaging in bright field mode, which showed

iffraction contrast - see Fig. 5 . Relatively high dislocation densities

ere observed, but there was apparently no gamma prime phase. This

s consistent with synchrotron X-ray diffraction observations [40] for

 similar superalloy processed by selective laser melting. As indicated

y the arrows, two directions of dislocation glide were apparent, corre-

ponding to slip systems within the grain. This suggests that slip across

ell boundaries was relatively easy, despite evidence [ 11 , 41 ] of local

hemical segregation to cell boundaries in similar materials. However,
4 
n contrast to their findings, high dislocation densities were observed

ere within the cells. This may be associated with lower levels of inter-

ellular phases, such as Hf-rich MC carbides in CM247LC. Hence dis-

ocations are not trapped at the cell boundaries, where those carbides

re normally located. It may be noted that these high dislocation densi-

ies in the as-produced material may limit the degree of work hardening

uring subsequent deformation. 

.3. Structure around indents 

Fig. 6 shows SEM micrographs of the free surface in the vicinity of an

ndent on a transverse ( x - y ) section, with Fig. 6 (b) being a higher mag-

ification view of the region marked in Fig. 6 (a). Fig. 6 (a) indicates that

his indent is radially symmetric and this was confirmed by profilome-

ry measurements. Fig. 6 (b) provides insights into how the deformation

ook place in these near-surface regions around the periphery of indents.

s observed previously – see Fig. 7 in [29] , sets of parallel lines can be

een within individual grains. These are persistent slip bands, creating

hysical steps on the free surface, with each set corresponding to oper-

tion of a particular slip system. 
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Fig. 6. SEM micrographs of the region around 

an indent in a transverse (x-y) section, at 

(a) low and (b) high magnification. 

Fig. 7. SEM micrographs of the region around 

an indent in an axial (x-z) section, at (a) low 

and (b) high magnification (in the location in- 

dicated by the small rectangle in (a)). The in- 

sert in Fig. 7(a) is intended to convey an im- 

pression of the key features of the grain struc- 

ture. 
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It can be seen that more than one system was operative in these

rains, despite the fact that the plastic strains in these regions are rela-

ively low (of the order of 1–2%). This is a consequence of the mutual

onstraint that neighbouring grains exert on each other as they deform,

uch that they are required to undergo complex shape changes. 

The corresponding micrographs from the axial section, shown in

ig. 7 , reflect slightly different behavior. It can be seen in Fig. 7 (a)

hat this indent is not radially symmetric. Without detailed informa-

ion about the texture (or other potential sources of anisotropy, such

s aligned precipitates or porosity), it is difficult to say anything prop-

rly quantitative about the shape of the indent, but it is clearly indica-

ive of anisotropy. The shape exhibits only 2-fold symmetry, with the

esponse in the z (build) direction being different from that in the y

transverse) direction. Also apparent in Fig. 7 (b) is that the deformed

egion, while certainly not confined to a single grain, probably contains

nly a relatively small number of grains. Both of these effects – evidence

f anisotropy and an indication that the indent straddles a relatively

mall number of grains – may be flagged up as potential sources of error

hen using the standard PIP procedure. On the other hand, the indent

hape does at least give some semi-quantitative information about the

nisotropy. This is explored in a little more detail below in §4.2. The

ngles marked in Fig. 7 (a) are those in which profile scans were taken. 

. Mechanical response 

.1. Tensile testing 

.1.1. Elastic and plastic deformation 

Tensile tests were carried out with the tensile axis either vertical

along the growth direction) or horizontal (transverse to the growth di-

ection). Representative nominal stress-strain curves are shown in Fig. 8 .
5 
hree tests were carried out in each case. The standard deviations on

tiffness, yield stress and UTS were respectively 1.1 GPa, 3.5 MPa and

3.6 MPa for the vertical sample and 3.0 GPa, 5.5 MPa and 4.3 MPa for

he horizontal sample. This represents a high level of reproducibility. 

