NASA/TM—2018-219886

Effect of Control Mode and Test Rate on
Fracture Toughness of Advanced Ceramics

Bronson D. Hausmann
Case Western Reserve University, Cleveland, Ohio

Jonathan A. Salem
Glenn Research Center, Cleveland, Ohio

August 2018



NASA STI Program . . . in Profile

Since its founding, NASA has been dedicated

to the advancement of aeronautics and space science.
The NASA Scientific and Technical Information (STI)
Program plays a key part in helping NASA maintain
this important role.

The NASA STI Program operates under the auspices
of the Agency Chief Information Officer. It collects,
organizes, provides for archiving, and disseminates
NASA’s STI. The NASA STI Program provides access
to the NASA Technical Report Server—Registered
(NTRS Reg) and NASA Technical Report Server—
Public (NTRS) thus providing one of the largest
collections of acronautical and space science STI in
the world. Results are published in both non-NASA
channels and by NASA in the NASA STI Report
Series, which includes the following report types:

*  TECHNICAL PUBLICATION. Reports of
completed research or a major significant phase
of research that present the results of NASA
programs and include extensive data or theoretical
analysis. Includes compilations of significant
scientific and technical data and information
deemed to be of continuing reference value.
NASA counter-part of peer-reviewed formal
professional papers, but has less stringent
limitations on manuscript length and extent of
graphic presentations.

«  TECHNICAL MEMORANDUM. Scientific
and technical findings that are preliminary or of
specialized interest, e.g., “quick-release” reports,
working papers, and bibliographies that contain
minimal annotation. Does not contain extensive
analysis.

*+  CONTRACTOR REPORT. Scientific and
technical findings by NASA-sponsored
contractors and grantees.

+  CONFERENCE PUBLICATION. Collected
papers from scientific and technical
conferences, symposia, seminars, or other
meetings sponsored or co-sponsored by NASA.

*  SPECIAL PUBLICATION. Scientific,
technical, or historical information from
NASA programs, projects, and missions, often
concerned with subjects having substantial
public interest.

«  TECHNICAL TRANSLATION. English-
language translations of foreign scientific and
technical material pertinent to NASA’s mission.

For more information about the NASA STI
program, see the following:

»  Access the NASA STI program home page at
http://www.sti.nasa.gov

*  E-mail your question to help@sti.nasa.gov

*  Fax your question to the NASA STI
Information Desk at 757-864-6500

*  Telephone the NASA STI Information Desk at
757-864-9658

*  Write to:
NASA STI Program
Mail Stop 148
NASA Langley Research Center
Hampton, VA 23681-2199



NASA/TM—2018-219886

Effect of Control Mode and Test Rate on
Fracture Toughness of Advanced Ceramics

Bronson D. Hausmann
Case Western Reserve University, Cleveland, Ohio

Jonathan A. Salem
Glenn Research Center, Cleveland, Ohio

Prepared for the

42nd International Conference and Exposition on Advanced Ceramics and Composites (ICACC18)
sponsored by the American Ceramic Society

Daytona Beach, Florida, January 21-26, 2018

National Aeronautics and
Space Administration

Glenn Research Center
Cleveland, Ohio 44135

August 2018



Acknowledgments

Bronson Hausmann thanks NASA Glenn Research Center for its support through the LERCIP project, as well as
Dr. Jon Salem for years of collaboration and mentorship. Many thanks to Professor Michael Jenkins
of California State University, Fresno, for manuscript review and feedback.

Trade names and trademarks are used in this report for identification
only. Their usage does not constitute an official endorsement,
either expressed or implied, by the National Aeronautics and

Space Administration.

Level of Review: This material has been technically reviewed by technical management.

Available from

NASA STI Program National Technical Information Service
Mail Stop 148 5285 Port Royal Road
NASA Langley Research Center Springfield, VA 22161
Hampton, VA 23681-2199 703-605-6000

This report is available in electronic form at http://www.sti.nasa.gov/ and http://ntrs.nasa.gov/



Effect of Control Mode and Test Rate on
Fracture Toughness of Advanced Ceramics

Bronson D. Hausmann
Case Western Reserve University
Cleveland, Ohio 44106

Jonathan A. Salem
National Aeronautics and Space Administration
Glenn Research Center
Cleveland, Ohio 44135

Summary

The effects of control mode and test rate on the measured fracture toughness of ceramics were evaluated
by using chevron-notched flexure specimens in accordance with ASTM C1421. The use of stroke control
gave consistent results with about 2 percent (statistically insignificant) variation in fracture toughness for a
very wide range of rates (0.005 to 0.5 mm/min). Use of strain or crack mouth opening displacement
(CMOD) control gave ~5 percent (statistically significant) variation over a very wide range of rates (1 to
80 um/m/s), with the measurements being a function of rate. However, the rate effect was eliminated by use
of dry nitrogen, implying a stress corrosion effect rather than a stability effect. With the use of a nitrogen
environment during strain-controlled tests, fracture toughness values were within about 1 percent over a
wide range of rates (1 to 80 pm/m/s). CMOD or strain control did allow stable crack extension well past
maximum force, and thus is preferred for energy calculations. The effort is being used to confirm
recommendations for the ASTM test method C1421 on fracture toughness measurement.

