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Abstract Small specimen mechanical testing is an exciting
and rapidly developing field in which fundamental defor-
mation behaviours can be observed from experiments per-
formed on comparatively small amounts of material. These
methods are particularly useful when there is limited source
material to facilitate a sufficient number of standard spec-
imen tests, if any at all. Such situations include the devel-
opment of new materials or when performing routine main-
tenance/inspection studies of in-service components, requir-
ing that material conditions are updated with service expo-
sure. The potentially more challenging loading conditions
and complex stress states experienced by small specimens,
in comparison with standard specimen geometries, has led
to a tendency for these methods to be used in ranking stud-
ies rather than for fundamental material parameter determi-
nation. Classifying a specimen as “small” can be subjec-
tive, and in the present work the focus is to review testing
methods that utilise specimens with characteristic dimen-
sions of less than 50 mm. By doing this, observations made
here will be relevant to industrial service monitoring prob-
lems, wherein small samples of material are extracted and
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tested from operational components in such a way that struc-
tural integrity is not compromised. Whilst recently the ma-
jority of small specimen test techniques development have
focused on the determination of creep behaviour/properties
as well as sub-size tensile testing, attention is given here
to small specimen testing methods for determining specific
tensile, fatigue, fracture, and crack growth properties. These
areas are currently underrepresented in published reviews.
The suitability of specimens and methods is discussed here,
along with associated advantages and disadvantages.

Keywords Small specimen - Tensile - Fatigue - Fracture -
Crack growth

1 Introduction

Small specimen testing is becoming increasingly relevant
in industry and new capabilities are continuously being de-
veloped for identifying a wide range of material properties.
Generally, small specimens are used in situations where there
is insufficient material to make full size specimens, where
handling full size specimens is undesirable or when proper-
ties of a small amount of material are of interest.

There could be insufficient material to make full size
specimens when a new material is being developed, as due
to large costs only small amounts of material are initially
made. Another reason could be that a part of an in-use com-
ponent is tested, such as when a scoop sample is taken from
a steam pipe. Sometimes the components, the properties of
which are of interest, are too small to make a full size spec-
imen, such as when airfoil parts of the service-exposed gas
turbine blades, requiring to reduce the size of the specimen
tested.

Handling full size specimens may be undesirable when
irradiated material is being tested, as irradiating large amounts
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of material might be difficult in test reactors, also, transport-
ing large amounts of irradiated materials is a safety issue.
Due to in-service conditions, sometimes materials need to
be tested in combustible liquids, so small specimens need to
be used in order to minimize the amount of liquid needed.
When precise temperature control is needed, such as when
testing in cryogenic temperatures, small specimens are prefer-
able, as temperature control on a small amount of material
is easier.

Properties of small components may be of particular in-
terest when the effect of a coating is investigated, such as
when fatigue performance of nitrided small gear teeth is in-
vestigated. Some processing techniques, such as spot weld-
ing, result in locally changed properties. In order to investi-
gate them specifically small specimens have to be used. An-
other reason to use small specimens would be when single
crystal properties are investigated, for example, when the ef-
fect of loading on the activation of slip systems is of interest.
Currently small specimens are mostly used in power genera-
tion, nuclear and aerospace industries, however, they usually
do not replace standard specimen testing.

An important challenge in small specimen testing is that
much of it depends on correlating force-displacement mea-
surements to stress-strain states in non-uniaxial load con-
ditions. Correlations are often valid for only one material
(equivalent gauge sections and lengths depend on small spec-
imen stiffness rather than simply geometry), so new ones
must be developed for different materials (for example, dif-
ferent correlations for steels and copper alloys). Generally,
properties can be directly obtained from sub-size standard
specimens, while all other specimens (such as small punch
specimens or small ring specimens) require correlations in
order to get information comparable to data from standard
specimens (i.e. uniaxial equivalent results).

The main area of interest for the application of small
specimen techniques has primarily been the power genera-
tion industry, whether for the development of new materi-
als for power plants or for the inspection of remaining life
in the components of existing ones. Recently the majority
of the research in this field has been on creep testing, fol-
lowed by fracture, then tensile properties, fatigue and lastly
crack growth. As the first small specimen techniques devel-
oped were sub-size tensile testing, miniature disc bending
and shear punch, they are already well characterized.

The size limit of interest for this review is under 50
mm in the largest dimension and over a few millimetres
in gauge section and length dimensions. This is due to the
fact that bulk material properties are of interest and when
very small specimens are tested the properties of individual
grains might be tested instead of bulk properties. The maxi-
mum size range was based loosely on the size of scoop sam-
ples, which are particularly used for inspection of in-service
components. Standard specimens are generally too big to be
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Fig. 1: (a) Example of a scoop sample. D is around 30 mm,
t is around 4 mm. (b) Example of a standard specimen. L is
around 150 mm, c is around 20 mm and ¢ is around 5 mm.

made from scoop samples, (size comparison shown in Fig-
ures 1 (a) and (b)), therefore small specimens have to be
used.

Several reviews have been written about the use of small
specimens in materials testing. As the most commonly in-
vestigated small specimen application recently is creep test-
ing, reviews on creep have been written by Dyson et al. [1]
and by Hyde et al. [2]. The use of small punch specimens
for creep properties has been reviewed by Rouse et al. [3].
A review on tests performed exclusively on irradiated mate-
rials in the size range of tens of nanometers to tens of mi-
crometers has been written by Hosemann et al. [4] and a
review on fatigue testing of microfabricated materials and
micro-electro-mechanical systems has been written by Con-
nolley et al. [5], they focus specifically on the small scale
material behaviour, as opposed to bulk material behaviour.
Small tensile specimen testing has been reviewed recently,
the reviews focused on sub-size tensile specimens [6], with
a view to develop a novel small tensile specimen based on
sub-size specimen geometry [7] or sub-size tensile speci-
men testing, small punch specimen testing and the strain
measurement techniques, specimen preparation and testing
setup [8]. None of them have focused on what specific ma-
terial properties can be acquired using specific small spec-
imens. The most recent review of the use of small punch
specimens, which compliments this review, has been writ-
ten by Arunkumar [9]. The most recent reviews on the gen-
eral use of small specimens was by Karthik et al. (excluding
creep) [10] and Lucon (including creep) [11], not focusing
on the specific material properties which have been acquired
using small specimen testing techniques either. One of them
describes the thoroughly researched testing techniques and
the limitations which have been investigated, but not novel
specimen geometries and testing techniques [11]. The other
one also describes the well researched techniques, as well as
the measuring techniques, specimen preparation, size effects
and applications [10].

One of the challenges in the field is testing materials
with a sufficient number of grains to be still representative
of bulk material. If there are not enough grains in the cross-
section of the specimen being tested the results will not rep-
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Fig. 2: Sub-size standard creep specimen. L is around 30
mm, b is around 10 mm, d is around 2 mm and D is around
10 mm.

resent a homogenized “bulk” material response, due to test-
ing microscopic, not macroscopic material properties. This
limitation is particularly evident when attempting to test a
material with large grains. Due to these limitations and the
complexity in interpreting test results small specimen meth-
ods have generally not received much attention from stan-
dardization organizations. It is the hope of authors that this
review will increase awareness of small specimen techniques
and drive wider utilization.

Another challenge is accurately evaluating the displace-
ment, as due to specimen size and loading methods LVDTs
might be inaccurate. In general, most small specimen tests
use crosshead displacement (either compliance corrected or
not), the accuracy of which depends significantly on the setup
and the accuracy of compliance corrections, LVDT mea-
surements or some type of non-contact displacement mea-
surement technique, such as digital image correlation. Dig-
ital image correlation in particular enables to track inho-
mogeneous stress-strain behaviour. The strain measurement
techniques are covered well in [8] and [6].

2 Specimen overview

Specimens generally can be classified into four different cat-
egories: sub-size standard specimens, small punch specimens,
indentation specimens and bespoke specimens. These cate-
gories were chosen due to the amount of research done using
those specimens and geometrical similarities they have.

As small specimens have recently been mostly used for
the investigation of creep properties, it is appropriate to add
small creep specimens to this overview. They will not be
added to the specimen summary table due to not being the
focus of this review. The specimens used for small specimen
creep testing come from all subcategories. Sub-size standard
creep specimens used are shown in Figure 2.

Small punch specimens used for creep testing were round,
as shown in Figure 3 (a). The specimen during a small punch
test (SPT) is usually loaded by clamping it between dies and
pushing a semi-spherical punch through it, as shown in Fig-
ure 3 (b).

p
Punch ;
‘ / /Topdle
U Small punch
l,”~ specimen
‘T’ - j L<—Bottomdie

(@) (b)

Fig. 3: (a) Small punch specimen for creep testing. D is
around 8 mm, ¢ is around 0.5 mm. (b) Small punch testing
diagram.
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Fig. 4: (a) Indentation specimen. ¢ is around 10 mm, b is
around 10 mm and ¢ is around 1 mm. (b) Indentation speci-
men testing diagram.
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Fig. 5: (a) Small ring specimen. D is 11 mm, d is 9 mm and
t is 2 mm. (b) Small ring specimen testing diagram.

Indentation specimens used were rectangular plates for
instrumented indentation, as shown in Figure 4 (a). Indenters
of a variety of geometries were used, the indenter is pushed
into the specimen and the load/displacement response is recorded,
as per Figure 4 (b).

