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Overview

Kansas City National Security Campus (KCNSC) provided a set of nine (9) direct-ink-write (DIW) printed 
samples and a load-deflection test plan (Appendix A) to multiple sites to assess variations in methods 
and results among the sites. Each site received a separate set of test samples; the same set was not 
shared among sites. Information on each sample was provided by KCNSC (Appendix B). The samples 
were intended to be identical, though there was some minor variation among samples. This report 
describes the methods used and results obtained at Lawrence Livermore National Laboratory (LLNL).

LLNL Test Method

All testing was conducted at LLNL in B132S R2729 on 04/23/2018 by Ward Small. Room temperature 
was 21°C and humidity was 22% (measured by a VWR temperature/humidity meter).

Prior to load-deflection testing, the thickness of each sample was measured using a digital thickness 
gauge (Checkline MTG-DX, S/N 4171) with a 28.7-mm-diameter foot (measurement stress ~0.6 kPa). The 
values obtained at LLNL were in good agreement with those provided by KCNSC (Table 1). A photograph 
of one of the samples is shown in Fig. 1. Additional sample information can be found in Appendices A 
and B.

An Instron 5967 dual-column electromechanical test machine (S/N R5447) with a 5 kN static load cell 
(Instron 2580-5KN, S/N 137001) was used for load-deflection testing. A PC with Bluehill 3 software was 
used to operate the machine and acquire data. A 28.68-mm-diameter (1.129-inch-diameter) fixed lower 
platen (Wyoming Test Fixtures) and a 50-mm-diameter spherical seat upper platen with locking bolts 
(Wyoming Test Fixtures) were used. Data was acquired at 50 Hz.

Prior to testing the samples, a platen-to-platen compression test was performed to measure instrument 
compliance. A polynomial was fit to the resulting crosshead position vs. load curve (Fig. 2). During the 
load-deflection tests of the samples, the compliance was calculated (using the polynomial fit) at the 
given load for each data point and subtracted from the raw crosshead position data by the Bluehill 3 
software in real-time to obtain compliance-corrected compressed thickness of the samples. Because (1) 
the compliance was quite low (~0.05 µm/N), (2) the applied load did not exceed 30 N, and (3) the 
compliance curve passed through zero at a load of 19 N (i.e., “zero gap” position was previously set at a 
load of 19 N with the platens touching), the compliance correction was negligible.

The sample was centered on the lower platen for testing (sample was larger than the lower platen).
Whether the top or bottom surface of each printed sample faced up or down was unknown. Three load-
unload cycles to a maximum compressive strain of 0.62 were performed at a test speed of 0.05 in/min 
(1.27 mm/min). The original thickness h0 measured by KCNSC and the compliance-corrected compressed 
thickness h were used to calculate the engineering strain ε during the test:

� = (ℎ� − ℎ) ℎ�⁄
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The engineering stress σ was calculated by

� = � �⁄

where F is the applied load and A is the loading area (taken as the area of the lower platen, 1.00 in2).

Results

Load-deflection curves are shown in Fig. 3 (U.S. customary units) and Fig. 4 (SI units); all curves are 
overlaid. Individual curves for each sample are shown in Appendices C and D (U.S. customary units) and 
Appendices E and F (SI units). All plots include compliance-corrected values of compressed thickness and 
strain. Stress at 0.62 strain during the third loading cycle is given in Table 2. Sample X081 is an outlier, as 
was expected based on the cross-section sag reported by KCNSC (Appendix B).
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Table 1: Sample Thickness Measured by KCNSC and LLNL

Number Sample Thickness (in) Thickness (mm)

KCNSC LLNL KCNSC LLNL

1 BBN-X008-717 0.1083 0.1079 2.751 2.741

2 BBN-X023-717 0.1115 0.1114 2.832 2.830

3 BBN-X028-717 0.1092 0.1091 2.774 2.771

4 BBN-X033-717 0.1103 0.1100 2.802 2.794

5 BBN-X041-717 0.1095 0.1093 2.781 2.776

6 BBN-X047-717 0.1043 0.1045 2.649 2.654

7 BBN-X081-717 0.1053 0.1052 2.675 2.672

8 BBN-X100-717 0.1051 0.1049 2.670 2.664

9 BBN-X057-717 0.1066 0.1068 2.708 2.713

Table 2: Engineering Stress at 0.62 Engineering Strain During the Third Loading Cycle

Number Sample Stress at 0.62 Strain During 3rd Load

(psi) (kPa)

1 BBN-X008-717 3.3746 23.267

2 BBN-X023-717 3.3567 23.144

3 BBN-X028-717 4.2379 29.219

4 BBN-X033-717 3.3567 23.144

5 BBN-X041-717 3.7737 26.019

6 BBN-X047-717 3.4054 23.479

7 BBN-X081-717 6.4250 44.299

8 BBN-X100-717 4.3150 29.751

9 BBN-X057-717 3.8574 26.596
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Figure 1. Photograph of a sample as-received at LLNL.

Figure 2. Instrument compliance curve. The polynomial fit (dotted line) is shown. Note that the 
crosshead position values go from negative to positive as compression increases, passing through zero 
at 19 N (load at which the crosshead position was set to zero with the platens touching). Compliance 
was approximately 0.05 µm/N.
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(a)

(b)

Figure 3. Engineering stress vs. (a) compressed thickness and (b) engineering strain. All 3 load-unload 
cycles are shown for each sample. Values in U.S. customary units.
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(a)

(b)

Figure 4. Engineering stress vs. (a) compressed thickness and (b) engineering strain. All 3 load-unload 
cycles are shown for each sample. Values in SI units.
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APPENDIX A
Project Test Plan Provided by KCNSC
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APPENDIX B
Sample Data Provided by KCNSC

Thickness is in inches. Nine (9) samples were provided. The samples are not numbered consecutively in 
the above table (far left column). The year of the date of manufacture (DOM) for samples X047, X057, 
X081, and X100 may be incorrectly listed as 2016 (likely should be 2017).
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APPENDIX C
Individual Engineering Stress vs. Compressed Thickness Curves (U.S. Customary Units)
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APPENDIX D
Individual Engineering Stress vs. Engineering Strain Curves (U.S. Customary Units)
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APPENDIX E
Individual Engineering Stress vs. Compressed Thickness Curves (SI Units)
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APPENDIX F
Individual Engineering Stress vs. Engineering Strain Curves (SI Units)
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