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1.0 EXECUTIVE SUMMARY

As additive manufacturing matures, its implementation is desired to support the production of
low-quantity, cost-effective and/or difficult-to-manufacture components for high temperature
applications. Yet, challenges exist for how to qualify additively manufactured components,
especially when location-specific performance may vary. Small feature sizes may limit the
material volume available for performance characterization; therefore, subscale test methods are
ideally suited. This report provides a short review of current test methods for high temperature
tensile testing of subscale specimen geometries to identify technological gaps and limitations, to
offer recommendations for future research directions to improve test methods, and to discuss
testing considerations specific to the evaluation of additively manufactured metallic materials.
The report concludes that the guiding principles for high temperature tensile testing of standard
specimens are generally the same for subscale specimens. Specimen geometry design most often
directly scales down from standardized test coupons with minimum size limits bounded by
material-specific properties and microstructures as to ensure a comparable bulk response.
Overwhelmingly, it is found that subscale tensile testing utilizes flat specimen geometries. It is
also concluded that high temperature subscale tensile testing would greatly benefit from further
development of current non-contact measurement methods for temperature and strain.

Considerations addressed for the evaluation of additively manufactured metallic materials largely
emanate from the effects as-built surface finish have on mechanical performance. High-
throughput testing may be necessary for a probabilistic approach to predicting minimum
performance limits that captures the inherent variability of additive manufacturing processes.

It is recommended that non-destructive inspection methodologies be developed and standardized
for the accurate measurement of the true load-bearing area of thin-walled geometries with
retained as-built surfaces as it is identified as a significant source of measurement error.
Additionally, it is recommended that a select number of subscale specimen geometries be chosen
to establish guidelines for design. Efforts are currently underway to establish these guidelines by
ASTM Subcommittees E28.04.01 and F42.01, but the efforts only are targeting room
temperature evaluation in scope.
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2.0 INTRODUCTION

With the rise of additive manufacturing (AM) for metallic materials, concerted efforts are
underway to integrate the technology into present and future aerospace systems to enhance
performance capability, reduce cost, and minimize production lead-times. One advantage of AM
components is the generation of complex and thin-walled geometries for location-specific
performance otherwise unachievable through conventional manufacturing means. Yet, as a new
manufacturing process, AM leads to unique microstructures that must be properly assessed for
material properties and performance. At times, regions of interest at the component level will
require subscale specimen excision and evaluation for proper characterization as witness
coupons may not fully capture location-specific performance. Other industries, e.g., nuclear
power, have adopted non-standardized testing with the goal of test specimen miniaturization so
to characterize material response using minimal material volume without the sacrifice of
accurately capturing bulk material properties. Material scarcity, costs, and handling hazards all
motivate the need for developing such a testing capability.

As such, the aim of this report is to review the standards and practices around high temperature
tensile testing with particular focus on the current state-of-the-art for subscale test methods. First,
Section 3.0 will present standard and non-standard approaches to the design of subscale
specimen geometries, in addition to providing an overview of existing test equipment,
instrumentation, and setup. Next, Section 4.0 discusses the identified technological gaps in test
methods, size-dependent responses of subscale specimens, and considerations for the evaluation
of AM-produced metallic material. In conclusion, Sections 5.0 and 6.0, respectively, will
summarily state insights drawn about the effectiveness of the presented methods, as well as
provide recommendations for future work to advance the field.

Lastly, the scope of this report will exclude high temperature testing using electron microscopy
equipment. The reader is encouraged to review the listed resources for information on the topic
area [1]-[6].
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3.0 CURRENT METHODOLOGIES, EQUIPMENT, AND INSTRUMENTATION

Two of the principal standards recognized for elevated temperature tensile testing of metallic
materials are ASTM E21 and I1SO 6892-2. Notably, these standards heavily pull from their room
temperature equivalents — ASTM E8 and ISO 6892-1 — to specify acceptable specimen
geometries and general test setup. However, none of the standards directly addresses how to
approach the intricacies specific to subscale specimen testing. The most frequently reported
approaches from literature to specimen design, equipment, instrumentation, and their setups are
presented in this section.

3.1  Tensile Specimen Geometries

There are current efforts within ASTM Subcommittee E28.04.01 (Task Group on Small
Specimens in E8/E8M) to publish an annex providing guidelines to uniaxial tensile testing of
subscale geometries. Yet, the annex has limited scope to room temperature evaluation only.
Additional efforts are underway through ASTM Subcommittee F42.01 (New Test Method for
Additive Manufacturing — Test Artifacts — Miniature Tension Testing of Metallic Materials),
which seeks to develop a miniature rectangular cross-section tension specimen with a gauge
length of 10-15 mm. However, the title and scope of the effort presently is in draft form. A
summary of standard and non-standard (i.e., subscale) specimen geometries and test methods
will now be given.

3.1.1 Standard

ASTM E8 and ISO 6892-1 provide guidance on acceptable standard tensile specimen
geometries. A generalized specimen layout is presented in Figure 1 while a summary for the
parametric design of round and flat specimen geometries shown in Table 1. The ratios have been
established to bound the design parameters to ensure proportional response, i.e., interlaboratory
comparability. Often, standard geometries serve as the basis for subscale specimen design.
ASTM EB8 specifically outlines a subsize geometry for rectangular tension test specimens. The
subsize specimen has a gauge length of 25.0 mm, width of 6.0 mm, and variable thickness not to
exceed the width dimension. Yet, despite explicitly defining a subsize geometry, the scale of its
standardized form remains large in the context of subscale testing. Hence, efforts have been
undertaken to retain high fidelity assessment while minimizing material volumes.

Dg
AO = WO X to or ——
I 4 [
T [
—_— —— § WooOr Dy —_—
- L
~+{to}=-
- Ly -

Figure 1. Generalized Specimen Geometry from ASTM E8 and 1SO 6892-1.
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Table 1. Lower Limits of Tensile Specimen Design Outlined in ASTM E8 and ISO 6892-1.
Adapted from [7].