Bespoke specimens include small ring specimens (Fig-
ure 5 (a), they were loaded by applying a constant load be-
tween the pins as per the loading diagram in Figure 5 (b))
and two-bar specimens shown in Figure 6 (a), also loaded by
a constant load between pins, as per the diagram in Figure
6 (b). More detail about these specimens, their dimensions
and testing considerations can be found in review by Dyson
et al. [1] and Hyde et al. [2].

Examples from all subcategories can be found when ten-
sile properties are of interest. Sub-size standard specimens
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Fig. 6: (a) Two-bar specimen. a is around 9 mm, b is around
26 mm, c¢ is around 13 mm, d is around 5 mm and ¢ is around
1 mm. (b) Two-bar specimen testing diagram.
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Fig. 7: Dog-bone specimen. Can be flat, round or curved.
L varies between 2.4 mm and 37 mm, a varies between 0.3
mm and 4 mm, b varies between 0.4 mm and 22 mm, ¢ varies
between 1.6 mm and 10 mm, d varies between 2 mm and 3
mm, ¢ varies between 0.15 mm and 2 mm, D is mentioned
once and is around 6 mm and R is 5.44 mm with r equal to
4.84 mm. In some cases the thickness is not uniform [12].

include various kinds of dog-bone specimens as shown in
Figure 7, button-head specimens as shown in Figure 8 (a)
and round bar specimens as shown in Figure 8 (b). One sub-
size standard fatigue specimen was also used, shown in Fig-
ure 8 (¢).

Small punch specimens used were either round (Figure
9 (a), essentially the same as small punch specimens used
for creep testing) or square (Figure 9 (b)).

One study investigated small punch specimens made from
a curved tube, as shown in Figure 10 (a), which were loaded
in a way shown in Figure 10 (b). Indentation specimen ge-
ometry for automated ball indentation (ABI) testing was gen-
erally not specified, which makes sense as their geometry/
dimensions do not influence the results, provided a flat sur-
face is available and the specimen is thick enough. The min-
imum thickness should be either 2 to 4 times the indenta-
tion diameter or more than 10 times the indentation depth,
whichever one is smaller [13].

Bespoke specimens include octagonal specimens for hy-
draulic bulge testing, shown in Figure 11 (a). They were
loaded by clamping them between dies and applying pres-
surized hydraulic oil under increasing pressure until they
failed, as per Figure 11 (b).
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Fig. 8: (a) Button head specimen. L varies between 34 mm
and 35 mm, b varies between 4 mm and 18 mm, d varies
between 2 and 3 mm and D varies between 8 mm and 10
mm. (b) Round bar specimen. L is 24 mm, ¢ is 6 mm, D is 1
mm and ¢ is 2 mm. (c) Small hourglass specimen. L is 25.4
mm, ¢ is 4.96 mm, D is 1.25 mm and ¢ is 1.52 mm.

> - > -

D t a t
(a) (b)

Fig. 9: (a) Round small punch specimen. D varies between 3
mm and 10 mm and ¢ varies between 0.1 mm and 1 mm. (b)
Square small punch specimen. a is either 5 mm or 10 mm, ¢
varies between 0.25 mm and 0.7 mm.
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Fig. 10: (a) Curved small punch specimen. L is 11 mm, R is
2.825 mm and ¢ is 0.45 mm. (b) Curved small punch speci-
men testing diagram.
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Fig. 11: (a) Octagonal hydraulic bulge specimen. a is 10
mm, £1is 0.5 mm. L is 11 mm, R is 2.825 mm and ¢ is 0.45
mm. (b) Hydraulic bulge test testing diagram.
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Fig. 12: (a) Miniaturized tension specimen. L is 3 mm, a is
0.5 mm and 7 is unknown. (b) Miniaturized tension specimen
testing diagram.

f
D
Fig. 13: Wire specimen. L is 20 mm and D is 0.1 mm.

Another geometry of specimen included were miniatur-
ized tension specimens, shown in Figure 12 (a). They were
loaded by hooking the loading arms around the flats of the
specimen, as shown in Figure 12 (b).

Wire specimens shown in Figure 13 were also included.
They were loaded in an unspecified way, but likely by wrap-
ping the ends of the wire around the loading setup.

Another specimen type included was disc tensile speci-
mens, shown in Figure 14 (a). They were tested by clamping
them between two dies with a recess, to ensure full clamp-
ing, as per Figure 14 (b). A similar specimen was also used,
called either the ultra small size specimen or micro tensile
specimen, shown in Figure 14 (c), loaded similarly to the
disc tensile specimens. A modified ultra-miniature specimen
(shown in Figure 14 (d)) was also used.

The other specimens included were made from a tube
in a shape of a dog-bone shown in Figure 15. The loading
method was not explained. Small ring specimens of the di-
mensions specified earlier were also used for tensile testing.
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Fig. 14: (a) Disc tensile specimen. D is 9.44 mm, a is 2 mm,
b is 2.06 mm and ¢ is 0.5 mm. (b) Testing diagram of a disc
tensile specimen. (c) Ultra small size specimen, also known
as micro tensile specimen. D is 8§ mm or 10 mm, a is 1.5
mm, b is 2.6 mm or 3 mm and ¢ is 0.5 mm. (d) Modified
ultra-miniature specimen. L is 5.5 mm, a is 0.4 mm, b is 2.3
mm and ¢ is 0.25 mm.

o

Fig. 15: Dog-bone shaped specimen cut from a tube. a is 1
mm, b is 3 mm, d is 9.35 mm and D is 10.5 mm.
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Fig. 16: Small hourglass specimen. L is 45 or 30 mm, a is 3
or4 mm, cis 6 or 7 mm, ¢ is 0.5 mm and d is either 1 mm or
2.1 mm.
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Fig. 17: (a) Small punch specimen fatigue loading diagram.
(b) Hydraulic bulge fatigue specimen. D is § mm and ¢ is 0.4
mm. (¢) Hydraulic bulge fatigue loading diagram.

Small fatigue specimens come in all four categories as
well. Sub-size standard specimens were dog-bone specimens
described earlier, button-head specimens and hourglass spec-
imens shown in Figure 16, and sub-size fatigue specimens
described earlier.

Small punch specimens, loaded according to the dia-
gram in the Figure 17 (a) were used for fatigue testing with
alternating deformation applied by the top and the bottom
punches. Similar to the small punch, a hydraulic bulge spec-
imen, shown in Figure 17 (b), was loaded with alternating
pressure applied on the top and the bottom side of it, as per
Figure 17 (c).

ABI specimens are unspecified and bespoke specimens
are small high cycle fatigue specimens shown in Figure 18
(a), modified Krouse type specimens shown in Figure 18 (b),
small flat disc specimens shown in Figure 18 (c) (loaded
similarly to the disc tensile specimens) and wire specimens.
Small cruciform specimens (used to test material behaviour
under biaxial loading) also exist, but due to their dimensions
being bigger than the maximum size limit of this review they
are not included.

; <o |

(a)

(b)

Detail A

(c)

Fig. 18: (a) Specimen designed for high cycle fatigue test-
ing. Also referred to as high cycle specimen. L is 13.67 mm
or 15.72 mm, a is 6.59 mm or 6.8 mm, b is 4.33 mm or 3.78
mm and ¢ is 1.09 mm or 1 mm, loaded by applying an oscil-
lating load near x. (b) Modified Krouse type specimen. L is
30 mm, a is 8 mm, b is 4 mm, ¢ is 7 mm and ¢ is 0.65 mm.
(c) Small flat disc specimen. a is 15 mm, b is 6 mm and R is
3 mm, notch at the top.

Small fracture specimens come from all of the categories.
Sub-size standard specimens were sub-size compact tension
(CT) specimens (square shown in Figure 19 (a), round shown
in Figure 19 (b), loaded by a force applied to the pins as
per Figure 19 (c)), 3-point bending specimens and sub-size
Charpy specimens shown in Figure 20 (some were notched),
tear toughness specimens shown in Figure 21 (loaded in the
same way as compact tension specimens) and one dog-bone
specimen with a cross weld.

Small punch specimens were either round or square, ei-
ther notched or plain. Notches come in several types: through
thickness, shown in Figure 22 (a), through length, shown in
Figure 23 (they can be sharp or round) and circular shown in
Figure 22 (b). The specimens with a crack through the length
and a round crack were loaded with the crack facing down-
wards. Also, an indented small punch specimen was used,
shown in Figure 22 (c), loaded with the indentation facing
downwards. Small punch specimen with a notch in the mid-

http://mc.manuscriptcentral.com/JSA



oNOYTULT D WN =

The Journal of Strain Analysis for Engineering Design

J. Kazakeviciute et al.

(a)

1O
O
o
)
p
LB
D=
9

(c)

Fig. 19: (a) Compact tension specimen. Can be flat or
curved. a and b vary between 10 mm and 25.4 mm, ¢ is
around 4 mm and R is 55.5 mm. (b) Round compact ten-
sion specimen. D is 12.5 mm and ¢ is 4.03 or 4.63 mm. (c)
Compact tension specimen testing diagram.

| =

L b

Fig. 20: 3-point bend, sub-size Charpy or mini cantilever
specimen. Can be notched with notches of varied geometry.
L varies between 16 mm and 32 mm, a varies between 0.5
and 5 mm and b varies between 1 mm and 10 mm.

dle was loaded with the notch facing upwards, unlike other
notched specimens. ABI specimens were not specified.

Other specimens were a torsion test specimens shown in
Figure 24 (a), loaded by applying a torque to one end as per
Figure 24 (b) and a CT specimen with side grooves shown
in Figure 25.

