
36

Getting X-57 ready to fl y

9ELECTRIC FLIGHT    

How to avoid being trapped on Earth

SPACE DEBRIS 

NRO’s Scolese on competing with China

Q&A  10

JANUARY 2022   |   A publication of the American Institute of Aeronautics and Astronautics   |   aerospaceamerica.aiaa.org

HOW MANY LAUNCHES
CAN OUR ATMOSPHERE TAKE?

Researchers aim to fi nd out PAGE 20



16    |  JANUARY 2022    |    aerospaceamerica.org

The next version of NASA’s expendable Space Launch 
System rockets will likely rely on adhesive fi lm rather than 
metal fi xtures to join sections of composite in parts of the 
structure. Keith Button tells us how engineers earned the 
trust of designers to incorporate the technique into rockets 
that will carry astronauts.
KEITH BUTTON  |  buttonkeith@gmail.com

MANUFACTURINGENGINEERING NOTEBOOK

The right stuff 
for rocket joints

One of the composite panels of the Universal Stage 
Adapter's Manufacturing Test Demonstrator is lowered 
into place at the Dynetics manufacturing facility in 
Alabama in 2020. The MTD will be used to hone 
manufacturing techniques for construction of the outer 
shell of the adatper, which will house cargo in the 
Block 1B versions of the Space Launch System rockets.

Dynetics/RUAG Space
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M
anagers of NASA’s Space Launch

System program made a bold 

decision in 2018 after reviewing 

engineering reports about prog-

ress in the Composite Technol-

ogies for Exploration project, a 

multi-fi eld-center eff ort to reduce the weight of future 

space vehicles by joining composite panels with epoxy 

fi lm adhesive rather than metal fi xtures.

Th ey would begin the process of incorporating the 

bonded-joint technique into the SLS design as an 

alternative to bolts and plates starting with the fourth 

in the line of multibillion-dollar expendable rockets, 

the one that would send astronauts to the Lunar 

Gateway, a planned stopover point for astronauts on 

their way to the moon’s surface. Th is rocket will be 

the fi rst of the larger SLS Block 1B design, which in-

cludes a cargo carrier called the Universal Stage 

Adapter (USA) and a Payload Attach Fitting (PAF) 

inside it to hold cargo fi rmly in place during launch. 

Managers were looking for places to save weight to 

carry more payload, and the 2018 decision to embrace 

bonded joints was an outcome of this USA Mass Op-

portunities study. Th e new technology will be applied 

to each of these components, pending a critical design 

review scheduled for them in June. 

Th is is the story of how a team of NASA composite 

engineers won the confi dence of those in charge of 

NASA’s most expensive program to start the process 

of adopting a technology that promises to reduce the 

mass of rocket joints by 87%. 

“We were ecstatic to learn that the work that we 

had done was relevant and convincing to the fl ight 

project,” says Ken Segal, design and analysis co-lead 

for the CTE project. “As we go to explore the moon and 

Mars, we need to have lighter-weight structures,” 

which means spacecraft can either carry more supplies 

and experiments or burn less fuel. 

Trusting bonded joints in rockets with people 

aboard will be a major step. Bolted joints have a tried 

and true record in the industry, but the confi dence of 

spacecraft designers in bonded joints has lagged. 

There was scant testing data proving that bonded 

joints were no riskier than traditional ones, and the 

reliability of digital tools that attempted to predict the 

strength of a bonded joint design was unknown. 

Th at’s the crux of the problem the team of 12 en-

gineers at multiple fi eld centers set out to solve.

The right joints

One of the fi rst challenges was to choose which kind

of bonded joints to create representative versions of 

for modeling and testing in the lab at diff erent scales. 

Ideally these would be the most worthy candidates to 

show the world the benefi ts of bonded joints.

Th e review started with every type of joint that 

had been employed or possibly could be employed 

for a space mission. They considered bonded and 

bolted joints, thinking that a bonded equivalent might 

be created for the bolted version. Th ey then narrowed 

the list based on factors such as whether the joint 

could be easily reproduced and analyzed, the cost of 

building the joint, its mass, and its expected strength 

and resistance to damage. 