Standard organization ASTM E8 ISO 6892-1
Aspect ratio g—u =4 B—D = 5orl0
Round specimen Dg =25 Dg =5
limit of speci i
Lower limit of specimen size Lo — 10 Lo — 25
) Lo Lo
Aspect ratio —— = 45 —— = 5.650r11.3
VAo VAg
Lower limit of proportional specimen size NA NA
Flat specimen
thy < 6 to > 3
i . . . Ly =25 Ly =80,wp =20
Lower limit of non-proportional specimen size
01<t; <3
Wo = 6

L(] = 50,W0 =125

Note — Lo: original gauge length; wo: original width; to: original thickness; Ao: original area of cross section;
Do: original diameter (mm).

3.1.2 Non-standard

Presently, subscale specimen design is derived generally from standardized specimen
geometries, either through simple downscaling or downscaling with further dimensional
modification. Zheng et al. [7] recently reviewed the standards and practices of miniaturized
tensile testing at room temperature, with a focus on design approach. The authors’ survey of
literature found consensus on guidelines for subscale specimen design, which are summarized
below:

1. Subscale specimen design should seek to adequately represent the bulk material response
from standard specimen sizes. Along the same lines, the design should seek to minimize data
scatter inherent to subscale specimen testing.

2. Subscale specimen design should be devised such that it allows comparison to standard
geometries by using aspect ratio requirements, e.g., gauge length to square root of area
(LO/\/A—O), width to thickness (w,/t,), and thickness to average grain size (t,/d).
Specifically, elongation to failure in subscale specimens often deviates from its standard
counterparts due to differences in deformation necking, and corrections can be achieved
using inverse finite element method [8] or Bertella-Oliver formula [9].

3. Practicality of subscale specimen design should be considered. This includes assumed
costs and difficulty of machining, as well as the necessary fixtures and instrumentation to
measure the properties of the prospective design.

Existing subscale specimens reported in literature are summarized in Table 2. Much of the effort
to miniaturize specimen sizes has been driven largely by the nuclear industry to minimize the
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material volume subject to radiation exposure [6], [10]-[12]. Frequently, subscale specimen
geometries stem from two basic designs: 1) dogbone [13]-[18] and 2) bowtie [10], [19]-[25].
However, several subscale geometries reported do not fit within either of these design families.
For example, Partheepan et al. [26] and DZzugan et al. [27] developed dumbbell shaped tensile
specimens from small punch test discs. Nonetheless, all the listed subscale specimen designs
have shown excellent agreement with standard size specimens. Notably, all listed studies utilized
flat specimen geometries, which arises from the difficulty to reliably machine round subscale
specimens.

Table 2. Existing Subscale Specimen Geometries with Rectangular Cross Sections.

Dimensions (mm)

Basic geometry Designation/Author  Ref.
Gauge length  Width Thickness
SS-1 20.32 1.54 0.76
SS-2 [27] 12.7 1.13 0.25
SS-3 7.62 2.54 0.76
SS-J3 5.00 1.20 0.75
[17] 3.00 1.00 0.30
Kumar et al.
[18] 3.00 1.00 0.20
Dogbone ]
Liu et al. (8] 2.00 1.00 0.20
SS-Mini [28] 2.3 0.4 0.25
[29] 2.0 0.2 0.2
Watring et al. ' ' '
g [13] 5.08 2.54 1.00
Dzugan et al. [30] 3.0 15 0.5
Gotterbarm et al. [31] 45 1.0 0.5
LaVan et al. [24] 3.00 0.20 0.20
Bout Benzing et al. [32] 3.00 2.54 1.27
owtie
Heckman et al. [33] 4 1 1
Roach et al. [25] 1.6 0.4 0.4
Dumbbell [26] N/A 1.00 0.50
Other
Dumbbell [27] 4.00 2.00 1.00

Note: N/A reported as specimen gauge is constructed by continuous radii between grip ends with minimum gauge
width specified. All other reported geometries are tangentially blending fillets with a uniform test cross-section.
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3.2  Uniaxial Test Frame Setup Overview

Universal test frames are generally either screw-driven or servohydraulic, which are both
perfectly suited for uniaxial tensile testing experiments. A uniaxial test frame is comprised of
several basic fixture component: loading device, a load cell, and a specimen gripping apparatus.
An example of a commercially available tensile testing frame is shown in Figure 2. Load cells
are available in a wide range of load limits to accommodate the sensitivity needs for a wide
range of materials and specimen geometries. ASTM E74 outlines the calibration procedure for
load cells and must be followed to ensure proper measurement during testing, regardless of
specimen size. Further details about alignment and gripping will be provided given their overall
importance to testing accuracy.

€ Load Frame

Tensile testing machines can come in
single or dual column configurations
depending on their force capacity.

© software

Test software is where operators configure
test methods and output results.

© Load Cell

The load cellis a transducer that
measures the force applied to the test
specimen. Instron load cells are accurate
down to 1/1000 of load cell capacity.

@ Grips and Fixtures

A wide range of specimen grips and
fixtures are available to accommodate
test specimens of different materials,
shapes, and sizes.

© strain Measurement

Some test methods require measurement
of a specimen’s elongation under load.
Instron's AVE2 can measure changes to
specimen length down to 1 ym or 0.5%
of reading.

Figure 2. Overview of Universal Tensile Tester [34].

3.2.1 Alignment

Standardized testing procedures have been established to assist in test frame and specimen
alignment through the quantification of bending strains and their acceptable limits during testing.
Test frames may be configured with some type of universal joint that allows for concentricity
and angularity adjustments for alignment. The largest contributor to bending strains originates
from the test specimen-grip interface [35]. ASTM E1012, established to address adequate
alignment under tensile and compressive loading, outlines the usage of strain-gaged specimens to
verify test equipment alignment through a series of loading-unloading and re-gripping cycles
[36]. Specific to high temperature tension testing of metallic materials, standards mandate
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maximum bending strains do not exceed 10% of the axial strain [37]. Despite the existence of
these standards, the issue persists where, in general, equipment is unavailable to measure
maximum bending strains at elevated test temperatures [37]. As a result, often, the only viable
option is to qualify the alignment at room temperature using the intended machine setup for
elevating temperature testing [37].