There is clearly some anisotropy in these responses. As shown in

able 2 , the yield stress and ultimate tensile strength of the vertical

pecimens are ~100 MPa lower than those of the horizontal samples,

hile the vertical specimens exhibit a slightly greater elongation to fail-

re. These characteristics agree well with reports in the literature [ 12 ,

2 , 43 ] on similar testing of superalloys. Additionally, a difference in

he elastic modulus between the two orientations is seen, which was

lso reported by Deng et al. [44] for IN718. The measured stiffness was

bout 130 GPa for the vertical samples and about 160 GPa for the hori-

ontal ones - see the inset in Fig. 8 . This should be considered in terms

f the elastic anisotropy of single crystals of Ni, which is known to be

nusually strong. Data in Nye [45] indicate that the Young’s modulus

n ⟨111 ⟩ is about 290 GPa, while that in ⟨100 ⟩ is about 125 GPa. Of

ourse, the samples being considered here are not single crystals (and

or are they pure Ni), but they are quite strongly textured polycrystals,

ith a tendency for ⟨100 ⟩ to align along the growth direction. The stiff-

ess in the growth direction being 30 GPa lower than that in directions

ransverse to this is broadly consistent with these single crystal values.

t may be noted at this point that, while the FEM simulation of the test

nvolved use of a fixed value of 200 GPa (and a Poisson ratio of 0.33),

he sensitivity of the outcome to these elastic constants is low, so this

ould be unlikely to introduce significant errors. 

.1.2. Necking and fracture 

Furthermore, not only does the vertical sample have a slightly higher

uctility, but it also exhibits a greater load drop (between the UTS and

he nominal stress at fracture), being about 300 MPa (compared with
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Fig. 8. Typical plots of nominal stress against nominal strain from 

tensile testing of samples in horizontal and vertical directions. 

Table 2 

Summary of data from experimental tensile tests. 

Sample Young’s modulus, E (GPa) 0.2% Yield stress, 𝜎Y (MPa) Ultimate Tensile Strength, 𝜎UTS (MPa) Ductility, 𝜀 N ∗ (%) 

Vertical 129 673 978 34.6 

Horizontal 158 775 1063 31.6 

Table 3 

Outcome of the convergence operation on the final residual indent profile in the transverse (x-y plane) sample, in the 

form of values of the parameters in the Voce equation for the true stress – true strain relationship. 

Sample code Best fit Voce parameter values 

Yield stress 𝜎Y (MPa) Saturation stress 𝜎s (MPa) Characteristic strain, 𝜀 0 (%) Misfit parameter S red (-) 

Cub1 775 1475 14.3 3.5 10 − 5 
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F  
bout 200 MPa for the horizontal sample). The necking and fracture

hus occur a little differently for the two samples. This difference is ap-

arent in the fracture surfaces shown in Fig. 9 . It can be seen that the

eduction in sectional area is greater for the vertical sample. If a critical

rue strain condition were to be used to predict fracture, then its value

ould be higher for the vertical sample. Moreover, the true stress at frac-

ure was higher for the vertical sample (despite the nominal stress being

ower). On the other hand, the two fracture surfaces look very similar

t high magnification ( Fig. 9 (b) and Fig. 9 (e)). It may be that the dif-

erences between the two necking and fracture responses are related to

rior cracks in the samples, which were created by solidification and/or

olid state cracking [ 21 , 46 , 47 ]. These tend to be inter-granular and

o be largely aligned with the plane of the crack parallel to the growth

irection - see Fig. 9 (c) and Fig. 9 (f). They are thus expected to open

p more readily during testing in the horizontal configuration, reducing

he ductility and limiting the reduction in area before fracture occurs. 

