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Challenge 
Structural alloys are designed to have 
specific mechanical properties when being 
used in service. The plasticity response - 
the yield stress, work hardening behaviour 
and ultimate tensile strength (UTS) of these 
materials are often of particular interest. 

However, when designing new alloys for 
metal additive manufacturing applications, 
sample volumes are often limited, making 
traditional tensile tests unfeasible or very 
expensive.
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In this case study with Professor Roger Reed at  
The University of Oxford, the goal was to assess whether 
PIP testing could substitute tensile testing for the accurate 
measurement of stress-strain curves on small alloy samples 
made via additive manufacturing. A secondary goal was to 
determine whether the degree of anisotropy in some printed 
materials could be determined.  
 
Successful use of the PIP technology would enable the team 
to minimise their sample sizes, helping to save the amount 
of feedstock powder needed to screen new alloy systems.  
PIP testing would also allow the researchers to avoid the 
need for machining tensile test coupons, reducing the time 
and costs associated with plasticity testing. 

These advantages would allow the team to develop and 
rapidly validate new alloys with lower material costs than 
other research groups still using conventional methods.

Assess PIP testing 
as a substitute for 
tensile testing whilst 
investigating the 
presence of anisotropy. 

Objectives 
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An ABD-850AM (nickel based) alloy was used for the current 
study. The material was first argon gas atomised into powder.  
This had a median diameter of about 30 μm.  
The approximate composition is given in Table 1. 
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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. 

ready been applied locally to a Ni-based superalloy, in a study aimed 
at obtaining the stress-strain response of a thin plasma sprayed layer 
[30] . It is based on iterative FEM simulation of the indentation process, 
with the plasticity parameters (in a constitutive law) being repeatedly 
changed until optimum agreement is reached between experimental and 
predicted outcomes. While the outcome that was used in much early 
work was the load-displacement plot, it has become clear that using the 
residual indent profile is often preferable. An obvious advantage of this 
is that it at least offers potential for investigation of plastic anisotropy 
(whereas using load-displacement data does not). This point has been 
recognized in several indentation-based studies [31-33] 

Several important points concerning the optimization of this proce- 
dure have recently become clear. One of these [27] is that a spherical 
indenter is preferable to a “sharp ” one. Others include the importance 
of deforming a volume that is large enough for its mechanical response 
to be representative of the bulk, which requires it to be a multi-grain 
assembly and typically translates into a need for the indenter radius to 
be of the order of 1 mm and the load capability to extend to the kN 
range. This means that equipment allowing what is often described as 
“nano-indention ” is unsuitable and a customized loading frame is re- 
quired. It is also clear that, if the technique is to be routinely employed, 
then an integrated system is required, incorporating a loading frame, a 
profilometer and a software package allowing automated convergence 
on the best fit stress-strain curve. Of course, once that has been estab- 
lished, then FEM simulation of any loading configuration, including a 
uniaxial tensile test, can readily be carried out. Such an integrated facil- 
ity is now being produced and sold commercially by Plastometrex Ltd. 
This facility was used in the work described here. 

2. Experimental procedures 

2.1. Additive manufacturing 

A trial version of the ABD-850AM alloy was used for the current 
study. The material was first argon gas atomized into powder. This had 
a median diameter of about 30 𝜇𝜇m. The approximate composition is 
given in Table 1 . 

The additive manufacturing procedure was carried out via powder- 
bed laser melting, using a Renishaw AM400 machine. The laser was 
operated in modulated (pulsed) mode, scanning with a meander strat- 
egy. The powder bed layer thickness was about 30 𝜇𝜇m. Each layer was 
built 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 
laser 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- 
verse cuboid. The cube had sides of 10 mm. The cuboids both had di- 
mensions of 10 mm by 10 mm by 52 mm. The long axis was the growth 
direction in one case ( “vertical ”), while in the other ( “horizontal ”) it was 
transverse to this. The coordinate nomenclature employed is shown in 
Fig. 1 . 

2.2. Sample preparation and microstructural examination 

Both axial ( x-z ) and transverse ( x-y ) sections were examined in the 
bulk part of the cube. Samples were prepared using standard metallo- 
graphic procedures, with a colloidal silica suspension (40 nm) finish for 
3 mins. A Zeiss Merlin field-emission gun scanning electron microscope 
(FEG-SEM) was used, the images being obtained using an angular se- 
lective backscattered electron (AsB/BSE) detector with an accelerating 

Fig. 1. Schematic depiction of the three types of sample produced by additive 
manufacturing, showing the coordinate system nomenclature. 

voltage of 15 kV. In addition to the internal microstructure, free sur- 
faces in the immediate vicinity of indents were also examined using a 
secondary electron (SE) detector. Texture and grain size measurements 
were carried out via electron backscatter diffraction (EBSD) scans, us- 
ing a BRUKER e − Flash HR detector and analysed using HKL Channel 5 
software. 