Crack propagation was investigated using sub-size stan-
dard specimens, small punch specimens and bespoke spec-

O | []
O | [

Fig. 21: Tear toughness specimen. a is 32 mm, b is 20 mm
and c varies between 2 mm and 7 mm.
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Fig. 22: (a) Small punch specimen with a notch thought
thickness. a is 10 mm, b varies between 4 mm and 6 mm,
R is around 0.1 mm and ¢ is 0.5 mm. (b) Small punch spec-
imen with a round notch. D is 8 mm, d is 2.5 mm, b is 0.5
mm, and ¢ is 1 mm. (c) Indented small punch specimen. D
is 3 mm, b and d depend on the indenter used and the force
applied and ¢ varies between 0.286 mm and 0.344 mm. (d)
Small punch specimen with a notch in the middle. a is 10
mm, ¢ is 0.5 mm and the notch is about 1 mm long.

imens. Sub-size standard specimens were dog-bone speci-
mens with notches, curved CT specimens, mini cantilevers
and wedge opening load specimens, shown in Figure 26 (a),
loaded by turning a threaded rod in order to open the crack,
as per Figure 26 (b). Small punch specimens were square
and with a crack through length.

Regarding bespoke specimens, high cycle fatigue spec-
imens, small fatigue specimens shown in Figure 27 (a) and
C-shaped inside edge-notched (CIET) specimens shown in
Figure 27 (b), loaded according to Figure 27 (c), were used.
An overall summary of material properties and specimens
used to get them can be seen in Table 1.
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Table 1: Summary of specimens and material properties acquired from testing them. T is tensile, F is fatigue, Fr is fracture

and C is crack growth.

Specimens Fig. T F Fr C References
Small punch specimen
Standard 9 (@, + + + + [14-85]
©)
Notch through length 23 (a), + + [86-93]
(b)
Notch through thickness 22 (a) + [94, 39, 95, 96]
Indented 22 (c) + [97]
Circular notch 22 (b) + [98]
Curved 10 (a) + [69]
Middle notch 22 (d) + [99]
ABI + + o+ [20, 100, 101, 49, 61, 102-119]
Dog-bone specimen
Standard 7 + + + + [120-129,72, 130,77, 131-133, 12, 134]
Curved 7 + [135]
Tube 15(@) + [135]
3-point bend, Charpy, mini cantilever 20 + + [136-140, 51, 141-150]
Hourglass specimen 8 (¢), + + + [151, 152, 126, 153-158, 134, 80]
17 (a)
CT specimen
Standard 19 (a) + [159-163, 73, 164-168]
Curved 19 (a) + [169]
Notched 25 + [170]
Round bar specimen 8 (b) +  + [171, 172, 155-157]
High cycle fatigue specimen 18 (a) + [173-175]
Button-head specimen 8 (a) + + + [176, 125]
Micro tensile specimen 14 (¢) + [7,177]
Small fatigue specimen 27 (b) + + [178,129]
Torsion test specimen 24 (a) + [179, 180]
CIET specimen 27 (b) + [181]
Disc tensile specimen 14 (a) + [182]
Hydraulic bulge fatigue specimen 9 (a) + + [183]
Hydraulic bulge specimen 11 (a) + [184]
Miniaturized tensile specimen 12 (a) + [185]
Modified Krouse specimen 18 (b) + [186]
Modified ultra-miniature specimen 14 (d) + [187]
Small flat disc specimen 17 (b) + [188]
Small ring specimen 5 (a) + [189]
Tear toughness specimen 21 + [190]
Wedge opening load specimen 26 (a) + [191]
Wire specimen 13 (a) + + [192]

3 Standardisation of small specimen testing

Small punch specimen testing is in progress of being stan-
dardized. A pre-normative document was created in 2007,
entitled “Small Punch Test Method for Metallic Materials”
[193]. The ASTM standard for small punch testing of metal-
lic material was published in 2020 [194]. A European stan-
dard is also being developed, primarily based on the pre-
normative document. Currently a draft version for public
comment is available [195]. There are national standards for
small punch testing in China (tensile properties at room tem-
perature) [196, 197] and Japan (small punch creep test for
residual life) [198]. Two sub-size Charpy specimen geome-
tries are a part of the ASTM E2248 [199] (a=3 mm, b=4
mm, L=27 mm and a=b=4.83 mm, L=26.565 mm).

There are several standards for indentation testing [200—
202], however, none of them are applicable to the ABI test-
ing discussed in this review. They all describe a methodol-
ogy of how to find a variety of hardness values, and indenta-
tion material properties as opposed to tensile, fatigue, frac-
ture toughness or crack growth properties. Automated ball
indentation, which is applicable to this review, is used to get
material properties equivalent to uniaxial and does not have
associated standards.

All other specimens discussed in this review are not stan-
dard. Some of them are sub-size standard specimens, how-
ever these fall outside the scope of relevant standards docu-
ments, due to their size. Others are based on standard spec-
imens but are modified in order to acquire more represen-
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t c b Fig. 25: Round compact tension specimen with side notches.
D is 26 mm, b is 10 mm and ¢ was varied between 4 mm and
=" 9.5 mm.
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Detail A Detail A

(c) d)

Fig. 23: Small punch specimen with a notch through length.
Can be round (a) or square (b), notches can be round (c)
or sharp (d). D varies between 8 mm and 10 mm, a varies
between 10 mm and 20 mm, b is around 0.15 mm, ¢ is 0.278
mm, d is around 0.2 mm, e varies between 0.2 and 0.5 mm
and R is around 0.1 mm.

(a)

(b)

Fig. 24: (a) Specimen for testing the strength of hot isostatic
press (HIP) joints. Also referred to as torsion test specimen.
ais 6 mm, bis 6 mm, D is 1.8 mm and R is 1.2 mm. (b)
Torsion test specimen loading diagram.

tative results, such as changing the specimen thickness not
proportionally to the reduction in size.

In order for a testing technique to be standardized a test-
ing method has to be clearly described and the results have
to be repeatable, which is achieved by a round robin ex-
periment, where tests using the technique are performed in
several different laboratories. Round robin experiments have
been performed for various specimens, including small punch

T Threaded

Cf O . rod

(a) (b)

Fig. 26: (a) Wedge opening load specimen. a is 15.75 mm,
b is 20.25 mm and c is 6.35 mm. (b) Wedge opening load
specimen testing diagram.

(for determining yield strength, ultimate tensile strength, frac-
ture toughness and fracture appearance transition temper-
ature), ABI (for determining yield strength, hardening be-
haviour and ultimate tensile strength from it) and CT (for de-
termining fracture toughness using the Master Curve method).

It is also beneficial to characterize the testing techniques
in terms of the effects of setup parameters, what materials it
can be used to test and what microstructural limitations ap-
ply. The level of scatter between repeated tests is also impor-
tant to evaluate, as large values of scatter could hide small
differences in test results caused by other factors, and find-
ing a test result out of that range could mean it is not valid
due to errors during setup. Ideally the scatter in the test re-
sults from small specimen test results should be equal or less
than the scatter of the standard technique for finding equiva-
lent material properties, however, it is usually higher due to
microstructure effects and a lack of standardized testing and
data interpretation procedures.

Due to the fact that the data interpretation methods for
small specimens are not as straightforward as for standard
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8 e Steels Aluminium Nickel
9 L t alloys alloys
10 (a) Sub-size standard [129, 120, 140, [121] [124,
11 specimens 131, 80] 125]
12 \ ______ Small punch speci-  [66, 46] [66]

______ mens
13 > Bespoke specimens  [182, 135] [189]
14 R Eimu
15 I
16 A
1; . OyTS|-----==
19 D t 2
20
2 (b) a A £
22 Load transfer g
23 mechanism o
24 Pin

CIET
;2 ‘/specimen Strain i
27
28 Fig. 28: Example stress-strain curve. E is Young’s modulus,
gg © 0y is yield stress, oy is ultimate tensile strength.
31 Fig. 27: (a) Small fatigue specimen. L is 26 mm or 2.4 mm,
32 ais 1 mmor0.3mm,cis4dmmor 1.8 mmandzis I mmor 4 Tensile testing
2431 0.3 mm. (b) C-shaped inside edge-notched tension (CIET) ’
35 specimen. D varies between 20 mm and 60 mm, R is 6 mm 4.1 Young’s modulus
and ¢ varies between 5 mm and 15 mm. (¢) CIET specimen

36 testing diagram. Small specimen testing of Young’s modulus was done on a
37 wide range of materials and specimens, shown in Table 2.
38 The bespoke specimens used were disc tensile specimens
39 (Figure 14 (a)), specimens made from a tube in the shape
40 of a dog-bone (Figure 15) and small ring specimens. When
41 . _ . . sub-size standard specimens were tested Young’s modulus
jé specimens, both expenmental techmgue': agd data interpre- w5 determined directly from stress-strain curves and matched
a4 tation methods can introduce unc.:ertalntles 1nt0. the ﬁpal e~ the results from standard uniaxial testing well when verified
45 sulFs ar.1d b'Oth sour(fes of uncerte'nr'lty should be investigated, against standard uniaxial test results [124, 125, 131, 80]. An
46 which is discussed in more detail in [10]. example stress-strain curve is shown in Figure 28.
47 The SPT results are not as straightforward to interpret.
48 In general the accuracy of the small specimen technique ~ In the example test results shown in Figure 29 the force-
49 is validated by performing a small specimen test, evaluating ~ displacement curve is divided into five regions. The slope
50 the material properties of interest, then comparing them to ~ parameter of region I was found to relate to Young’s modu-
51 the properties acquired from standard testing. These can be  lus for aluminium alloys [66].
52 either acquired as a supplement of the small specimen test, Husain [46] developed an inverse finite element anal-
53 if the comparison of the exact material is of interest, or from  ysis (FEA) method which evaluated Young’s modulus be-
54 a material database, such as MatWeb, MATDAT and a large ~ tween 17% lower and 11% higher than the results from test-
55 number of others. In some cases validation cannot be per-  ing standard specimens, which is promising. The disc ten-
56 formed due to a lack of material to make standard specimens  sile specimen worked rather well, apart from finding about
57 of equivalent properties. In those cases small specimens can 6% lower values for Young’s modulus in comparison with
58 either be used for ranking or an interpretation method which ~ uniaxial testing results, likely due to inelastic effects and
59 has been proven to work for a similar material can be used. micro-plasticity below proportional limit [182]. The elastic
60
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Fig. 29: Example force-displacement curve from small
punch testing. Py is limit load, P, is maximum load. Re-
gion I represents elastic bending, region II represents plas-
tic bending, region III represents membrane-like behaviour
due to the balance of work hardening and stretching, region
IV is when necking and crack initiation happens, region V
has fracture softening behaviour and region VI is when final
fracture occurs.