Nomenclature

CMOD crack mouth opening displacement

Kwb(A) mode I fracture toughness per ASTM C1421
LPD load point displacement

n power-law slow crack growth parameter

PID Proportional-Integral-Derivative feedback loop
P max maximum force at failure

SEPB  single edge precracked beam

Introduction

Fracture toughness is a critical structural design parameter and an excellent metric for ranking materials.
It determines fracture strength in the presence of flaws, both inherent and induced, and defines the endpoint
of the slow crack growth curve. For design of aerospace structures, quality measurements are required for
exposures to environments ranging from high vacuum and low temperature (e.g., the International Space
Station) to high humidity and high temperature (e.g., a Florida launch pad). Although an excellent standard
on fracture toughness measurement of ceramics has been developed by ASTM (test method C1421), the
range of effects necessary for some applications merit further investigation (Ref. 1). Particularly,
measurements on glass-ceramics or glasses are desired. Common concerns include test humidity and test
rate (Refs. 2 and 3). A secondary aspect of test rate is the control mode used.
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Rate of force application and test environment have a strong effect on the strength (Ref. 4) and thus
fracture toughness of ceramics and glasses. This is a result of several factors, including stress corrosion
(Ref. 2) and energy stored and released from the test system. Brittle ceramics susceptible to environmental
stress corrosion have also been found to exhibit rate-dependent fracture toughness (see Table I and
accompanying paper in this volume). Stress corrosion can be mitigated via dry environments and rapid rates,
leaving only stability effects as the prominent concern for fracture toughness measurements.

Stored energy release can be controlled by ensuring crack growth stability. Achieving this stability
depends on competing variables such as a stiff load train and a sufficiently sensitive force transducer. In
some cases, researchers have combined strain-controlled testing with high-capacity (low-resolution) force
transducers to produce very stable results (Ref. 5). Because the measurements are small relative to transduce
capacity (1 percent of capacity), metrology becomes a concern.

Procedure

In this work, the effects of control mode, test rate, and environment on the fracture toughness of
AlliedSignal Ceramic Components AS800 silicon nitride were measured by using chevron-notched flexure
specimens in accordance with ASTM test method C1421 (Ref. 1). The effects of humidity and test rate can
be confounded, so to distinguish which factors influenced the results, strain control mode tests were
employed over a wide range of rates (1 to 80 um/m/s) in both lab air and nitrogen.

In addition to recording strain, crack mouth opening displacement (CMOD) was recorded using a laser
micrometer, which measured the displacement between two parallel silicon carbide pins (see Figure 1) fixed
to either side of the notch opening. Back face strain, which is linearly proportional to CMOD in the linear
elastic region, was sufficient for confirming stable crack extension well past peak force. This was vital for
comparison between lab air and dry nitrogen environment tests because containing the nitrogen prevented
use of the laser during testing.

TABLE |.—FRACTURE TOUGHNESS OF AlSiMag 614 ALUMINA

Stroke rate, Fracture toughness, 2
mm/min Kivb(A),
MPaOm
Test environment
Water Air Silicone oil or dry N2
0.05 2.75+0.01 (4) 3.19+0.07 (7) 3.37 £0.05 (4)
0.01 2.64 £0.06 (3) 2.93+0.10 (3) 3.39+£0.02 (2)

2 Mean + standard deviation (sample size).

© |
Figure 1.—Crack mouth opening displacement (CMOD)
laser micrometer setup. Laser passes over two thin
silicon carbide pins perpendicular to crack opening.
Detector on the right side of test specimen measures

distance between pins, outputting measurement at
rate of about 100 Hz.
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For ease of comparison, fracture toughness values were normalized to the fracture toughness measured
at 0.05 mm/min in stroke control. This is a typical testing condition, making it ideal for comparison in terms
of percent deviation between various testing conditions (see Table Il and Figure 2) (Ref. 6).

Results

It was found that with a low-capacity force transducer, four-point flexure, and strain control, consistent
results occur over a wide range of rates, particularly when environmental effects are minimized (see Table 11
and Figure 2). When environmental effects are present, the difference is less than 7 percent for an extremely
wide range of strain rates. Also noteworthy is that silicon nitrides are sensitive to stress corrosion, as shown
in Figure 3, as evidenced by a loss in strength with decreasing stress rate. The effect on the fracture
toughness of AS800 is small (<3 percent variation) for reasonable experiment setups. The power-law slow
crack growth parameter n for some nitrides is similar to that of silicate glass, implying a stress corrosion
effect. Use of stroke control, which is less stable, best mitigates the effects occurring in laboratory air (see
Table 1l and Figure 4) and gives very consistent results.