Furthermore, dislocation structures in the as-fabricated state were 
revealed using bright field fore-scattered electron (FSE) imaging in the 
same SEM system, with an on-axis transmission Kikuchi diffraction 
(TKD) detector. An axial sample was mechanically ground to a thick- 
ness of ~150 𝜇𝜇m. This was then converted to an electron-transparent 
thin foil, using a twin jetting method with HClO4 in methanol under 
30 V at − 40°C. An accelerating voltage of 30 kV was used, with a 2 nA 
probe current. Further details are available elsewhere [34] . 

2.3. Tensile testing 

Uniaxial tensile testing was carried out at room temperature, using 
an Instron electro-thermal mechanical testing (ETMT) system. A 5 kN 
load cell was employed. Testing was carried out under displacement 
control, at a rate of 5 μm s − 1 (a strain rate of about 3 10 − 4 s − 1 ). 
Samples were cut to a dog-bone shape using electro discharge machin- 
ing (EDM), to give (square section) gage length dimensions of 1 mm by 
1 mm by 14 mm. This was done for both “horizontal ” and “vertical ”
samples (see Fig. 1 ). Sample surfaces were ground to 4000 grit (to re- 
move the recast layer). The cross-section was then accurately measured 
using a micrometer prior to testing. Strain was measured using a video 
extensometer, with an iMetrum system. Speckle patterns were applied 
on the surfaces to facilitate tracking. The focus was on the separation 
of speckles at both ends of the gage length - ie the (nominal) strain was 
being measured in the same way as with a clip gage. All samples were 
tested until fracture. 

2.4. PIP 

The equipment used in this work was the Indentation Plastometer 
shown in Fig. 2 . Four steps are involved in obtaining a tensile stress- 
strain curve from an indentation test. These are: (a) pushing a hard in- 
denter into the sample with a known force, (b) measuring the (radially- 
symmetric) profile of the indent, (c) iterative FEM simulation of the 
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The additive manufacturing procedure was carried out via 
powder bed laser melting, using a Renishaw AM400 machine. 
The powder bed layer thickness was about 30 μm and the 
laser power was 200 W with a traverse speed of 1.2 m s-1. 
Electron backscatter diffraction (EBSD) scans show the 
material exhibits a columnar grain structure. In transverse 
(x-y) sections, the grain size is relatively small (~30–40 μm) 
and approximately isotropic. In axial sections, on the other 
hand, the structure exhibits grain shape anisotropy. Grains 
are elongated in the growth (z) direction, while still being of 
the order of a few tens of microns in the transverse (x and y) 
directions. 
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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. 

relatively small (~30–40 μm) and approximately isotropic. In axial sec- 
tions, on the other hand, grains are elongated (to hundreds of microns) 
in the growth ( z ) direction, while still being of the order of a few tens 
of microns in the transverse ( x and y ) directions. The texture exhibits 
a strong tendency for ⟨001 ⟩ to align parallel to the growth direction, 
which is about 3.6 times more frequently observed than random orien- 
tations. 

3.2. Intra-granular structure 

Some intra-granular features in the as-produced material were re- 
vealed by on-axis TKD-FSE imaging in bright field mode, which showed 
diffraction contrast - see Fig. 5 . Relatively high dislocation densities 
were observed, but there was apparently no gamma prime phase. This 
is consistent with synchrotron X-ray diffraction observations [40] for 
a similar superalloy processed by selective laser melting. As indicated 
by the arrows, two directions of dislocation glide were apparent, corre- 
sponding to slip systems within the grain. This suggests that slip across 
cell boundaries was relatively easy, despite evidence [ 11 , 41 ] of local 
chemical segregation to cell boundaries in similar materials. However, 

in contrast to their findings, high dislocation densities were observed 
here within the cells. This may be associated with lower levels of inter- 
cellular phases, such as Hf-rich MC carbides in CM247LC. Hence dis- 
locations are not trapped at the cell boundaries, where those carbides 
are normally located. It may be noted that these high dislocation densi- 
ties in the as-produced material may limit the degree of work hardening 
during subsequent deformation. 