Notably, alignment requirements are designed for standard specimen sizes [36]. Alignment
procedures for test setup of subscale specimens are rarely reported in detail and seem to be
generally considered a “best effort” based upon experimental expertise of the user. This is
somewhat troublesome because as specimen size and gauge lengths decrease, concentric and
angular misalignments become more pronounced, i.e., larger bending strains. The subscale
specimens may also require higher machining tolerance for more precise alignment in the
specimen-grip interface. Furthermore, subscale specimen sizes frequently make it impractical to
manufacture a strain-gaged specimen for proper test frame alignment due to physical constraints.
As a result, custom grips and alignment fixtures often are engineered to accommodate
specifically designed subscale test specimen geometries and to ensure uniaxiality throughout
testing [11], [28], [31], [38]. Self-aligning grips have also been used at room temperature [39]
and elevated temperatures [16]. However, one limitation of self-aligning grips is that alignment
is achieved through sufficient loading to straighten them. The requisite grip-straightening load at
elevated temperatures may exceed the material strength when testing subscale specimens so
careful attention must be given when performing.

Moreover, though not a standardized practice, it is possible to implement 2D or 3D digital image
processing techniques (i.e., digital image correlation) to assist with specimen alignment (both
standard and subscale geometries) and to evaluate pre-test strain levels at the desired
temperature. However, as will be discussed in Section 3.4, this becomes exceedingly more
difficult as the temperature increases.

3.2.2 Specimen Gripping

High temperature testing of subscale specimen geometries typically implements pull-rod and
wedge gripping systems [8], [10], [11], [19], [21], [28], [40], [41]. For standard-sized specimens,
the most used is temperature-resistant metallic alloy pull-rods (i.e., Ni-based superalloys) and
threaded-end specimen grips to allow for optimal thermal uniformity and limited slippage during
testing. However, this setup becomes difficult for subscale testing as 1) the practicality of
machining threaded grip ends is prohibitive due to miniaturized size and 2) it requires round
specimens when subscale testing almost exclusively uses flat geometries, as presented in Section
3.1.2. For subscale testing at high temperatures, pull-rods are used with bowtie specimen
geometries with good success. For example, Zupan et al. [19] used tapered pull-grips to provide
good mechanical and electrical contact between the miniature bowtie specimen and grips for
resistance-heated high temperature tensile testing. Moreover, ceramic pull-grips have also been
effective for miniature bowtie specimens for high temperature testing using radiant heating, as
demonstrated by Alam et al. [41]. The machining tolerance of the subscale specimen bowtie or
standard grip end may be more critical as the specimen size decreases.

Alternatively, wedge grips are used in manual or hydraulic configurations. An advantage for
wedge-style gripping is the mitigation of specimen slippage during testing. Manual wedge grips
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are most affordable but are particularly problematic as the rotational tightening mechanism to
close the grips induces a bending moment on the specimen. Hydraulic grips are designed to
eliminate this effect and apply only axial loads when gripping. The use of cold grips (e.g., water-
cooled hydraulic grips) allows for the greatest mitigation of additional bending errors that can
arise during heating. However, the large thermal inertia of hydraulic grips can reduce the length
of the uniform heat zone in the specimen gauge. Instead, hot grips (pre-heated or uncooled)
allow for better thermal uniformity but are vulnerable to bending strains stemming from time-
dependent thermal expansions of the system during the test duration [35], [42]. Nonetheless, the
bulk size of wedge grips presents challenges to the physical accessibility of subscale specimen,
especially for high temperature setups.

To this point, MTS Advantage™ Mini Grips have been recently developed and are commercially
available to address miniature specimen testing concerns around slippage and proper alignment
[43]. Advertised miniature specimen geometries compatible with Mini Grips have been
previously reported in [10], [11], [30], [44]. The spring-loaded wedge grip mechanism allows for
quick, low-force specimen loading that reduces concern for accidental specimen bending.
However, the miniature grip system is only suited for room temperature test conditions, and there
is no demonstrated intent to adapt the Mini Grips for high temperature environments.

Regardless of gripping method, repeated testing at elevated temperatures may result in oxidation,
warpage, and creep of gripping devices and pulls rods that can result in increased bending strains
[42]. Thus, periodic verification of alignment is recommended.

3.3  Heating Sources

A range of heating methods can be selected from to achieve high temperature environments for
mechanical evaluations. Those commonly implemented are radiant, resistance, and induction
heating. Table 3 outlines the general specifications for each method along with their primary
benefits and limitations. This section provides a brief overview of each technique.

3.3.1 Radiant Heating

Split ceramic furnaces, which utilize radiant heating, are ubiquitous to high temperature
mechanical testing, and are frequently used in subscale testing [14], [16], [21], [41], [45].
Typical systems consist of two-piece ceramic housings outfit with heating element arrays (e.g.,
resistance heating elements, quartz lamps), one or more viewports for line-of-sight specimen
access, and a narrow slit for contact extensometry. Specimens are heated via radiant heat
transfer, allowing for greater flexibility with selected specimen geometry and size. Most notably,
split furnaces afford excellent temperature control and low thermal gradients in test specimens
[41]. Alam et al. [41] used radiant heating via a split-ceramic clamshell furnace to demonstrate
excellent thermal control of bowtie-derived subscale specimens within ~5 °C over a 30 mm
length (Figure 3). However, limitations consist of sluggish heating and cooling rates due to large
thermal inertia [46] and restricted specimen access for instrumentation. Radiant heating often
incorporates warm or hot grips that are inside the heating system as heating only a subscale
specimen gauge length is difficult.
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Table 3. Specifications of Common Heating Methods for High Temperature Tensile

Testing.