.2. Indentation testing 

A comparison is shown in Fig. 10 (a) between experimental and (best-

t) modeled residual indent profiles, for indents created on the trans-

erse ( x - y ) section, using four different loads (with the same set of plas-

icity parameter values). It can be seen that the agreement is good for

ll of the loads. As well as confirming general consistency, this indicates

hat the plasticity characteristics do not change with depth, so that, for

xample, there is no near-surface layer with a different hardness or dif-

erent levels of residual stress. Table 3 shows the set of Voce parameter

alues and also the value of S red (the goodness of fit parameter). This
6 
alue (for the highest load) was about 3 10 − 5 , representing excellent

delity between measured and modeled outcomes. Fig. 10 (b) shows the

odelled field of the (von Mises) plastic strain at the end of indentation,

btained using this set of plasticity parameter values. This indicates that

he (true) plastic strains ranged up to about 60% during this test, con-

rming that the outcome is likely to reflect the plastic response of the

aterial over an appropriate range of strain. 

Indents in the axial ( y - z ) section did not exhibit radial symmetry - see

ig. 7 (a) - so the standard PIP algorithm cannot be employed. Fig. 11

hows residual indent profiles in 4 different directions across such an

ndent, the scan angles corresponding to those marked on Fig. 7 (a). It

an be seen that, while all of the scans coincide (ie there is radial sym-

etry) within the interior of the indent, there are significant differences

n the vicinity of the “rim ” of the “crater ”. In these areas, the deformed

egion was out of contact with the indenter, so that the deformation was

ess constrained. The strong texture of the sample has led to preferen-

ial activation of certain slip systems in these regions. This has created

 “rim shape ” exhibiting only 2-fold symmetry, with significant differ-

nces between the apparent “diameter ” and “pile-up height ” in different

irections. Furthermore, the nature of the differences is consistent with

he tensile test outcomes, with the material being somewhat harder (giv-

ng less pile-up) in the 0 ̊ ( y ) direction (ie the “horizontal ” direction in

he tensile test) than in the 90 ̊ ( z or “vertical ” direction). 

It should be noted that, since indentation effectively stimulates de-

ormation in a wide range of directions, the (true stress-strain) outcome

s expected to represent some kind of direction-averaged relationship.

or isotropic materials, this is exactly what is required. However, for
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Fig. 9. SEM images and schematic depictions of crack orientations for tensile testing in vertical ((A)-(C)) and horizontal ((D)-(F)) configurations. 

Fig. 10. (a) Comparisons between measured and predicted residual indent shapes, for indentation on a transverse (x-y) section, and (b) modeled field of (von Mises) 

plastic strain after indentation to a load of 4.5 kN. 
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trongly anisotropic materials, such as these samples, the situation needs

areful analysis. As noted above, there is not a single indent profile that

an be processed in the standard way. Taking some kind of averaged

rofile would allow a single stress-strain curve to be obtained, but this

ould not necessarily correspond to an averaged stress-strain curve.

 more complex modeling procedure, with more values in parameter

pace to be evaluated, can be envisaged, but is not yet available. On the

ther hand, profile data such as those in Fig. 11 , which can readily be

btained, do clearly indicate the presence of (plastic) anisotropy, and

lso give a (semi-quantitative) indication of the (in-plane) directions in

hich yielding and work-hardening take place more easily. This capa-

ility evidently has potential value. 
7 
.3. Inferred tensile stress-strain curve 

For the indent on a transverse section, the inferred (true) stress-strain

urve (corresponding to the derived Voce parameter values) is shown in

ig. 12 (a), together with the outcome of FEM simulation of the tensile

est (as a plot of nominal stress against nominal strain). It can be seen

hat necking is predicted to start at just above 20% nominal strain. After

hat, the nominal stress drops off sharply as the neck develops, although

he true stress and strain within the neck continue to increase as shown.

he end point comes with rupture of the neck, shown as occurring at

 true strain of about 80% in this case. The idea of fracture occurring

hen the true stress reaches a critical value is a common one. Fig. 12 (b)
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Fig. 11. Residual indent profiles, measured in 4 different directions, 

for indentation on an axial (y-z) section, after application of a load of 

4.5 kN. 