3.3. Structure around indents 

Fig. 6 shows SEM micrographs of the free surface in the vicinity of an 
indent on a transverse ( x - y ) section, with Fig. 6 (b) being a higher mag- 
nification view of the region marked in Fig. 6 (a). Fig. 6 (a) indicates that 
this indent is radially symmetric and this was confirmed by profilome- 
try measurements. Fig. 6 (b) provides insights into how the deformation 
took place in these near-surface regions around the periphery of indents. 
As observed previously – see Fig. 7 in [29] , sets of parallel lines can be 
seen within individual grains. These are persistent slip bands, creating 
physical steps on the free surface, with each set corresponding to oper- 
ation of a particular slip system. 
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Equiaxed (left) and
elongated (right)

Materials 
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The mechanical properties (stress-strain curves) were 
measured using the Indentation Plastometer, a compact 
indentation-based benchtop device. The technology uses the 
novel PIP method, developed by the materials scientists at 
Plastometrex. PIP uses an accelerated inverse finite element 
method to infer accurate stress-strain curves from indentation 
test data. 

The PIP test takes only 3-minutes and requires minimal 
sample preparation (2500 grit grind). Sample sizes can be 
as small 3 x 3 x 1.5 mm, giving a 99% reduction in material 
volume needed when compared to tensile testing. 

PIP results were compared to conventional tensile test results,  
carried out on an Instron ETMT system, under displacement 
control at a rate of 5 µm s-1 (a strain rate of about 3 10-4 s-1). 
Both vertical and horizontal samples were taken for tensile 
testing and a small cube was taken for PIP testing.

Build 
direction

Build 
direction

Vertical Horizontal

10mm

Z

Y

X

Measurements 
 

https://plastometrex.com/blogs/introduction-to-indentation-plastometry
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Due to anisotropy, the yield stress and ultimate tensile 
strength of the vertical specimens are ~100 MPa lower than 
those of the horizontal samples measured via tensile testing. 
The average mechanical response of the two directions 
shown in the table and graph has a yield stress of 724 MPa 
and a UTS of 1020 MPa.

PIP testing taken from a small cube in the x-y direction 
(isotropic plane) showed excellent agreement with the 
directionally averaged response from the conventional 
tensile testing. Results showed PIP testing was within 2% of 
the conventionally measured tensile curves on both yield 
stress and UTS values. 

Sample
Yield Stress 

σY  
(MPa)

Ultimate 
tensile 

strength  
σUTS (MPa)

Tensile Test (Horizontal)  775 1063
Average Tensile Test Response 724 1020
Tensile Test (Vertical) 673 978

Results 
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A Rapid Check for Anisotropy 
In the x-z section (the plane exhibiting grain shape 
anisotropy) the PIP indents left a non-radially symmetric 
residual profile shape, as shown on the right. The indent 
crater shape exhibited only 2-fold symmetry, with 
significant differences between the apparent “diameter” 
between the x and y directions. 

The nature of the differences is consistent with the 
tensile test outcomes, with the material being ‘harder’ in 
the  “horizontal” direction in the tensile test than in the 
vertical. So while PIP inferred stress-strain data can not be 
produced in this plane, the procedure, which is very quick 
and easy to carry out, can be used in order to test for 
the presence of anisotropy and to obtain what might be 
regarded as a semi-quantitative measure of its nature  
and strength.

Sample
Yield Stress 

σY  
(MPa)

Ultimate 
tensile 

strength  σUTS 
(MPa)

PIP Test 739 1012

Average Tensile Test  724 1020

Vertical ‘Softer’

Image of non-radially symmetric in-
dentation. Elongated grains are visible 
along the horizontal direction.
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Outcomes

PIP testing was shown to exhibit 
excellent agreement with the average 
mechanical response from tensile 
testing for additively manufactured 
superalloys. This demonstrated that the 
technology could be used instead of 
tensile testing to reduce testing times 
and material volumes by over 95%. 

PIP testing was also shown to be a rapid 
method for characterising the presence 
and nature of anisotropy, which is 
common in additively manufactured 
materials. This enables teams to quickly 
assess the presence of anisotropy and 
to rapidly optimise parameters in order 
to reduce its strength. 

Outcomes



See the  
technology  
in action...

Learn more about the Indentation Plastometer 
with one of our informal virtual technology 
demonstrations. Presented by our friendly team 
of material scientists, you’ll hear a bit more about 
our work here at Plastometrex before seeing the 
plastometer conduct a live test. Feel free to invite 
your colleagues along, too!

http://www.plastometrex.com
https://plastometrex.com/book-a-demo
https://plastometrex.com/book-a-demo