TABLE II.—FRACTURE TOUGHNESS OF AS800 SILICON NITRIDE?

[ASTM test method C1421 with chevron-notched beam specimens.]
Testing Testing mode Fracture toughness,? Deviation from Nominal time to
environment and rate Kib(A), typical test peak load,
(number of tests) MPavm (0.05 mm/min) S
Stroke control
0.005 mm/min (3) 7.87+£0.05 +0.5% 600
0.05 mm/min (15) 783+0.16 | = - 100
0.2 mm/min (3) 7.89+0.09 +0.7% 20
0.5 mm/min (4) 8.04+0.04 +2.7% 10
Strain control
Laboratory air 0.1 pm/m/s (3) 7.45+0.15 -4.8% 3,300
1 um/m/s (10) 7.49+0.28 —4.4% 300
10.25 pm/m/s (5) 7.60+0.22 -3.0% 50
40 um/m/s (3) 7.81+0.10 —0.03% 10
80 um/m/s (5) 7.98+0.13 +2.0% 5
CMOD control®
0.04 pm/m/s (4) 7.66+0.45 —2.3% 50
Strain control
. 1 pm/m/s (3) 7.81+0.18 -0.03% 300
Dry nitrogen
40 pm/m/s (3) 7.95+0.12 +1.0% 10
80 um/m/s (4) 7.94+0.59 +1.3% 5
All data 7.79+0.19 -005% | @ -

2AlliedSignal Inc.
bValues include standard deviation.
¢CMOD is crack mouth opening displacement.
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Figure 2.—Rate effects on fracture toughness of AS800 silicon nitride (AlliedSignal Inc.) tests
performed in laboratory air at 50 percent relative humidity. Upper x-axis corresponds to stroke
control, and lower axis corresponds to strain control. Crack mouth opening displacement (CMOD)
control test rate has been converted to microstrain rate for direct comparison (see appendix). Plotted
values are normalized against those of average test performed at 0.05 mm/min. Single-edge
precracked beam (SEPB) data bounds adapted from References 6 and 7.
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Figure 3.—Constant stress rate curves for several silicon nitrides and glass. Adapted from References 8
and 9. Inset table gives power-law slow crack growth parameter n for several commercial silicon nitrides.
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Figure 4.—Stroke rate testing representative curves for ASTM C1421
tests of AS800 silicon nitride (AlliedSignal Inc.) chevron-notched

flexure specimens. Force as function of back face strain for stroke
control.

Strain control tests in laboratory air show a significant variation in fracture toughness; however, when
similar testing is done in dry nitrogen, this variation is significantly reduced (see Figure 5 and Figure 6,
respectively). This implies a stress corrosion effect from humidity in the air as opposed to a rate effect from
stored energy or other mechanisms. Test repeatability was confirmed by similar force-strain curves as well
as sufficient unloading after peak force before failure of the sample. CMOD-controlled testing lacked the
repeatability of strain control testing due to loop tuning difficulty (Figure 7). This is seen in the curve’s
unstable appearance beyond peak load. Further refinement of CMOD testing is left to future work.

Although CMOD control allowed for asymptotic unloading, the unstable appearance of the unloading
curve indicates strain energy was wasted on cyclic unloading. The feedback loop had difficulty remaining
closed. Similar repeatability issues were seen in high rate tests performed in dry nitrogen by using strain
control. Strain control was stable until low force (10 percent of maximum), when it typically became
unstable. It is suspected that highly concentrated stress fields on strain gages near failure result in this
instability. Although it was difficult to control tests from the CMOD channel, CMOD data were recorded
during a number of strain control tests. As long as stable crack growth was achieved, force plotted as a
function of CMOD decays asymptotically, allowing for future energy calculations (see Figure 8).
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Figure 5.—Strain rate testing representative curves for ASTM C1421
tests of AS800 silicon nitride (AlliedSignal Inc.) chevron-notched
flexure specimens. Force as function of back face strain, tested in
strain control.

80+
704
60 -
504
=z
8 40-
(o] ]
L
30+
. Strain rate,
20 um/1m/s
] ——10.25
19 —40
i —280
0

T T T T T T T T T T T T T 1
0 100 200 300 400 500 600 700
Strain, um/m
Figure 6.—Strain rate testing in ASTM C1421 tests of AS800 silicon

nitride (AlliedSignal Inc.) chevron-notched flexure specimens in dry
nitrogen. Force as function of back face strain, tested in strain control.
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Figure 7.—Crack mouth opening displacement (CMOD) rate testing
representative curve for ASTM C1421 tests of AS800 silicon nitride

(AlliedSignal Inc.) chevron-notched flexure specimens. Force as
function of CMOD, tested in CMOD control.
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Figure 8.—Force as function of crack mouth opening displacement

(CMOD) for strain control in ASTM C1421 tests of AS800 silicon
nitride (AlliedSignal Inc.) chevron-notched flexure specimens.