Heating Temperature  Heating rate Strengths Constraints

method range

Radiant Up to 1600 °C 20 °C/min -Direct contact with  -Slow heating rate, poor

(in air) (Limited control)  test specimen control due to large

-Superior thermal thermal inertia
uniformity and -Limited accessibility to
stability specimen

Resistance  >2000 °C 10% °C/min -Rapid -Specimen geometry
heating/cooling dependent
-Excellent thermal  -Heating localization
uniformity and during necking
stability -May induce voltages in
-Improved thermocouples (i.e.,
accessibility to erroneous temperatures)
specimen

Induction >2000 °C 102 °C/min -Rapid heating rate  -Material must be

-Improved
accessibility to
specimen
-Excellent thermal
uniformity and
stability

susceptible to magnetic
field to directly heat
-May induce voltages in
thermocouples (i.e.,
erroneous temperatures)
-Thermal uniformity can
be difficult to achieve
-Sensitive to specimen
geometry

9
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Figure 3. (a) High Temperature Micro-tensile Setup. (b) Split Furnace. (c) Close-up of
Ceramic Pull-rods and Bowtie Specimen. (d) Thermal Profile of the Bowtie specimen at
700 °C Target Temperature [41].
3.3.2 Resistance Heating

Alternatively, resistance heating provides a rapid heating method for high temperature testing.
Heat generation in this method stems from the natural resistance to the flow of electrons through
a material under an applied electrical load. As a result, the material must be electrically
conductive to be a candidate. Moreover, numerous studies have successfully performed high
temperature subscale testing using an electro-thermal mechanical testing (ETMT) system [21],
[47], [48], which is now commercially available through Instron®. Resistance heating also
allows for excellent thermal uniformity [19], [49] (Figure 4). However, resistance heating is
inherently sensitive to the specimen geometry. As the cross-sectional area narrows during a test,
particularly during necking, it leads to a localized increase in resistance which affects
temperature uniformity [19], [41]. Furthermore, if thermocouples are used for feedback control,
the effects of applied voltages from electrical heating on the thermocouple signals must be
accounted for [19]. Despite these drawbacks, resistance heating has demonstrated excellent
physical assess to the specimen to perform highly instrumented testing [19].
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Figure 4. (a) Grips for Elevated Micro-tensile Experiments. Bowtie-shaped Specimens are
Held in Self-aligning Grip that are Thermally and Electrically Isolated from the Load
Train [50]. (b) Thermal Profile of Bowtie Specimen Along Gauge Length [19].

3.3.3 Induction Heating

Induction heating, which heat specimens through induced eddy currents from exposure to an
electromagnetic field, shares many of the same benefits and limitations as resistance heating.
First, it is capable of rapid, controlled heating and cooling rates and can achieve excellent
thermal gradients with proper set up, inductor design, and/or use of flux concentrating materials.
However, it is limited to electrically conductive materials but can be used to indirectly heat non-
conductive materials with a susceptor. Moreover, thermal uniformity is highly influenced by
specimen geometry (i.e. round versus flat) and specimen thickness, as these geometric
parameters affect the skin depth of the current flow, i.e. the imparted thermal gradient [51].
Additionally, design of the inductor geometry plays a critical role in specimen accessibility,
particularly for subscale sizes due to physical constraints [51]. Song et al. [52] achieved indirect
induction heating of subscale specimens by heating the grips directly and allowing conduction to
heat the specimen (

Figure 5) though other implementations focus the field on the specimen gauge length and
minimize grip heating. This allowed the authors line-of-sight access to perform interferometric
strain measurements [52]. Lastly, another potential limitation is induced voltages can occur when
thermocouple wires are exposed to an electromagnetic field [53], which may influence
temperature measurements and controls.
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Specimen

Figure 5. (a) Engineering Model of Pinch-Plate Gripping System. (b) Drawing of Subscale
Tensile Specimen Geometry. (c) Engineering Model and (d) Experimental Assembly of
Grip and Inductor [52].
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3.4 Instrumentation and Measurement

This section reports instrumentation often used to measure and control various aspects of high
temperature tensile testing while highlighting subscale geometry-specific challenges.

3.4.1 Temperature

Accurate, timely temperature measurement and control are paramount to the quality of high
temperature testing, Generally, these are performed experimentally through contact and non-
contact means. Thermocouples welded to the specimen surface offer temperature measurements
over 2000 °C, errors of <1%, and instantaneous signal feed-back for closed-loop heating control
[54]. Furthermore, thermocouples offer an effective way to characterize thermal gradients in
experimental setup validation [19]. However, one limitation when welding thermocouples,
especially for subscale specimens, is local alteration of microstructure, which could affect
performance [19] and could wick heat from the specimen — affecting the measurement. One
possibility to circumvent this issue is to weld the thermocouple to the gauge section fillet of the
specimen. Yet, this methodology only works if the specimen and system are in thermal
equilibrium at the time testing. Heating methods, such as induction heating, may impart a
transient thermal response, causing the control temperature to drift erroneously as the system and
specimen thermally evolve during testing. Additionally, thermocouple accuracy may be
compromised in the presence of electrical current [19] and electromagnetic fields [53] that are
found in resistance and induction heating methods, respectively.

Alternatively, non-contact temperature methods avoid many of complications associated with
contact techniques. One popular method is infrared pyrometry, which measures emitted thermal
radiation to determine temperature [19], [23], [41], [55], [56]. This technique offers a broad
temperature measurement range of over 3500 °C [57]. Spot sizes are often approximately 1-3
mm in diameter, leading to localized, point-source temperature measurements. Importantly,
emissivity, which is the ratio of the emitted radiant energy of an object to a blackbody at the
same temperature, must be considered for accurate temperature measurements since emissivity is
a function of geometry of the radiative surface (i.e. surface roughness), temperature, and
wavelength [58].