Force

Displacement

Fig. 30: Example force-displacement curve from small ring
testing.

part of the stress-strain curve can be calculated from small
ring specimen force-displacement curve, the results agree
with standard testing results well, however there currently
is no method to calculate Young’s modulus for an unknown
material [189]. The example force-displacement curve from
small ring specimen testing is shown in Figure 30.

Results from all these studies suggest that Young’s mod-
ulus can only be accurately determined from sub-size stan-
dard specimens (within 1.4 %), small ring specimens are
promising, disc tensile specimens are good for an approx-
imate estimate and SPT does not seem to be appropriate at
all, however investigating more materials could prove other-
wise.

In most cases when small specimen use is required, Young’s

modulus is not an important material property to evaluate,

which reduces the interest in evaluating it using small speci-
mens. For alloys based on the same metal the Young’s mod-
ulus is largely independent of microsctruture, processing or
heat treatment, so the main use of small specimens for eval-
uating it would be when new materials are being developed.

4.2 Yield strength

Small specimen testing of yield strength was performed on
a wide variety of materials and specimens, shown in Table
3. The bespoke specimens used were an octagonal specimen
for hydraulic bulge testing (Figure 11 (a)), miniaturized ten-
sile specimen (Figure 12 (a)), disc tensile specimen (Fig-
ure 14 (a)), micro tensile specimen (Figure 14 (c)), modified
ultra-miniature specimen (Figure 14 (d)) and a wire speci-
men (Figure 13).

When sub-size standard specimens were tested yield strength

was determined from stress-strain curves directly [124, 125,
131, 12, 80, 134] like when standard specimens were tested;
consequently it matched well with yield strength from stan-
dard specimen tensile testing results. Several authors pointed
out aspects which could influence the measurement of yield
strength: there needed to be enough material in the gauge
section to prevent brittle failure [127], microstructure and
grain size needed to be taken into account [70] and surface
roughness had a significant effect of reducing the effective
gauge section [126]. Roughness was particularly relevant for
smaller specimens as the surface layer was a larger part of
the total cross-section, therefore it needed to be accounted
for if the specimens were not polished. Ge [40] found that
yield stress from small specimens was higher than standard,
possibly because the specimen was not optimized like oth-
ers were, just reduced in size. Good agreement was seen be-
tween sub-size standard specimen tensile test results and in-
direct yield strength measurements based on hardness corre-
lations for welds and heat affected zone (HAZ) [120]. Yield
strength determined from varied thickness (parameter ¢ in
Figure 7) sub-size standard specimen testing results is not
affected by the variable thickness [12]. Vandermeulen found
that the manufacturing method is more important when mak-
ing small specimens than when making standard specimens,
as turning a specimen creates a cold worked layer which
then increases the yield strength in comparison to reference
[132].

SPT specimens could not be used to determine yield
strength directly as they only produce a force-displacement
curve as opposed to a stress-strain curve. Therefore various
correlations based on limit load (P in Figure 29) were used,
with different ones being applicable to different materials
[66, 35, 32, 21]. In general the results after applying the cor-
relations matched standard testing results well, apart from
when the material did not exhibit a limit load [50], some-
times the results were too scattered to be used for anything
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Table 3: Materials and specimens from which yield strength was acquired.

Steels Aluminium Nickel Titanium Copper Tungsten Magnesium Zirconium
alloys alloys alloys  alloys alloys alloys alloys
Sub-size standard specimens  [129, 135, 72, 40, 23, 120, [122, [124— [126, [126,
140, 203, 204, 202, 127, 121] 126, 134] 122]
131, 12, 80] 132]
Small punch specimens [72, 39, 91, 23, 34, 70, 60, [60, 66, [33] [60] [22] [114]
37, 50, 47, 46, 63, 35, 49, 37, 32]
21, 65, 20,78, 79, 85]
ABI specimens [205, 100, 49, 20, 64, 63, [109, [108, [114]
102-105, 113, 115-119] 111, 110]
112]
Bespoke specimens [184,185,182,177,187,7]  [177,7]  [177] [177] [7]

other than ranking [33] or when the thickness to grain size
ratio was too low (less than 19), making the results not rep-
resentative of bulk material [70]. Thickness has a signifi-
cant effect, especially for thinner specimens, therefore ad-
ditional corrections should be used [79]. Inverse FEA could
be used to acquire yield strength and could achieve good
agreement with standard test results [46]. An analytical so-
lution based on classical plate theory could also be used. It
relies on a correlation between 0.2% proof stress and small
punch maximum bend strength, which depends on the di-
mensions of the setup, limit load and the displacement to
limit load, the results are within 5% of standard [58]. An
attempt was made to develop a material independent corre-
lation for power plant steels, it resulted in a wider scatter
than material specific correlations [85].

One of the other specimens and testing methods used
to identify yield stress was hydraulic bulge test. An exam-
ple force-displacement curve is shown in Figure 31 (a). The
yield stress was calculated using a correlation between limit
load (P, in Figure 31 (a)) from the force-displacement curve
and yield strength from standard testing and achieved good
agreement with standard test results [184]. Shear punch was
another testing method used, illustrated by Figure 31 (b),
it was also similar to SPT, but instead of a ball the punch
was flat, there was a clearance of 0.02 mm between the
punch (diameter 3 mm) and the die to ensure shear defor-
mation, and both top and bottom dies had the same diame-
ter. An example force-displacement curve is shown in Fig-
ure 31 (c). The yield strength was calculated using a corre-
lation between the limit load (P in Figure 31 (c)) and yield
strength, good agreement with standard testing results was
also achieved [64, 63, 49]. Varying the thickness was found
to have an effect, however it is negligible between 0.29 mm
and 0.4 mm for a punch diameter of 1 mm [78]. Correlations
were used to find yield strength from miniaturized tensile
specimen test results [185], while inverse FEA was used to
find it from the disc tensile specimen test results [182]. The
use of correlations resulted in good agreement with stan-
dard testing results and inverse FEA results were within 2%

of standard testing results. Inverse FEA used the estimate
of the proportional limit and calculated true stress-strain be-
haviour to determine the yield stress.

ABI (illustrated in Figure 32, the indenter is repeatedly

pushed into the material, then partially unloaded, then reloaded)

also relied on correlations and had good agreement with
standard testing results (within 0.5 %), even better then SPT
tests when compared directly [20]. It was also used to char-
acterize the variation of yield stress across welds [102—-105],
the effect of high pressure torsion processing [112], the ef-
fect of machining [117] due to being able to evaluate ma-
terial properties locally. The effects of temperature [108],
loading rate [110], effect of heat treatment [111, 113] and
test setup parameters [118] were successfully investigated,
good agreement was found with standard specimen test re-
sults. Alternative methods for calculating yield stress were
investigated as well, such as neural networks [110], which
result in better agreement between ABI and standard results
than constitutive behaviour based correlations, and inverse
analysis, which is shown to be a promising technique [115].

Micro tensile specimen test results agree well with stan-
dard test results [7], in particular when video gauge, as op-
posed to a mechanical extensometer is used [177]. Modi-
fied ultra-miniature specimen underestimates yield stress in
comparison to sub-size standard specimens [7].

The wire specimen was an interesting case, as the yield
strength was identified from a stress-strain curve, and it was
significantly higher than of standard specimens, due to size
effects [192]. Size effect in this case is the increase of mate-
rial strength when small structures or small volumes of ma-
terial are tested. In this case it is likely that the size effect was
caused by a combination of both factors, as the microstruc-
ture is not specified.

The effect of composition could be identified using sub-
size standard specimens [203, 204]. For pressed and sintered
material yield strength calculated from SPT results was very
similar to calculated ultimate tensile strength (UTS) due to
the brittleness of the material [34].
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Fig. 31: (a) Example pressure-displacement curve from hy-
draulic bulge test. P, is limit load, P. is critical load. (b)
Example force-displacement curve from shear punch test. Py
is limit load, P, is maximum load. (c) Shear punch testing
diagram.
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Fig. 32: ABI loading diagram.

Overall, sub-size standard specimens seem to be the most
suitable for yield strength, provided the geometry is appro-
priate, achieving exactly the same yield strength as standard
specimens in some cases. In other cases the yield strength
evaluated can be up to 10 % different from standard. SPT is
suitable in a lot of cases, but different correlations apply for
different materials and sometimes it cannot be used. Shear
punch and hydraulic bulge tests are similar to SPT as they
both rely on correlations and the results agree with standard
results well, however more studies should be done to in-
vestigate potential issues. ABI is a thoroughly investigated
technique, suitable for a variety of materials and resulting
in good agreement between standard and ABI test results.
In order to further the applicability of small specimens for
determining yield strength more detailed investigations into
the bespoke specimens used should be done, as there has
been a lot of interest and research into sub-size standard ten-
sile specimens, small punch specimens and ABI. All testing
techniques described here would also benefit from repeata-
bility investigations.