NASA/TM—2018-219886 7



Conclusions

The fracture toughness as measured in stroke control was relatively unaffected by rate variations.
Stability beyond maximum force, however, was greatly reduced in this mode, leading to failure within
100 microstrain of peak load. Strain-controlled testing was able to achieve fully asymptotic failure in some
cases, often reaching as low as 20 percent of peak force before breaking. Test specimens tested in strain
control additionally exhibited stress corrosion behavior in a laboratory air environment, which was
confirmed through testing in dry nitrogen. Laboratory air humidity during the test resulted in a fracture
toughness reduction of about 5 percent for very slow test rates. For engineering purposes, tests performed
within 10 to 15 s result in comparable fracture toughness regardless of test mode. A compromise must be
found between test stability and environmental effects.

Future data processing involving calculation of work of fracture and strain energy release rate could be
useful to directly compare control modes. Before this is possible, however, a conversion between load point
displacement and crack mouth opening displacement must be obtained either experimentally or through
finite element analysis. Future work will also include dynamic fatigue testing to confirm that the effect
demonstrated in AS800 silicon nitride (AlliedSignal Inc.) is due to slow crack growth.
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Appendix—L.inear Correlation of CMOD and Back Face Strain

Crack mouth opening displacement (CMOD) and back face strain were linearly correlated using a strain
gauge in tandem with a laser micrometer. By matching the strain channel to a predetermined waveform, a fit
was generated that provided direct conversion between the two parameters (see Figure 9). Obtaining this
data experimentally allowed for a conversion factor tailored to the exact billet of material as well as the
exact load frame configuration, all without needing to resort to finite element analysis estimates. Similar
methods can be employed to correlate load point displacement to CMOD, and thus to back face strain.

Strain, um/m

CMOD, um

Figure 9.—Linear correlation between crack mouth opening displacement (CMOD)
and back face strain for AS800 silicon nitride (AlliedSignal Inc.). The relationship
was determined by overlaying several linear loading-unloading cycles and
plotting a linear regression for the entire data set.

NASA/TM—2018-219886 9



References

1. ASTM C1421-15: Standard Test Methods for Determination of Fracture Toughness of Advanced
Ceramics at Ambient Temperature. ASTM International, West Conshohocken, PA, 2018.

2. Ritter, J.E.: Predicting Lifetimes of Materials and Material Structures. Predicting Lifetimes of
Materials and Material Structure. Dent. Mater., vol. 11, no. 2, 1995, pp. 142-146.

3. Wiederhorn, S.M.: Subcritical Crack Growth in Ceramics. Fracture Mechanics of Ceramics, Springer,
Boston, MA, 1974, pp. 613-646.

4. Freiman, Stephen W.; Wiederhorn, Sheldon M.; and Mecholsky, Jr., John J.: Environmentally
Enhanced Fracture of Glass: A Historical Perspective. J. Am. Ceram. Soc., vol. 92, no. 7, 2009,
pp. 1371-1382.

5. Garcia-Prieto, A, et al.: Controlled Fracture Test for Brittle Ceramics. J. Strain Anal. Eng. Des.,
vol. 46, 2011, pp. 27-32.

6. Salem, J.A, et al.: Stress Intensity Factor Coefficients for Chevron-Notched Flexure Specimens and a
Comparison of Fracture Toughness Methods. Ceramic Engineering and Science Conference, vol. 20,
no. 3, 1999, pp. 503-512.

7. Choi, Sung R., et al.: Foreign Object Damage Behavior of Two Gas-Turbine Grade Silicon Nitrides
by Steel Ball Projectiles at Ambient Temperature. NASA/TM—2002-211821, 2002.
http://ntrs.nasa.gov

8. Salem, Jonathan A.: Transparent Armor Ceramics as Spacecraft Windows. J. Am. Ceram. Soc.,
vol. 96, no. 1, 2013, pp. 281-289.

9. Graves, G.A.; and Hecht, N.L.: Effects of Environment on the Mechanical Behavior of High-
Performance Ceramics. Report UDR-TR-94-136, U.S. Department of Energy Contract DE-ACO05—
84R21400, 1995.

NASA/TM—2018-219886 10


http://ntrs.nasa.gov/







	TM-2018-219886FinalDraft
	Summary
	Nomenclature

	Introduction
	Procedure
	Results
	Conclusions
	Appendix—Linear Correlation of CMOD and Back Face Strain
	References