Single wavelength (or color) pyrometers are the simplest and relatively inexpensive
configuration but require knowledge of the spectral emissivity for a given material to accurately
compensate temperature measurements. However, metallic materials in air environments at high
temperature readily oxide, altering the spectral emissivity over the duration of a test [59], which
complicates measurement fidelity. Moreover, single wavelength pyrometers are sensitive to line-
of-sight obstructions, such as smoke, dust, and dirtied optical windows. In all, if the physical and
optical properties of the target material are well understood, single wavelength pyrometers are a
viable option.

Two-color (or ratio) pyrometers seek to circumvent challenges with emissivity corrections by
using two wavelengths. In theory, by using the ratio of radiance intensity at two close
wavelengths, the associated emissivities would cancel out in division. However, the ratios of the
spectral emissivities often vary with temperature and lead to large errors in temperature
measurement accuracy, and thus are largely avoided unless dealing with obfuscated line-of-sight
for the target [57].
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To improve upon the shortcomings of two-color pyrometer, multi-band pyrometers have been
developed to utilize additional wavelength bands to reduce the dependency of the measurement
on a priori knowledge of material emissivity and to produce highly accurate temperature
measurements within the uncertainty bounds of a reference thermocouple (<1%) [60].

3.4.2 Strain

Strain measurements for high temperature testing are comprised of contact and non-contact
techniques. A summary of commonly used techniques is shown in Table 4. However, this report
will emphasize two of those most frequently utilized: linear variable differential transformer
(LVDT) and digital image correlation (DIC).

Table 4. Advantages and Disadvantages of Some Candidate Strain and Displacement
Measurement Techniques for Miniaturized Test Systems. Adapted from [21].

Techniques Advantages Disadvantages
LVDT (linear transducers) Readily available, sub micrometre resolution Measures displacement cf. strain, requires point
point displacement. contact.
Electrical resistance Cheap and direct method with simple analysis Only possible with electrically conducting
to provide plastic strain values. Excellent at materials. Only measures plastic strain values
high temperatures right up to solidus. Requires additional calibration if phase changes
occur during the test to alter intrinsic resistivity
values
Capacitance gauges High resolution displacement measurement Average displacement measurement, requires
some physical contact, drift.
Line scan cameras Cheap, high resolution measurement. Two-dimensional mapping only possible with a
scanning system.
Laser interferometry High resolution displacement and strain Reflective targets required. Sensitive to vibration
measurement (5 pe). and rigid body motion.
Digital speckle pattern Full field, non-contact, measurement. High Expensive, sensitive to vibration. Requires a
interferometry sensitivity and spatial resolution. Two- and diffuse surface. Not suitable for large deformations
three-dimensional measurement capability. or rigid body motion.

High temperature capability.

Digital image correlation Full field, non-contact, two- and three- Modest strain resolution (0-01 pixel/100 pe)
dimensional implementations available, wide depending on camera resolution and field of view,
range of cameras and suppliers. Can be used testpiece may require some surface pattern or
on SEM images. preparation.

Photoelastic stress analysis  Full field, non-contact, direct measurement of  Photoelastic coatings must be applied. Limited
stress and strain. temperature range, stress level may saturate.

High temperature LVDT, capacitive, or strain gauge extensometers are outfit with alumina or
SiC rods for direct contact with the specimen for testing up to 1200-1600 °C. These contact
methods offer superior sub-micron resolution and enable simultaneous data collection and
feedback control for strain-controlled measurements. However, one limitation is physical access
with decreasing specimen size and a greater impact of knife edge radius on determining the
actual gauge length of the extensometer. Commercially available products offer 10 mm gauge
lengths as a minimum size so custom instrumentation much be generated for achieving anything
smaller. Additionally, for very small material volumes, surface contact with the rods can act as
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thermal heatsinks, which generate thermal nonuniformity. This is most prevalent for induction
and resistance heating since the bulk of the ceramic rods remain at room temperature.

DIC has emerged as an effective non-contact method for full-field displacement and strain
determination during material deformation in either two- or three-dimensions. In its most basic
form, the setup requires oblique-angled light sources for illumination, a digital camera,
magnifying optics, and a computer for image processing [61]. The specimen requires sufficient
surface texture or a high-contrast speckle pattern to track displacements and calculate strains
through changes in pixel intensity gradients at subpixel resolution [61]. Practiced skill is required
to repeatedly apply an optimal speckle to specimens [62], [63]. In addition, cross-polarization
techniques enhances pattern contrast, resulting in better resolution and reduced pixel noise [64].
Furthermore, the scale-invariant nature of DIC is one of its best strength, which makes it highly
suited for subscale tensile testing [11], [28]. For instance, Gussev et al. [10] utilized DIC to
assess the viability of three different subscale tensile specimen geometries. The implementation
of DIC allowed for a precise comparison by filtering out grip-associated plastic strain
inaccuracies that would have otherwise skewed perceived performance [10]. Moreover, other
researchers have utilized DIC to accurately measure the constitutive response of irradiated steels
from subscale specimen tests [12], [65]. However, DIC for subscale testing is largely performed
at room temperature.