4.3 UTS

Small specimen testing of UTS was performed on a wide
variety of materials and specimens, shown in Table 4. The
bespoke specimens were octagonal hydraulic bulge speci-
mens (Figure 11 (a)), disc tensile specimen (Figure 14 (a)),
miniaturized tensile specimens (Figure 12 (a)), micro tensile
specimens (Figure 14 (c)), modified ultra-miniature speci-
mens (Figure 14 (d)) and wire specimens (Figure 13).

If sub-size standard specimens were used UTS could be
determined directly from stress-strain curves, as per Figure
28. The gauge section needed have enough material to re-
sist necking and not fail before UTS equivalent to UTS from
standard specimen testing was reached [127]. For brittle ma-
terials the misalignment when manufacturing and loading
could lead to significant differences between UTS acquired
from small and standard specimens [122]. Surface rough-
ness needed to be accounted for by subtracting the rough-
ness from the specimen width and thickness to calculate the
effective load-bearing cross-section, as that resulted in better
agreement with standard testing results [126]. Similarly to
yield strength, UTS is increased by cold working the surface
when manufacturing the specimen, making it not represen-
tative of bulk material properties [132]. One of the sub-size
standard specimen testing techniques relied on correlations
instead of direct evaluation, in order to take the necking zone
into account. It produced better results than without using
the correlation [52]. The size effect was investigated for a
sub-size hourglass specimen, it was discovered that UTS is
mostly independent of specimen dimensions [158]. UTS is
also mostly independent of varied thickness (parameter ¢ in
Figure 7) in sub-size standard specimens [12].
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Table 4: Materials and specimens from which UTS was acquired.

Steels Aluminium Nickel Titanium Copper Tungsten Magnesium Zirconium
alloys alloys alloys  alloys alloys alloys alloys
Sub-size standard specimens  [127, 129, 135, 72, 40, 23, [122, [124— [126, [126,
120, 140, 203, 204, 122,52, 121] 126, 134] 122]
154, 131, 158, 12, 80] 132]
Small punch specimens [60, 72, 39, 91, 23, 34, 70, [60, 66, [33] [60] [22] [114]
37, 50, 47, 59, 46, 49, 63, 37, 32]
35,21, 65, 20, 78, 79]
ABI specimens [205, 100, 49, 101, 20, 64, [109, [108] [114]
63,102-105, 113, 117-119] 111,
112]
Bespoke specimens [184, 185, 182, 192, 177, [177,7] [177] [177] [7] [15]

187,71

Determining UTS from SPT specimen results relied on
correlations between UTS and maximum load (P, in Figure
28), and, much like for yield strength, they were also mate-
rial specific. Generally the results after applying the correla-
tion agreed with the results from standard specimen testing
well, but scatter was bigger than when standard specimens
were used [72], sometimes making it impossible to use SPT
as anything other than a ranking tool [33]. When develop-
ing a new correlation minimizing the scatter is important as
scatter bands that are too wide make it difficult if not impos-
sible to determine material properties [90]. The results from
thinner specimens require additional corrections to be rep-
resentative of bulk material [79]. If full size specimens were
manufactured in a way that resulted in anisotropy between
outer surface and the center of the specimen, testing SPT
specimens cut as slices from the gauge section of the stan-
dard specimens did not result in the same material properties
as standard specimens [22]. When a standard specimen is
tested the difference in material properties is averaged out,
but when a SPT specimen is tested only the central region is
actually tested.

Bespoke specimens and testing methods included hy-
draulic bulge [184] (example result shown in Figure 31 (a))
and shear punch (example result shown in Figure 31 (c))
[64, 63, 49], both of which relied on correlations based on
the critical or maximum load and had good agreement with
standard tests. The thickness of the shear punch specimen
has a significant effect on the results, but not when the thick-
ness is between 0.29 and 0.4 mm [78]. Shear punch jump
test, producing similar data to tensile jump test, also resulted
in good agreement between calculated UTS and uniaxial
UTS [15]. The more unusual specimens were the miniatur-
ized tensile specimens and disc tensile specimens, one of
which relied on correlations [185] and the other on inverse
FEA [182]. ABI was also used, with a series of calculations
applied in order to calculate UTS and it achieved reasonably
good agreement with uniaxial results [20, 101, 49]. Simi-
larly to yield stress, UTS was also evaluated across welds

using ABI, due to its ability to measure material properties
locally [102-105]. Similarly to determining yield stress, the
effects of various parameters were investigated for determin-
ing UTS from ABI test results.

Micro tensile specimen test results agree well with stan-
dard test results [7], in particular when video gauge, as op-
posed to a mechanical extensometer is used [177]. Modified
ultra-miniature specimen underestimates UTS in compari-
son to sub-size standard specimens [7].

Wire specimens were not very good for representing bulk
properties, as UTS was much higher than from standard spec-
imens, due to size effects, however, bulk material properties
were not of interest in this particular application [192].

Other observations regarding identifying UTS using small
specimens were that small curved dog-bone specimens in
combination with tube cut in the shape of a dog-bone can
also identify anisotropy in steel tubes [135] and that for SPT
there was a critical thickness to grain size ratio (25) over
which correlations between maximum load and UTS applied
[70].

Overall UTS can be identified from both sub-size stan-
dard (within 10 %, similar to standard test scatter) and SPT
specimens, however the results from SPT are less reliable
and immediately usable as a suitable correlation needs to be
identified or developed. ABI is also suitable for determining
UTS, with good agreement to standard test results, within
2 % to 15 % of standard results. Similarly to yield stress,
UTS evaluation from small specimen test results would ben-
efit from further investigations into the bespoke specimens
used, as well as thorough investigations of repeatability.

4.4 Plastic behaviour

Plastic behaviour is the shape of the uniaxial stress-strain
curve beyond the yield stress. Materials and specimens from
which plastic behaviour was investigated using small speci-
mens are shown in Table 5. Disc tensile specimens (Figure
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Table 5: Materials and specimens from which plastic be-
haviour was acquired.

Table 6: Materials and specimens from which fracture strain
and/or ductility parameters were acquired.

Steels Aluminium Titanium Zirconium Steels Magnesium
alloys alloys alloys alloys
Sub-size [127, 129, [121] Sub-size standard specimens  [40, 171]
standard 140] Small punch specimens [39] [22]
specimens
Small [46, 63, 16, [114]
unch 17, 54] . . . .
I;pecimens bar testing setup with a small tensile specimen was devel-
ABI speci- [100, 101, [109, [108, [114] oped and used successfully [121]. Much like for other tensile
mens 63, 102-  112] 110] properties, an appropriate amount of material in the gauge
i?g "’ 9]1 13, section was important to get data representative of bulk ma-
Bespoke [182] [189] terial [127].
specimens Overall, it seems that plastic behaviour can be deter-

14 (a)) and small ring specimens were the bespoke speci-
mens used.

The objective here was to obtain the full stress-strain
curve and subsequently parameters for plasticity models. Gen-
erally plastic behaviour was directly evaluated from stress-
strain curves, especially in the case of sub-size standard spec-
imens. In one case the stress-strain response of a small ten-
sile specimen was significantly different from standard spec-
imen testing results [40], thus showing that even when sub-
size standard specimens are used the results might not nec-
essarily agree with standard results. ABI is suitable for find-
ing coefficients of a power law hardening material model,
by calculating a stress-strain curve from the indentation di-
ameter, the indenter diameter, applied load and a correla-
tion parameter, which is found iteratively. The strain harden-
ing exponent can be found to within 2% of the actual value
[101]. There was a linear correlation between small punch
strain hardening index (calculated from maximum load and
limit load) and tensile test strain hardening index, which
allowed to convert one into another. Shear punch method
used a similar correlation between the shear punch harden-
ing coefficient and the tensile hardening coefficient. Due to
larger scatter, it was less accurate than small punch testing
[63]. Inverse FEA was used as well, in both cases the results
matched uniaxial tests well, at least up to UTS, then diverged
due to necking [182, 46]. It also had a potential issue regard-
ing the uniqueness of the solution as different stress-strain
curves could potentially result in the same small punch re-
sponse. The plastic behaviour can be calculated from small
ring specimen testing results with good agreement to stan-
dard testing results [189].

Neural networks were used for identifying plastic be-
haviour from SPT data after having been trained with FEA
simulations, with good results [16, 17]. As the model is sen-
sitive to stress triaxiality, at least two experiments at dif-
ferent triaxialities need to be done. Also split Hopkinson

mined well using all small specimens, at least up to UTS.
Necking, occurring after UTS, is very geometry dependent,
causing difficulty in calculating standard-equivalent behaviour
from test results acquired by using a different geometry.

4.5 Fracture strain/Ductility

Ductility was evaluated for materials and specimens shown
in Table 6. Both specimen types were only suitable for rank-
ing. Ductility directly depends on the dimensions of the spec-
imen, as they are reduced, so is ductility [40]. The effect of
stress triaxiality on ductility was investigated using small
specimens. It was discovered that for both sub-size notched
specimens and standard specimens more stress triaxiality
lead to fracture at lower strain [171].