Fig. 12. (a) A true stress v. true strain plot, based on the Voce parameter values in Table 3 , with a corresponding plot of nominal stress v. nominal strain, obtained 

by FEM simulation of a tensile test (for an aspect ratio of 14 for the gage length), and (b) comparison between this and the two experimental plots. 
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hows a comparison between this predicted plot and the experimental

urves corresponding to the tensile axis being in “horizontal ” or “verti-

al ” directions. 

It can be seen that there is a good measure of general agreement re-

arding both the yield stress and the work hardening characteristics. The

ndentation-derived plot appears to be somewhat closer to the “horizon-

al ” curve. In fact, this is as expected, since the indentation outcome is a

irection-averaged one and, considered simplistically, there is a 2:1 bias

owards the horizontal directions. However, it should in any event be

ecognized that there is inevitably a level of uncertainty (probably of the

rder of ± 5%) associated with both directly-measured and indentation-

erived plots. The outcome here is certainly a consistent one, to a real-

stic level of precision. 

The level of agreement regarding the necking and post-necking parts

f the curve is also generally good. Prediction of the exact strain at which

ecking occurs is always rather problematic, since it is expected (accord-

ng to the Considère criterion) to be at the peak of a nominal stress-strain

lot, which often exhibits a broad plateau. Prediction of the UTS, on the

ther hand, is expected to be quite reliable. Furthermore, there is quite

ood agreement regarding the post-necking behavior. Prediction of the

ctual point of fracture will always be difficult, mainly because it is
8 
irtually impossible to apply any kind of rigorous fracture mechanics

pproach to the final rupture event. However, the criterion of the true

train reaching a critical value in the neck is easy to apply and, as can

e seen in Fig. 12 (b), the data are consistent in this case with the value

eing of the order of 60–100% - which is a plausible range. (It is im-

ortant to note that this is very different from a “ductility ” reported in

he form of a nominal strain at failure, which actually depends on test

ample dimensions.) It may finally be noted that the information pre-

ented in Fig. 9 concerning differences between the two types of sample

egarding the necking and the fracture events is relevant to the value of

he critical strain at fracture that is appropriate in the two cases. 

onclusions 

The following conclusions can be drawn from this work: 

a) Samples have been produced (of a particular Ni-based superalloy)

using an additive manufacturing procedure. This involves a well-

defined build direction, along which solidification took place, creat-

ing a columnar grain structure. These samples exhibit a strong (trans-

versely isotropic) texture, based on alignment of the ⟨100 ⟩ (easy

growth) directions parallel to the build direction. 
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b) Tensile testing has been carried out along both the build direction

and the transverse direction. In addition, indents have been created

on both transverse and axial sections, using a relatively large spher-

ical indenter. Indent profiles have been measured and the PIP pro-

cedure applied in order to infer the true stress – true strain relation-

ship, and hence to predict the nominal stress – nominal strain curve

expected from a tensile test. 

c) It is found that the stiffness, yield stress and UTS values were all

significantly higher for testing along the transverse ( “horizontal ”)

direction, compared with those for the axial ( “vertical ”) direction. 

d) Indents produced on transverse sections were radially symmetric.

Application of the standard PIP methodology to these profiles lead to

a (nominal) stress-strain curve for tensile testing (of the type under-

taken) that was close to those obtained experimentally, being some-

what closer to the “horizontal ” curve than the “vertical ” one. Since

these predicted curves represent direction-averaged responses, this

is what is expected. The results can therefore be taken to constitute

confirmation of the reliability of the procedure. 

e) Indents on axial sections exhibited only 2-fold symmetry (rather than

radial symmetry). This is as expected from the anisotropy of the plas-

tic response in the tensile test outcomes. The indent profiles were

thus different in different in-plane directions. This means that the

standard PIP procedure cannot be applied. However, these profiles

also were consistent with the measured anisotropy. This procedure,

which is very quick and easy to carry out, could therefore be used

in order to test for anisotropy and to obtain what might be regarded

as a semi-quantitative measure of its nature and strength. 
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