For high temperature testing, there are three primary challenges that plague the use of DIC: 1)
image saturation from thermal radiation of heat specimens and surroundings; 2) loss of image
contrast due to surface oxidation and/or speckle pattern degradation; 3) image distortion from
heat haze. Thermal radiation effects stem from the fact that any object above zero Kelvin emits
electromagnetic waves. As specimens are heated for testing, they begin to emit light at
wavelengths in the visible spectrum. This leads to a reduction in image contrast and jeopardizes
the quality of the DIC analysis [66], as shown in Figure 6. Researchers [66]-[69] have found that
the use of blue or UV light for illumination, coupled with bandpass filters, largely mitigates the
contributions from blackbody thermal radiation to image grayscale pixel intensity. An example
of image contrast stability from blue and UV light and bandpass filters is shown in Figure 7.
Image contrast loss can also originate from oxidation of the specimen surface and/or the
speckling media itself. Moreover, oxidative and thermal effects can lead to debonding, cracking,
or peeling of the speckling media [62]. Recent efforts have identified a list of thermally-stable
oxides and carbides capable of pushing the operable range of the technique upwards of 3000 °C
[70]. In addition, the application of speckle media may also react with and damage the specimen
surface with complicate use in high temperature applications. Lastly, heat haze effects can lead
to large amounts of pixel noise or even speckle decorrelation [70]. The observed image
distortions are caused by gradients in the refractive index of the air near a heated specimen.
Methods identified to minimize the effects include testing in vacuum [68], use of an air knife
[56], and image processing techniques such as an average approach and prolonged exposure time
[70], or quite recently, application of deep learning models [71].
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Figure 6. Recorded Images of the Surface of a Stainless Steel Sample Using a Conventional
Optical Imaging System at Temperatures of (a) 20, (b) 550 and (c) 600 °C [66].
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Figure 7. Transmission Spectrum of (a) a Blue Filter and (b) a UV Filter. Recorded Images
of the Surface of a Stainless Steel Sample Using a Blue-light DIC System at Temperatures
of (c) 28, (d) 800, (e) 1000 and (f) 1200 °C [66].
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4.0 DISCUSSIONS AND CONSIDERATIONS

This section provides discussion on the presented high temperature testing methods in Section
3.0, as well as addresses considerations specific to the mechanical evaluation of AM materials
and components.

4.1 Identified Gaps in Subscale High Temperature Tensile Testing

Generally, the fundamental methods for heating, temperature control, and strain measurements
have remained relatively constant over the years for high temperature tensile testing, even for
subscale specimens.

The most substantial advancements have come in non-contact strain measurements made
possible by technological developments in digital cameras and computing capabilities [57], [72].
On-the-fly image processing allows for real-time strain-control feedback via DIC with
comparable sensitivity to traditional contact extensometers [66], [68], [69]. As previously
mentioned, the scale-invariant nature of DIC strongly suits the technique for subscale testing,
especially at high temperatures. Recent developments in high temperature DIC reported in
Section 3.4.2 have enabled the successful application of non-contact strain measurements at
extreme temperatures. For example, Pan et al. [67] demonstrated accurate thermal strain
measurements of tungsten at over 3000 °C. Furthermore, Yu et al. [68] developed and
experimentally validated a high-temperature video extensometer capable of measuring the tensile
performance of select refractory alloys up to 2000 °C.

Additionally, as stated in Section 3.4.2, application of artificial speckling media can be
problematic via speckle degradation and decorrelation or deleterious interaction with the test
material. An alternative method for generating speckling is by using lasers to illuminate an
optically rough surface with coherent light. In conjunction with proper filtering optics, this can
produce a high-contrast imaging condition for DIC with proven ability to measure high
temperature full-field strain maps of ceramic matrix composites and C/C composites at over
1300 °C [73], [74]. This technique is directly applicable for measuring high temperature strain of
AM metallic materials, particularly when the as-built surface is retained. The natural surface
topology of the as-built surface, when illuminated by a laser, theoretically should produce a high-
quality speckle pattern for DIC analyses. Nonetheless, as test temperature and subscale specimen
requirements limit the practicality of physical strain measurement, it will be imperative to
continue development of DIC techniques to operate in the requisite conditions.

Another limitation is with non-contact thermal measurement capabilities. Pyrometry is widely
used to effectively measure and control the temperature feedback loop. However, as previously
reported, limitation with single wavelength and dual wavelength units. Moreover, for a research
and development facility, new materials are commonly tested and accurate knowledge of the
emissivity of developmental alloys and their oxides is limited. Yet, pyrometry requires this
knowledge to accurately compensate temperature measurements for real, non-blackbody
materials. Thus, it is desirable to have active emissivity compensation capabilities integrated
with the temperature measurement instruments. Presently, reliable hardware for measuring
emissivity-correct temperature is not commercially available to the best knowledge of the author.
Particularly for AM materials, emissivity is not only dependent upon material and temperature,
but also upon surface finish [75]. Temperatures measured from a specimen with a specular,
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reflective surface versus a diffuse, matte surface will vary dramatically. To this point, measuring
the temperature of as-built AM materials will require additional due-diligence to ensure
accuracy. Hence, as it stands, there is no “one-size-fits-all” solution for reliable and accurate
temperature measurement by non-contact means.

4.2  Effect of Specimen Size on Tensile Properties

As specimen dimensions decrease, it is of utmost importance to consider its effects on tensile
performance. Generally, there are geometric aspect ratio requirements that bound the onset of
size-dependent response in flat specimens, as summarized in Table 5. These ratios include
thickness to grain size (t/d), width to thickness (w/t), and gauge length to square root of area
(L/A) [7], and originate from specimen design guidance issued in ASTM E8 and 1SO 6892-1
standards. Below the suggested minimums, the size effects most notably influence tensile
response by affecting strain hardening and necking behaviors. Ratios of t/d below ~6-10 begin to
exhibit dislocation interaction and annihilation at the specimen surface, which decreases the
strain hardenability by limiting dislocation multiplication and interaction and leads to reduced
elongation [76]. Moreover, increasing ratios of w/t beyond a value of ~5 can result in a transition
from diffuse to localized necking behavior, which leads to a decrease post-necking elongation
[77]. Similarly, increasing the L/+/A ratio past 5.65 reduces the volume of the necking region
relative to the gauge length, which in turn reduces the amount of post-necking elongation [78].

In conclusion, the smallest dimension of specimen (thickness or diameter) is generally the
primary factor for ensuring polycrystalline bulk behavior, while the other dimensions usually
relate to the necking behavior and change of total elongation. When specimen dimensions are
further reduced to fall outside the suggested limits, subscale testing can lead to large scatter in
mechanical test data as performance deviates from representative bulk response.