 Th e fi eld was narrowed to two bonded confi gu-

rations that could be alternatives to the traditional 

bolted metal joints on SLS. One was a double-lap 

bonded joint that could join curved panels of com-

posite to form the Universal Stage Adapter, which will 

be made by Dynetics in Decatur, Alabama, and the 

Payload Attach Fitting, which NASA will make in 

house at Marshall Space Flight Center in nearby 

Huntsville. Th e other joint, which has not been ad-

opted by the SLS program, was a circumferential joint 

that could in theory attach the PAF to a ring and to 

the rest of the rocket. 

In the conventional double-lap joint that the 

initial blueprints for Block 1B called for, two panels 

consisting of honeycombed aluminum sandwiched 

between layers of composite fi ber were to be butted 

together. Strips of metal would protect this seam on 

both sides, and these strips would be through-bolt-

ed to bind them with the two panels. For the repre-

sentative bonded joints, the configuration was 

similar, but without bolts or metal plates. Such joints 

rely on composite strips covering both sides of their 

seams, and a fi lm of adhesive bonding the strips to 

the panels.

For the traditional circumferential joint, a metal 

ring would be bolted to a cut-off-cone composite 

structure, which is the shape of the Payload Attach 

Fitting. Th e ring in a cross-section view looks like a 

squared-off  C with a sideways Pi symbol on the back 

of the C. Th e base edge of the cone fi ts into the slot 

created by the upward-angled legs of the sideways Pi. 

“ We showed that you could 

make these joints; you could 

hit them, and impact them, 

and cause damage to them, 

and they still could meet the 

strength requirements.”
– Ken Segal, Composite Technologies for Exploration project
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In the bonded joint version, the ring and its Pi-shaped

fi tting would be made of 3D-woven carbon composite 

— strengthened by both horizontally and vertically 

woven fi bers — and be bonded to the conical structure 

with fi lm adhesive instead of bolts. 

Damage assessment

With the two kinds of joints identifi ed, the engineers

needed a method for measuring damage inside the 

joints when stress is applied. Th ese damage measure-

ments would form a real-world baseline for judging 

the accuracy of the computer models that designers 

must rely on when deciding whether a particular kind 

of joint is resilient enough to incorporate in a blueprint 

ahead of construction and testing. 

The strength, durability and weight of bonded 

joints depends on the type of composite materials and 

adhesive, the confi guration of the joint and how the 

joint is built and cured. Th at variety makes it diffi  cult 

to digitally predict when a particular design of bond-

ed joint would fail. “You can see how this gets com-

plicated,” Segal says.

To solve this predictability problem, the engineers 

applied a building-blocks approach: Start by testing 

the strength of small pieces — 2.5 by 25 centimeters, 

for example — of the carbon composite material that 

the representative bonded joints were to be built from. 

Th en test small scaled-down versions of the joints, 

and then larger and larger scaled-down joints. 

Th ey conducted just over 1,000 tests during the 

fi ve-year program that ended in October, and enough 

by 2018 for NASA to feel confi dent enough to begin 

incorporating the bonded joints in the SLS 1B design. 

Th ey stretched, compressed and broke scaled-down 

versions of the representative bonded joints ranging 

in size from 15 by 20 cm to 91 by 152 cm. Engineers at 

NASA’s Goddard Space Flight Center in Maryland 

built the smaller scaled-down joints for the tests and 

engineers at NASA Marshall built the larger scaled-

down joints.

Commercially available computer modeling 

programs were selected, as well as programs developed 

at NASA, to analyze strength and predict failure points 

for the scaled-down joints. Th en physical tests were 

conducted to fi nd out which software created the most 

accurate predictions of failure strength when forces 

are applied from diff erent directions. Th ey needed 

accurate predictions for how much energy it took to 

break the joints by pulling them apart (tensile strength), 

pushing them together (compression strength) or 

tearing them apart (shear strength).  Th ey also tested 

joints for strain — how the joints stretched or deformed 

before they failed. 

To pinpoint where the joints were failing as they 

broke apart, a variety of measurement methods were 

employed. Foil strain gauges were bonded to the surface 

of the joints, typically 0.5-by-1-cm wide. A white paint 

Universal 
Stage 
Adapter

Payload 
Attach 
Fitting

Exploration 
Upper Stage

SLS Block 1B

Debuting 
bonded joints 
NASA set out to trim weight from the design of the Space 
Launch System’s coming cargo carrier, the Universal Stage 
Adapter, so it could carry more payload. Pending design 
reviews, the components below will now be formed by joining 
panels of composite with adhesive, rather than metal fi xtures. 