4.6 Small punch load line behaviour

Research was conducted to investigate what influences small
punch force-displacement results, without trying to corre-
late that to specific standard test results. This was done ex-
clusively for steels, with varied SPT specimen dimensions
[48, 68, 185, 53,71, 59, 30, 82, 81]. The results showed that
the yield load (P in Figure 29) did not depend on punch
diameter, but varied as a square of sample thickness. Max-
imum load (P,,) increased with sample thickness [53] and
punch diameter. Lower sample thickness and smaller punch
diameter lead to more scatter [48].

Other observations were that the clamping force used to
clamp the small punch specimen between the dies had a sig-
nificant effect on the maximum load measured during SPT.
Increasing the clamping force increases the maximum load
measured, therefore an appropriate clamping force needs to
be chosen to get material properties representative of bulk
material [68]. Increasing cold work increased maximum force
[185], which was also as expected, however maximum dis-
placement did not depend on cold work. Orientation was
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found to be very significant, so if the material is anisotropic
it should be tested in the appropriate direction [53]. Maxi-
mum force was observed to depend on deflection rate, which
agreed well with standard testing results, when numerically
the same deflection rate (in mms~') and strain rate (in s~1)
were considered [59].

As heat treatment affects material properties, it also af-
fects the results from small punch testing [71]. In the study
where the response was compared to standard test results,
good agreement was found [68]. The suitability of small
punch specimen testing for evaluating thermal ageing em-
brittlement was investigated, however whether the results
could be used as anything more than a ranking tool remains
to be seen [30]. Liquid metal embrittlement was also in-
vestigated using small punch specimens without comparing
the results to full-size specimens [76]. The effect of phase
transformation due to deformation and loading rates was in-
vestigated, it was found that at room temperature the phase
transformation enhances material performance [81]. At dy-
namic loading rates the heating caused by the deformation
can cause thermal softening and therefore negative rate sen-
sitivity.

4.7 Other tensile properties

Elongation at maximum load was evaluated for two magne-
sium alloys using SPT data and a correlation between elon-
gation under maximum load and displacement under max-
imum load was found, however the success of this test de-
pended on microstructure of the material being tested [22].

Tensile elongation was also evaluated using SPT data
for a sintered material, good agreement with uniaxial results
was achived [34], however trying to evaluate it for a variety
of unsintered steels via a correlation between it and displace-
ment under maximum load was not successful [37]. It could
be that SPT is only suitable for determining tensile elonga-
tion for brittle materials or perhaps different correlations are
needed.

Another investigation related to small punch testing was
testing a piece of tube and comparing the response to a re-
sponse from a flat SPT [69]. It was discovered that friction
had a significant effect according to FEA and experimentally
and the difference in force-displacement behaviour was due
to geometry. Another investigation confirmed the effect of
friction on small punch results and investigated the effect of
friction on automated ball indentation test results [62]. One
study found that surface finish does not have a significant
effect on the results experimentally, which appears to dis-
agree with other studies, which state that surface roughness
and the coefficient of friction have a significant effect. The
results of this study are likely material specific and are only
valid for the range of surface roughness investigated [82].

Sub-size standard specimens were also used for identi-
fying other tensile properties. Uniform elongation was in-
vestigated, it was discovered that it was approximately the
same for both standard and sub-size specimens, however to-
tal elongation was lower than for a standard specimen [40],
which is as expected due to lower gauge volume being able
to deform less before failing. Varied thickness (parameter
t in Figure 7) and gauge length in sub-size standard speci-
mens affects the uniform and total elongation non-linearly
[12]. There was also a successful attempt to improve the
calculation for UTS by identifying the necking zone using
FEA [52]. Reduction in area is similar to standard speci-
mens, however, that depends on specimen shape and size
[132, 158].

For micro tensile specimen uniform elongation was found
to be within 5-10 % of standard specimens, while for mod-
ified ultra-miniature specimen both uniform and total elon-
gation were significantly lower than for standard specimens.

Other tests that were done were small punch jump test,
which was capable of producing curves similar in shape to
tensile jump test, making it suitable for evaluating deforma-
tion mechanisms and evaluating strain rate sensitivity [15].
Shear punch and ABI tests were used to find uniform elon-
gation and a good linear correlation between it and strain
hardening coefficient was found [49].

5 Fatigue testing
5.1 Low cycle fatigue life

Sub-size standard specimens have been used to determine
low cycle fatigue life for steels [155, 157, 206, 172] and
nickel alloys [124, 125]. All tests were done with fully re-
versible loading.

In general small specimen test results match standard
specimen results well. Round bar specimens (Figure 8 (b))
were not sensitive to size effects, while hourglass specimens
(Figure 8 (c)) were [157, 155]. Surface roughness was an
important factor to control for [206], however useful recom-
mendations are lacking in the literature. Overall small spec-
imens seem to be suitable for determining low cycle fatigue
life, however size effect needs to be considered when inter-
preting the results. It would be beneficial to further inves-
tigate the repeatability, as well as the applicability of these
tests to other materials and the limitations of the microstruc-
ture being tested.

5.2 High cycle fatigue life
High cycle fatigue testing of small specimens was investi-

gated for an aluminium alloy using a specially designed high
cycle specimen (Figure 18 (a)) [173, 174], and for a steel
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using a sub-size hourglass specimen [80]. Tests were done
with fully reversible loading.

The conclusions from both papers about the high cycle
specimens were that microstructure had a significant influ-
ence on fatigue life as small grains without dislocations re-
sulted in higher fatigue life. The fatigue life identified could
only be used for ranking due to being lower than textbook
values [173, 174]. It may be the case that grain size relative
to the specimen size should be considered in order to get
data that is suitable for more than ranking. Sub-size hour-
glass is particularly suitable for determining high cycle fa-
tigue life, the results being within the scatter band of stan-
dard testing results [80].

For further development of small specimen high cycle
fatigue life testing, it would be beneficial to test more ma-
terials using both types of specimens, as well as investigate
repeatability with the high cycle specimen.

5.3 General fatigue life estimation

Materials and specimens used to determine general fatigue
life are shown in Table 7. Some of the tests were done with-
out fully reversible loading, due to the specifics of the test-
ing technique, such as some ABI tests [61] or testing a wire
specimen (Figure 13) as it would buckle [192]. Another in-
teresting observation regarding fatigue life was that it can
be predicted well when a single crystal of pure iron was
tested as a representative sample of an extra-low carbon steel
[123]. Small flat disc specimens (Figure 18 (c)) were deter-
mined to not be suitable as their results depended too much
on stress concentrations making them unreliable [188]. Small
round bar specimens (Figure 8 (b)), like their full-sized coun-
terparts, experienced buckling with reversed loading. Small
hourglass specimens (Figure 8 (c)) had a longer fatigue life
than determined from a standard round bar specimen when a
larger strain range was applied and shorter fatigue life when
a smaller strain range was applied [156]. This makes it not
suitable to consistently characterize the full fatigue life.
The effect of irradiation on fatigue life was investigated,
the in-beam material had fatigue life extended by a factor
of 2, while the post-irradiation material had fatigue life ex-
tended by a factor of 2.5 [128]. The effect of notches was
investigated from two different angles. First one was the ef-
fect of surface roughness, where the roughness was consid-
ered to introduce notches. It was discovered that small pol-
ished specimens had a fatigue life closer to that of standard
specimens than rougher specimens with roughness adjusted
for [126]. The other angle was investigating the effect of
nitriding on steel using small specimens. It was discovered
that for smooth specimens nitriding increases fatigue life un-
less load amplitude was increased, but a notch significantly
reduced fatigue life [151]. Also the fatigue life of the wire
specimen was determined to be significantly longer than of a

Table 7: Materials and specimens from which general fa-
tigue life estimation was acquired.

Steels Aluminium Nickel Titanium

alloys alloys  alloys
Sub-size [154, 176, [61] [126] [126]
standard 156, 126, 152,
specimens 61, 158]
Sub-size [123, 151,
standard 128]
specimens
(notched)
Other speci- [188, 192, [61,130] [84, [83,
mens 123, 61, 183, 107] 84]

186, 175, 106]

standard specimen, which meant that there was a significant
size effect [192]. The high cycle specimen and the modified
Krouse specimen both can be used to characterize the whole
fatigue life curve, by applying a different stress range cal-
culated according to beam deflection formula. As the stress
values are calculated according to the deflection and applied
load, it is very important for those to be measured accu-
rately [186, 175]. Modified Krouse specimen was designed
for testing additively manufactured material, the dual gauge
providing a higher area and sensitivity to manufacturing de-
fects [186].

Small punch fatigue testing looks like a promising tech-
nique for determining cyclic plasticity and fatigue life evalu-
ation, however currently there are no correlations developed
to actually calculate them [84, 83]. Cyclic ABI (constant
load amplitude) testing is a promising technique for eval-
uating fatigue life, but, similarly to small punch fatigue test-
ing, there currently is no way to convert the cyclic ABI life
data to standard life data [106, 107]. Evaluating when ex-
actly failure occurs is difficult in post-processing, therefore
acoustic emission should be used instead [107].

Overall small specimens are capable of determining fa-
tigue life. The main challenges with small specimen fatigue
testing are the inconsistent size effects for certain geome-
tries, difficult application of reversible loading and compli-
cated methods required to interpret data. Some specimens
cannot support reversible loading due to their geometry, as
they buckle, requiring tensile-tensile loading, which causes
ratcheting strain. This complicates their use for fatigue life
characterization. The stress state in some specimens is mul-
tiaxial and the stress state in standard specimens is usually
uniaxial, requiring complicated correlations between the two.