Table 5. Summary of Size Effects for Flat Specimen Geometries [7].

Dimension The critical value Properties that are Dominant
(the value affected (under critical mechanism
suggested) value for ¢ or w)
Thickness T (6 —10) 05 . Oy, €y, €, B surface effects
® d
Width (w) w (5) Gy Ep. EF necking
r behavior
L Ol
Gauge L (565) €n. 85 Bertella-Oliver
length (L) VA formula

Where os, o, are yield strength and ultimate tensile strength, respectively. oy, op, of are
uniform elongation, post-necking elongation, and total elongation, respectively.
A is the cross-sectional area of the specimen and L is the original gauge length.
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4.3  Considerations for Additive Manufacturing

This section highlights tensile testing considerations specific to AM. While high temperature
testing of subscale specimens is unmentioned explicitly, the challenges listed are pervasive to the
topic area and need consideration prior to high temperature testing efforts.

4.3.1 Impact of As-built Surface Finishes on Performance Assessment

It is well known that as-built surface finish of AM parts can affect performance. One critical
consideration for evaluation of AM tensile specimens, particularly subscale and thin-walled
geometries, is how to accurately measure the true load-bearing cross-sectional area. Tilson and
Katsarelis [79] directly compared several common measurement techniques for the
determination of the nominal cross-sectional area. The authors concluded a clear bias to
overestimate the area when using calipers, ball mics, and point mics by as much as 15% [79].
The results showed that destructive area measurements minimized tensile strength variability for
test specimen thicknesses between 0.5 mm and 2.54 mm, suggesting nearly all the performance
discrepancy originated from the metrology [79]. What’s more, Yu et al. [80] found that size-
dependent effects from varying specimen thickness were minimal if surface roughness
measurements are properly accounted for. The authors determined that the overestimation of
nominal area using caliper measurements was compensated using maximum profile peak height,
Rp, from metallographic cross-sections. Moreover, Roach et al. [25] examined the tensile
response of five different proportionally scaled specimen geometries. Despite little variation in
the intrinsic microstructure and microhardness between the specimen sizes, strength and modulus
were observed to decrease with decreasing specimen size. The authors concluded the as-built
surface roughness obfuscated the determination of the true load-bearing area for the specimens.
As specimen surface area to volume ratios decreased, specimen performance was found to
approach bulk properties [25]. Thus, this highlights a clear debit that exists when 3D-printed
feature sizes decrease since surface roughness can significantly alter the specimen geometry, and
more importantly, performance. Furthermore, for brittle metallic alloys, geometry-dependent
surface roughness can originate stress concentrators that may significantly impact performance,
as well [25]. Ultimately, questions remain for how to 1) rapidly, accurately, and non-
destructively quantify surface roughness and 2) incorporate a correction factor into performance
determination. All of this to say, there is a need for universally accepted methodologies for
measuring the true load-bearing cross-sectional area of subscale and thin-walled AM specimens
with as-built surface finishes.

4.3.2 Intrinsic Versus Extrinsic Performance of AM Metallic Materials

To continue the considerations discussed in Section 4.3.1, it is imperative for researchers to
clearly define the material-related question probed through tensile testing of AM metallic
materials. For instance, researchers often strive to understand the intrinsic material responses for
modeling and predictive capabilities. This requires the assessed material to be defect-free and
have an acceptable low-stress, machined surface finish. However, AM parts often retain as-built
surface roughness and inherent volumetric defects (e.g., cracks, lack-of-fusion, and keyhole
porosities), which diminish overall performance. This introduces a new wrinkle into predictive
intrinsic material models that may not capture real-world performance due to AM process-
induced flaws. This begs the question: what material properties are most relevant for AM
materials — intrinsic or extrinsic? Given sufficiently low surface area to volume ratios and
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relatively defect-free test specimens, intrinsic or “bulk’ material properties are measurable in
AM materials [25]. However, when considering AM thin-walled geometries, the argument could
be made that extrinsic performance is most important due to stress concentrators on the surface,
as discussed by Roach et al. [25]. Boyce et al. [81] sought to use extreme value statistics to
develop probabilistic model-based correlations for reliability due to the inherent difficulty in
predicting AM process variability. The study analyzed over 1000 nominally identical AM tensile
tests to reveal ~2% of the test population was afflicted by rare porosity defects that substantially
diminished ductility. Summarily, it is vitally important to understand the best approach for
performance assessment and modeling for AM part-specific applications as geometric features
and specimen sizes are reduced.

4.3.3 Current Utilization of Subscale Tensile Geometries in AM

The development and performance analysis of AM processes is poised to benefit from subscale
testing when material availability is limited or cost prohibitive. Watring et al. [13], [29]
examined tensile performance of AM Inconel 718 from subscale specimens excised from the
grip sections of previously tested standard-sized fatigue specimens. In the case for laser powder-
bed fusion, AM also affords the ability to directly print tensile specimens. Heckman et al. [33]
utilized a bowtie-derived subscale specimens to develop a stochastic model of process parameter
sensitivity using automated high-throughput tensile testing of AM 316L stainless steel. It should
be pointed out that the print dimensional variation in the grip end of the bowtie specimen can
affect the specimen alignment and measured performance. Other studies have taken more
traditional approaches to produce subscale specimens from basic rectangular prism blanks of AM
material in order to perform characterization [31], [32].

What’s more, AM components may contain geometric features, e.g., thin walls, overhangs,
intersections, etc., that require site-specific investigation. This concept has been recently
demonstrated by DZugan et al. [30] who used miniature specimens to evaluate local tensile
properties and fracture behavior of AM Inconel 718 in the as-built and heat treated conditions.
Moreover, Dzugan et al. [44] used micro-tensile specimens to analyze site-specific performance
of a L-PBF IN718 jet turbine blade, an EB-PBF Ti-6Al-4V propeller, and a L-PBF H13 tool steel
propeller. Tensile results showed discernable differences in yield strength (YS) and ultimate
tensile strength (UTS) for various site-specific tests [44] that otherwise go uncaptured in
traditional materials-based performance models.