SOURCES: Research by Cat Hofacker; images from NASA
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with a black speckled pattern was sprayed on the surface

of the joints and then the specks were tracked with a 

digital camera, a method called digital image correlation.

Th e joint strain and damage were also measured 

with X-ray computed tomography. To measure strain, 

for example, the engineers clamped a scaled-down 

joint at both ends and activated a hydraulic piston 

to push the two clamps apart to apply strain, then 

they unclamped the joint and placed it in an X-ray 

chamber to take images. Th en they put the joint back 

in the clamped test frame to apply more strain, 

X-rayed it again, and repeated the process over and 

over until the joint broke, to record how and where 

cracks develop under the surface. Th ey also pin-

pointed damage under the surface with thumb-

tack-shaped acoustic sensors that they glued to the 

surface of the test joints: The sensors could hear 

when fibers popped or resin cracked, and these 

sounds could be plotted to locate where the cracks 

then occurred. And they employed a sound mea-

surement method where ultrasonic pulses were 

directed into the joint and a computer program 

located cracks and other defects based on how 

quickly the pulses refl ected back.

Th e predicted results from the computer models 

were compared to the actual results of their tests, then 

they updated and improved the computer models by 

feeding the actual test results back into the models. 

Some of the computer models were accurate to with-

in 2% of the actual results, which was considered 

excellent, Segal says, and most of the computer pre-

dictions were within 10% of the actual results. Some 

were accurate to within only 50% — these were the 

predictions for 3D-woven composites, which are 

relatively new to the composites world. 

“We haven’t gotten as good using those [digital] 

tools” for modeling 3D-woven composites, Segal says. 

“The tools might be good enough; we don’t know. 

Sometimes it’s not the tool, but the analytical process 

that you use.”

Weight watching

The engineers calculated that a full-scale confi gura-

tion of their representative double-lap bonded joints 

— eight panels joined by eight joints — would weigh 

19 kilograms compared to 150 k for the bolted-met-

al-strips version. And just 40 parts would be required, 

rather than the 2,116 in the bolted version.

For a representative circumferential joint, at full 

size — about 8 meters in diameter — they calculated 

that the bonded version would weigh 168 k less than 

the bolted version.

But the weight savings could not come at the cost 

of additional risk compared to the redundancy pro-

vided by bolts.

“If you lose one bolt, you still have thousands of 

other bolts,” Segal says. “But if your bond line breaks, 

The research papers 
Findings related to bonded joints were to be 
presented in the following papers at AIAA’s 
SciTech Forum in January:

“3D Woven Composite End Ring Structure: Design 
Development and Verifi cation Testing” 
LEAD AUTHOR: Kenneth Segal

“Challenges in Scaling Analysis from Coupons to 
Elements in 3D Woven Composites for a Launch 
Vehicle End-Ring Structure”
LEAD AUTHOR: Andrew Bergan

“Experimental Observations of Damage States in 
Unnotched and Notched 3D Orthogonal Woven 
Coupons Loaded in Tension” 
LEAD AUTHOR: Wade C. Jackson

“Multiscale Progressive Failure Analysis of 3D 
Woven Composites” 
LEAD AUTHOR: Evan J. Pineda

“Process Modeling of Woven Textiles”
LEAD AUTHOR: Kalima Bukenya

there’s potentially nothing to stop it. You need to

demonstrate that it is worthy and trustworthy.” For 

the CTE project, for example, the engineers tested 

their representative joints extensively after hitting 

them with a hammer to damage them, and the joints 

were still stronger than their design limit.

“We showed that you could make these joints; 

you could hit them, and impact them, and cause 

damage to them, and they still could meet the strength 

requirements,” Segal says. “I’m pretty sure that that’s 

part of the reason that SLS made the switch.”

Besides showing which computer models worked 

best for predicting bonded joint failure, the CTE 

project improved the failure prediction ability of 

computer models. Th ose models could be employed 

by designers of bonded joints for airplanes as well as 

spacecraft. Test data were also generated that NASA 

can share with outside researchers, and already some 

universities are working with the 3D-woven compos-

ites data for their own research. 

“We generate this data and we want people to work 

with it,” says Segal. 