All small specimen fatigue testing techniques would ben-
efit from investigations into repeatability, testing a wider va-
riety of materials and limitations caused by microstructure.
Testing techniques reliant on contact, such as such as small
punch and ABI would benefit from an investigation into the
effects of setup parameters.
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Table 8: Materials and specimens from which fracture
toughness was acquired.

Steels Aluminium
alloys
Small punch specimens [95, 67, 21, 55, 51, 75, [26,77]
41,74, 43, 56, 17, 99]
Small punch specimens [37, 91, 95, 94, 93, 89, [97]

(notched)

Small compact tension
specimens

3-point bending speci-
mens

Small Charpy speci-
mens

Indentation specimens
Bespoke specimens

87,99, 98, 96]

[161, 204, 207, 208,
160, 164, 166, 168, 167]
[137, 209, 139, 143,
163, 136, 146]

[204, 147, 144, 164, 51,
148, 150]

[100, 101, 117, 119]
[170]

5.4 Other properties evaluated from fatigue testing

Other properties evaluated from small specimen fatigue test-
ing include residual fatigue life, which has been evaluated
for a nickel superalloy using sub-size standard specimens,
however, due to low amounts of material available it was not
directly verified by using standard specimens [124]. An ABI
test was determined to be suitable to indicate fatigue dam-
age for a set of various metallic materials, but not to quantify
it [61]. Ratcheting was investigated using a wire specimen
(Figure 13) made from stainless steel, and it was determined
that ratcheting strain rate decreased when the number of cy-
cles increased and the wire specimen had a strong memory
of previous loading history [192].

6 Fracture testing
6.1 Fracture toughness

Materials and specimens for which fracture toughness have
been determined are shown in Table 8. Bespoke specimens
used were round specimens similar to a compact tension
specimen with a side groove (Figure 25).

When the results from sub-size standard specimens were
analysed, the effect of specimen size is inconsistent between
different types of sub-size standard specimens. For CT spec-
imens (Figure 19), some were reported to experience a size
effect [161, 160, 164] and some were not [207, 208, 204],
this appears to be dependent on the material being tested
[168]. Also, using alternative methods to evaluate fracture
toughness parameters improves the agreement between stan-
dard and sub-size CT specimen test results. A round robin
experiment was performed for small CT specimens, it was
discovered to be a robust technique, suitable to evaluate frac-
ture toughness using the Master curve approach, with the
distribution of the fracture toughness values being the same

as for standard tests [167]. Considering the size effects for 3-
point-bending specimens (Figure 20): in some cases the size
effect was observed [163, 136] and in some cases it was not
[209, 139, 143]. Similar observations were made for sub-
size Charpy specimens. A model based on local approach to
failure was extended to predict cleavage fracture and the ef-
fects of specimen geometry and constraint loss. The results
are promising, however more research needs to be done to
validate this model [150].

Regarding small punch specimens, fracture toughness
was determined from correlations between fracture tough-
ness of the bulk material and defect opening displacement
[95, 37, 94, 91], equivalent fracture strain [67, 21, 41, 26] or
fracture strain [51, 74]. As for indirect methods, FEA was
used in order to calculate the J-integral which was then used
to evaluate fracture toughness [94, 93]. J-integral is a path
independent line integral around the crack tip, used to cal-
culate the strain energy release rate per unit surface frac-
ture area. Energy methods were also used, by evaluating the
area under the force-displacement curve from small punch
test results, which was then used to evaluate the J-integral
[94, 43]. This approach yielded more robust results than us-
ing FEA or defect opening displacement approach. A failure
assessment diagram could be used in order to evaluate ma-
terial stress intensity factor which was then used to calculate
fracture toughness, which depended on the level of the dia-
gram and initial crack size and specimen thickness ratio[87].
Without checking against standard test results, bending the-
ory was used to evaluate the fracture toughness of a thin
plate with a through thickness crack [99]. A very indirect
method was the usage of neural networks to get parameters
for a damage model from small punch testing results, then
using those parameters to simulate a CT test and using that
to get fracture toughness, with a reasonably good agreement
to standard test data [56, 17].

Other observations related to small punch fracture tough-
ness testing were that the pre-cracking method did not have
a significant effect on the evaluated fracture toughness [89].
Due to plane strain state in the specimen a circular notch
should allow to evaluate fracture toughness of brittle mate-
rials [98], which was identified as impossible using a notch
through thickness due to not uniform stress state [37]. An in-
vestigation was done into what effect the dimensions of the
small punch testing setup have on the testing results [75]. It
was discovered using FEA that when the punch ball was too
large or the lower die was too small the fracture toughness
identified by the test was inaccurate, however, some of this
could have been caused by model and calculation assump-
tions. In order to get good agreement between bulk material
fracture toughness test results and small punch test results
the centre hole of the lower die should be 1.5-2 times larger
than the ball [75]. In one study a small dog-bone specimen
was used instead of the usual small punch specimen, with
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varying section widths. It was discovered that the section
width of 4 mm and using 70% load based fracture energy
for J-integral results in the best agreement with standard CT
specimen results [77].

As for other specimens, the round specimen with side-
grooves [170] behaves just like a Charpy specimen in every
way, however the fracture toughness at a critical depth is
higher than in a Charpy specimen. As for ABI tests, fracture
toughness is determined using continuum damage mechan-
ics and is in good agreement with results from standard tests
[100, 101]. The effects of machining parameters on fracture
toughness can be investigated using ABI [117] and the tech-
nique can be used to successfully test the fracture toughness
of in service components by using a portable testing ma-
chine [119].

A future direction of testing for fracture toughness us-
ing small specimens should involve investigating whether
the testing techniques developed are suitable for a wider va-
riety of materials.

6.2 Ductile to brittle transition temperature

Ductile to brittle transition temperature (DBTT) was inves-
tigated for materials and specimens listed in Table 9. Gen-
erally DBTT determined from small punch specimens was
lower than determined from standard specimens [95, 43, 98],
which was speculated to had been caused by a combination
of size effects and strain rates. Depending on microstruc-
ture, notches can raise DBTT [92], however notched small
punch specimens were not used to determine DBTT due to
the effect being microstructure dependent and DBTT being
lower than Charpy DBTT even with the notch. Due to a
linear correlation between small punch DBTT and Charpy
DBTT small punch test data can be used to evaluate bulk
DBTT provided the material is isotropic [19, 210]. The ef-
fect of small punch test machine dimensions was investi-
gated, it was discovered that punch diameter had a signifi-
cant effect, mainly if it is too small it can cause brittle fail-
ure [25]. A possible advantage of small punch testing, found
in one study, could be that the scatter of DBTT values was
approximately half of the scatter from Charpy testing [27].
DBTT shift due to helium ions causing irradiation damage
was investigated using small punch specimens and it was
discovered that there was essentially no effect [73].
Sub-size standard specimens were mostly used to study
embrittlement due to processing environment, such as liquid
metal embrittlement, helium embrittlement [140], effect of
sulphur on DBTT of polycrystalline nickel [145] or effect
of phosphorus on DBTT in reduced activation ferritic steel
and the possibility to use that to simulate non-hardening em-
brittlement [204]. The dependence of DBTT on v-notch di-
mensions when sub-size Charpy specimens were tested was
investigated [142]. It was discovered that DBTT could be

Table 9: Materials and specimens from which ductile to brit-
tle transition temperature was determined.

Steels Nickel
alloys
Small punch specimens  [19, 25, 210, 43, 27, 73, 95,
149]
Small punch specimens  [95, 98]
(notched)
Small compact tension  [204, 73, 165]
specimens
3 point bending speci- [145]
mens
Small Charpy speci- [73, 19, 140, 204, 142]
mens

almost uniquely determined by a ratio between notch depth
and notch root radius or elastic stress concentration factor,
therefore appropriately sized notches need to be used for
small specimen DBTT to be representative of bulk DBTT.
As the CT specimen size increases the DBTT increases as
well, however that can be accounted for using a model [165].

Overall, neither small punch specimens nor sub-size stan-
dard specimens are particularly suitable to evaluate DBTT,
as one of them underestimates it and the other overestimates
it, however, both can be used as ranking tools and DBTT
can be evaluated using correlations. In order to further the
research into DBTT it would be beneficial to investigate re-
peatability and the suitability of the correlations for different
materials.

6.3 Fracture appearance transition temperature

Fracture appearance transition temperature (FATT) was in-
vestigated for steels exclusively [23, 92, 95, 28, 36] using
small punch specimens. One of the specimens had a semi-
circular notch (Figure 23 (c)) [92] and another had a notch
through thickness (Figure 22 (a)) [95].

Overall, it seems that small punch specimens could be
used to determine FATT, but it was always lower than FATT
from Charpy tests. Notches generally lowered FATT in SPT,
but not enough to reach Charpy FATT [92]. Since FATT
from small punch specimens and Charpy specimens was lin-
early correlated, small punch test results could be used to
estimate bulk FATT [36]. It was observed that irradiation
shifted FATT estimated from SPT results to higher tempera-
tures for ferritic materials [23] which generally agreed with
standard specimen testing results.

6.4 Damage model parameters

Damage model parameters were exclusively evaluated for
steels [86, 88, 57, 17, 16, 31] using small punch testing,
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one of the small punch specimens used had a notch through
length (Figure 23) [86].

Two models were considered: Gurson-Tvergaard [88] and
Gurson-Tvergaard-Needleman [86, 57, 16, 17]. Two meth-
ods were used to obtain the material model parameters: neu-
ral networks trained on a database of systematically varied
material parameters [16, 17] and FEA simulation fitting the
model parameters [88, 86, 57].