Nonetheless, questions remain for how to feasibly assess quality and performance in AM parts.
As mentioned, it can be costly and time consuming to excise specimens from finished
components, especially if the final parts are of appreciable volume. The use of witness coupons
has been broached to solve this dilemma through the development of standards and guidelines
for AM build qualification [82]-[84]. However, ASTM ES8 standard and subsize specimens are
often prescribed for evaluation testing, which, due to the relatively large size, fail to capture thin-
walled feature performance debits. Recently, researchers have sought to embody all relevant AM
build features in a single, universally designed test artifact [85] but a generalized approach to
witness coupon design may be better suited [86], [87], as the design space for AM components is
expansive. Moreover, as integrated computation materials engineering (ICME) tools continually
improve, their utilization may allow for proper witness coupon design by tailoring the coupon
geometry to mimic the RVE of the AM feature in question based on processing conditions.
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Nonetheless, in general, witness coupons must capture a representative volume element (RVE)
of microstructure, thermal history, and surface finish for the feature of inquiry. In certain
instances when witness coupons are of similar geometric form and in close proximity to the site-
specific test of interest, it has been shown that witness coupons can accurately capture YS and
UTS properties within 5% of site-specific micro-tensile tests [44]. While promising, the
reliability of witness coupons should be judiciously approached and developed on a part-specific
basis as to avoid misleading results [88], [89].
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5.0 CONCLUSIONS

The guiding principles for tensile testing of standard specimens are generally the same for
subscale specimen. Test setup must be given additional scrutiny for assessment of imposed
strains from system misalignment and gripping, especially at higher test temperatures. Efforts are
currently underway to standardize guidelines for subscale tensile testing at room temperature and
to develop an AM-relevant rectangular tensile specimen geometry by ASTM Subcommittees
E28.04.01 and F42.01, respectively. A bowtie specimen geometry with pull-rod gripping was the
most observed high temperature tensile testing setup for subscale specimens.

When material is limited in quantity or size, subscale tensile specimens can accurately
characterize bulk response, though reports of testing at elevated temperatures are limited. Size-
dependent effects must be considered when using subscale specimen geometries. Generally, it
has been shown that YS and UTS are intensive properties while elongation is highly sensitive to
thickness and gauge length. To ensure polycrystalline bulk behavior, on average, the minimum
cross-sectional dimension should comprise of at least 10 grains, the width is 5 times the
thickness, and the gauge length should be 5.65 times as long as the square root of the area for
elongation. Moreover, while an array of subscale specimen geometries has been reported, they
are generally flat and are derived from SSJ-series and SS-series geometries.

Elongation is highly influenced by gauge length and specimen thickness, particularly post-
necking. Special consideration should be given to design of subscale specimen if total elongation
data are needed. Implementation of inverse finite element methodologies to model post-necking
elongation to failure may be utilized.

Recent advancements in non-contact methods, e.g., video extensometry and DIC, can allow for
real-time analysis of high-resolution strain measurements at extreme temperatures. The scale-
invariant nature of the techniques strongly complements subscale tensile testing.

Accurate temperature measurement and control are arguably the most challenging aspects of
high temperature testing. There are clear trade-offs between contact and non-contact
methodologies through the potential to alter locally the microstructure with welded
thermocouples or the emissivity-related challenges for pyrometry. Moreover, these challenges
may be exacerbated by as-built surface roughness in AM metallic materials.
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6.0 RECOMMENDATIONS

As specimen size and nominal thickness decrease, RVEs of the microstructure have increasing
impact on the performance. Sufficient microstructural feature populations based upon grain size,
texture, and phase distribution are critical to accurately represent performance of a particular
structure, regardless of test temperature. As such, critical thought must be given to the specimen
geometry selected for analysis.

It is recommended that instrumentation for non-contact measurements and techniques utilizing
the technology continue to be developed. Presently, subscale tensile testing and high temperature
DIC techniques are reported independently of each other. Efforts are needed to integrate the test
methods to overcome contact strain measurement limitations (i.e., thermal losses, constrained
accessibility) as specimen geometries miniaturize. Furthermore, DIC generates full-field strain
measurements that can capture heterogeneous, localized deformation phenomena unlike
conventional strain measurements. This may also be of interest for tensile testing under thermal
gradients where spatially dependent constitutive response is expected. In addition, continued
development of non-contact thermal measurement instruments that can account for evolving
emissivity in-situ will mitigate errors associated with changes in surface topology and chemical
composition (i.e., oxidation). What’s more, many commercially available pyrometers only have
>2 mm spot sizes. Development of optics to enable sub-millimeter spot sizes is needed for
subscale specimen geometries.

Given the discussion around cross-sectional measurement uncertainty in AM test specimens, it is
recommended that a rapid and accurate non-destructive method be developed to measure true
load-bearing cross sectional area for thin-walled AM features in which surface roughness
accounts for appreciable error in stress calculations.

Measurement variability for tensile properties increases as geometric critical design limits are
approached. For certain applications, especially involving AM materials, the targeted feature size
can include thin-walled geometries and as-built surfaces. These features contain inherent process
variability, and large datasets are needed to capture stochastic response for extreme-value
probabilistic performance modeling. Thus, it is desirable to design high-throughput
methodologies to screen tensile properties of AM materials at high temperatures. Non-contact
instrumentation will be critical to this effort.

Lastly, the reviewed subscale specimen geometries have demonstrated the ability to capture bulk
tensile response given their design exceeds critical limits with respect to gauge length, width, and
thickness. Presently, no standard subscale tensile specimen geometries exist, but it is
recommended current standardization efforts continue as to provide acceptable design guidelines
and considerations.
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