Two approaches to the neural network method were at-
tempted: neural network approximated the inverse problem
to the FEA solution and gave the material parameters as an
answer or neural network approximated the FEA solution
directly and damage model parameters were identified by
conjugate directions finding algorithm. The results from the
second method agreed with the results from standard speci-
mens better, making it more suitable for this problem [16].
This method was further validated with additional testing
[17].

FEA simulation method was validated by simulating small
punch tests and comparing the resulting force-displacement
curves to experimentally obtained force-displacement curves.
Two methods of fitting some of the damage model parame-
ters were investigated: desirability method and Pareto front
method. Desirability method solved a one-dimensional prob-
lem in order to determine the parameters while Pareto front
method solved a two-dimensional problem. Pareto front was
identified to be better as the global error from it was smaller
[88]. Good agreement was found between simulated force-
displacement curves and experimentally acquired force- dis-
placement curves.

Overall, at least for steels and the damage models in-
vestigated, the parameters can be determined using small
punch testing and there are various methods to determine
them. Good agreement with standard methods was found in
all cases.

6.5 Other properties evaluated from fracture testing

Other fracture related property that was investigated was the
effect of liquid metal embrittlement on ductile to brittle tran-
sition in steel [76]. It was discovered that the strain rate was
the most important parameter as exposure time directly de-
pended on it. Similarly to fracture toughness, tear toughness
testing using small specimens (Figure 21) was investigated,
though so far it only appears to be suitable for ranking [190].
The strength of a HIP joint was investigated using a tor-
sion test specimen (Figure 24)[179, 180]. The technique was
identified as a promising potential replacement of Charpy
impact tests. Castelluccio attempted to characterize fracture
toughness using crack tip opening displacement in-situ test-
ing, it was only successful for ranking the initial part of the
resistance curves [138]. Work hardening was found to have a

Table 10: Materials and specimens from which crack initia-
tion properties were determined.

Steels Nickel Titanium
alloys alloys
Sub-size standard specimens  [123, 128, [125] [134]
133]
Small punch specimens [89]
Other specimens [178, 183]

significant effect on the tearing resistance of small CT spec-
imen test results [168].

7 Crack growth
7.1 Crack initiation

Materials and specimens used for small specimen crack ini-
tiation testing are listed in Table 10.

Crack initiation has mostly been observed by perform-
ing a tensile test and observing when and where the cracks
would initiate [125, 123, 128, 178]. In the nickel superalloy,
they initiated at specimen surface, grain boundaries weak-
ened by oxidation and interdendritic regions with microp-
ores, which was the same as in full size specimens [125]. Ina
ferritic ductile cast iron the cracks tend to nucleate along the
nodule-matrix interface and the first to freeze zones [133].
It was discovered that for 316 stainless steel irradiation re-
tarded crack initiation [128]. Sharp crack tip was identified
to be better than rounded notch for pre-cracking a small
punch specimen, as it more closely resembled the crack in
a CT specimen [89]. Hayakawa investigated the effect of
crack initiation on crystal misorientation using small fatigue
specimens (Figure 27 (a)) and discovered that both grain ref-
erence orientation deviation and crystal misorientation in-
creased at initiation, then remained constant [178]. When
investigating the behaviour of a single crystal crack initia-
tion it was discovered that a slip system activated, initiated
the crack, which caused a multiaxial stress state, which then
activated a different slip system [123]. For sub-size stan-
dard specimens with the same microstructure the cracks ini-
tiated in exactly the same way as in standard-sized speci-
mens [134]. For the hydraulic bulge fatigue test, the cracks
always initiate on the flat side of the specimen [183].

Scanning electron microscope (SEM) was primarily used
for investigating crack initiation [123, 125, 89, 183, 133,
134], in particular the location where the crack initiated. The
number of cycles to crack initiation was defined either as a
number of cycles when a crack or a slip greater than the
grain size was observed using a microscope after an inter-
rupted test and polishing the surface [178] or by combining
initiation and growth up to 100 microns due to SEM resolu-
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tion, then subtracting the number of visible striations in the
specimen from the number of cycles to failure [128].

Overall, in some cases crack initiation found using small
specimens is representative of bulk material, in other cases
small specimens were used for better visibility of crack ini-
tiation due to their size.

7.2 Crack propagation

Materials and specimens used for small specimen crack prop-
agation testing are listed in Table 11. Cracks in the nickel
superalloy propagated in the interdendritic region, the prop-
agation mode on the surface was transgranular and the over-
all behaviour was similar to virgin material under same fa-
tigue loading conditions [125]. For the ferritic ductile cast
iron, cracks prefer to propagate along the same areas as they
tend to initiate [133]. Irradiation was discovered to retard
crack propagation similarly to how it retarded crack initia-
tion [128]. Kovarik developed a method for measuring the
crack propagation rate using mini cantilever specimens and
a resonance fatigue test method with micrometric resolu-
tion, measuring the crack propagation using a compliance
technique [141]. Crack growth rates comparable to rates in
standard tests can be achieved. A CIET specimen (Figure
27 (c)) was identified to be very suitable for crack propa-
gation testing as the results matched the results from a stan-
dard test well after correcting for crack closure effects [181].
The same observation was also made regarding two sub-size
standard specimens [191, 162]. Cracks were discovered to
propagate faster though closely spaced stringers and small
voids, due to closely spaced stringers having higher stress
concentration between them [211]. When sub-size standard
specimens were tested with the same microstructure as stan-

dard specimens, the cracks propagated in the same way [134].

An interesting testing method was developed in order to
study short stage 1 cracks in situ, based on diffraction con-
trast tomography and synchrotron tomography [153]. Kim
used a load separation method to measure the crack propa-
gation and d-c potential drop method to verify it [169]. De
investigated the effect of friction stir processing on the crack
propagation using SEM and discovered that crack propa-
gation rate in microstructurally small crack regime was re-
duced due to grain boundaries acting as barriers, while in
physically small crack regime they deflected cracks and in-
creased the difficulty of slip [174]. When hydraulic bulge
fatigue testing is performed, the crack propagates from the
flat side of the specimen to the concave side, then a chip
forms and the specimen fails [183]. Small punch specimens
tested under cyclic loading conditions fail with a star shaped
pattern radiating from the middle of the contact area. Stria-
tions cannot be seen when the loading is reversed as crack
closure erases them [83, 84].

Other methods used to investigate crack propagation were
calculating the crack width from the crack opening displace-
ment gauge measurements [191], using a travelling micro-
scope with a digital image capturing device [162], using a
compliance technique using crack mouth opening displace-
ment and load [181] and using a standard procedure from
the slope of the unloading line [211]. Crack propagation ve-
locity can be calculated from the duration of impact and the
length of fracture zones [149].

Overall, small specimens offer the possibility to study
stage 1 cracks and can be used to get bulk crack propagation
data after adjusting for crack closure effects. The gaps in
the current research are the investigation of repeatability of
crack propagation studies and measuring crack propagation
for a wider variety of materials.

8 Conclusions

From the literature reviewed in this paper, the following con-
clusions can be made:

— Itis clear there is significant, worldwide interest in small
punch testing for a wide variety of material properties
and from a wide variety of industries with vastly differ-
ent applications. Several of the existing test techniques
are used heavily in order to provide vital material proper-
ties and to perform ranking/health check exercises where
standard test techniques are not viable due to material
quantities available.

— Of the material properties discussed in this paper, frac-
ture toughness has received the most interest, followed
by yield strength and ultimate tensile strength, where
specimens tailored for a specific application are com-
mon.

— Small specimens offer advantages for certain types of
testing, such as when temperature control is of interest,
as well as challenges for others, such as fracture tough-
ness due to size effects.

— In some cases, without further development, and depend-
ing on the information required, some specimen types
may not be suitable, and so care needs to be taken be-
fore deciding if a small specimen technique is applica-
ble. For example, certain materials do not exhibit a limit
load making small punch not suitable for testing them
for yield strength.

— However, several small specimen techniques can be used
in certain applications with extremely positive results, in
particular, when sub-size specimens are tested for tensile
and fatigue properties.

— An appropriate manufacturing method needs to be cho-
sen to manufacture small specimens as a hardened sur-
face layer can affect results significantly.

http://mc.manuscriptcentral.com/JSA

Page 56 of 65



Page 57 of 65

oNOYTULT D WN =

The Journal of Strain Analysis for Engineering Design

Small Specimen Techniques for Tensile, Fatigue, Fracture and Crack Propagation Properties 23

Table 11: Materials and specimens from which crack propagation properties were determined.

test types that these specimen types are applicable to is
abundant. As a result, the authors suggest the follow-
ing direction of travel for further progress in the field of
small specimen testing.

— A wider variety of materials should be tested, espe-
cially for methods that rely on correlations in order
to develop material independent correlations

— A more consistent investigation of surface roughness
effects should be done

Steels Aluminium Nickel = MagnesiumZirconium Zinc Titanium
alloys alloys  alloys alloys alloys  alloys

Sub-size standard specimens [128, 141, 191, 162, 133, 149] [141, 162] [125] [153] [134]
Altered sub-size standard specimens [211] [169]
Bespoke specimens [181, 183] [174, 181] [84] [84, 83]
— A standard publication is in progress for the Small Punch ~ Availability of data

specimen type, while other small specimen techniques

are not currently close to standardisation. Not applicable

Sub-size standard specimen test results tend to produce

results the most similar to standard specimen test results,

llkely due to well established data interpretation tech- Code availability

niques.

The need for further development of specimen types and N applicable
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