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Abstract

Determining the root cause of premature failure in a polyurethane part requires analysis of the physical,
mechanical, and chemical nature of the failure.

In this paper we will review common analysis for basic type failures as well as newcadvapabilities to

determine root cause of the failures. We will also provide real world examples of failure root cause analysis which
include mechanical and chemical failures. These failures will range from the most simplistic mechanical failures to
extensive failure analysis that require advanced mechanical and analytical technitpese includé&inite

Element Analysis (FEA), Fourier Transform InfraRed (FTIR) spectroscopy, Scanning Electron NiBEb&camy
Nuclear Magnetic Resonance (NMR).

Introduction

Striving for perfection is the goal of every manufacturing organization. The implementation of engineering
controls, personnel training, and quality assurance proceduresshelgeduce the number of quality control
incidencesFigurel illustrates a common root cause analysis technique to identify all possible causes when a
failure occurs. These can range from proeesated, both operator and madghe, to materials, to even design
flaws, making the ability to correctly identify the root cause of a failure or insufficient performance of a part a
critical task.
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Some issues that may result in potential failures are fouwntthe early processingtages Others are difficult to

detect until parts have already reached the field. In every case, it is necessary to know the tools and techniques
that are ava#ble to assist in failure root cause analyses and implement the proper corrective actions at the
appropriate level. Urethane systems can be complex with many variables that play into how a part performs
Therefore a variety of analytical methods may be tegd to determine which variables are contributing to a
failure. Tablel provides a brief overview of methods discussed in this paper and summargesémefits and

limitations.

Method Name

Main Applications

Benefits

Limitations

Fourier-Transform Infrare

PU Backbone determination
Evaluation of contimant

Quick/simple test
Relatively low cost

More qualitatitive than quantitative in many cases

Spectroscopy Presence of adhesives, mold release, etc
(FTIR) Ratio
Nuclear Magnetic Composition analysis High resolution spectra Prohibitive cost/size
Resonance Evaluation of contaminants More detailed and conclusive than FTIR Highly skilled analysis
(NMR) Ratio
Ratio (MOCA or MCDEA cures) Robust and repeatable Requires special equipment and skilled analyst
% Chlorine Direct measurement of curative Limited to MOCA & MCDEA cures

Scanning Electron
Microscopy
(SEM)

High resolution imaging
Elemental mapping
Composition Analysis
Visual inspection of defects

Powerful optics tools
Built-in measurement capabilities
Cost is becoming more reasonable

May need to be combined with other methods
for conclusivity

ASTM Physical Propertie;

Validation of parts/properties

Can indicate processing issues
Feasible equipment for many processors to have
ASTM methods exist for definition

Physical properties aren't always indicative
of key performance areas

Dynamic Properties

Validation of parts/properties
Application simulation

More applicable to part performance in cyclic or
dynamic applications

Requires understanding of dynamic properties (ta2
Sensitive equipment

DU (g

Finite Element Analysis
(FEA)

Material behavior predictions
Design evaluations
Determination of engineering criteria (stress/strains)

Quicker for iterative design ideas
Saves costs on prototyping

Software can be costly

Analysis can be time-consuming to set-up
Characterizing elastomers can be challenging
Requires skilled personnel

Tablel: Summary of Analytical Methods and their uses, benefits, and limitations



FourierTransform Infrared Spectroscopy (FTIR)

FourierTransform Infrared Spectroscopy is a tool used to gather atgpe of the absorption vdrequency of

infrared light as it passes through a specimen. This spectrum can be analyzed to determine compositional
information about the sample in question. Analyzing the spectra in any depth requires traimirggudy, but it is
possible to make the process udeiendly with the generation of a reference library of known compositions to
match unknown samples against. Simply creating reference traces of incoming raw materials and outgoing
formulations is enough to get librarystarted. Continually adding environmental exposures, process related
variances, or known errors will quickly build a valuable set of spectra to compare against. The instrumentation is
relatively size and cost efficient, and the process to generate the spectransédcimen is very straightforward

and only requires a small sample amount to cover the diamond cell, as shdviguire2.

Figure2: FTIR Instrumentation and collection area

FTIR Case 1: Material Identification

The most common application for FTIR is identification of an unknown material sadmghe design stages of a
project it is commonly used to evaluate an incumbent material as a benchmark. In a failure analysis it is often the
first step to verify the stated identity of thiailed material. There have been cases where an elfased part

failed quickly in a humid or wateich environment only to find out that the failed part came back as an ester

based PU leading to degradation due to hydrolysis. Given the busy natureadwicpon environment, mbups

are possible and traceability is easy to lose once parts are shippeplanato the field. Being able to confirm

material identity is always an important place to start in a failure investigaiorgeneral examplés shown in

Figure3, where an unknown sample is analyzedlastrongly matched to reference spectra indicatit is a TDI
PTMEGrepolymercured with MOCAThis hformation can then be used to determinengaterial system

equivalentor decideif a superior material choice ests that mayimproveperformance.
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1 2561 96.60 PTMEG/DEG/TDI/MOCA ATR
2 3393 95.19 PTMEG/DEG/TDI/MOCA ATR

Figure3: Example of an FTIR spectra and library match.

FTIR Case 2: Evaluation of an Unknown Contaminant

FTIR has builh manipulation tools to assist with generating matches or to help with the evaluation of a sample.
One common technique is speal subtraction, which allows the user to subtract the trace of a known component
present in the sample to isolate an unknown component. This can then be analyzed or matched independently.
These techniques allow FTIR to be applied towards the evaluatibidentification of possible contaminants and
unknown artifacts within a PU sample. For example, a prepolymer sample was submitted with spherical particles
throughout the liquid materialKigured). These were noticed after loadimgaterialinto tanksbut before

processing. FTIR was utilized as a first stegitempting to identify the particles to direct the investigation to

which analyses might be needddowever, this stepproved more conclusive than originaiitended Analyzing

the spectra compared against a control of the known prepolymer type showed a reduction in the peak around
2300cm! relating to unreacted NCO and an increase in peaks associated with urea chaimgfakmno curative

was present in the system, a second comparison spectra of a similar prepolymer cured with moisture was added.
Utilizing spectral subtractigrthose peaks were shown to be indicative of gelling and curing due to moisture. Drops
of moisturewere suspected of creating localized gelling within the prepolymer. This could be recreated and
additionally confirmed that the spherical nature of the particles, which at first was still unexplained, was found to
be related to the agitation of the matérif ® ¢ KA a NBadzZ 6§SR Ay (GKS alLRfAaKAy3IE
through the tanks.



Figure4: Image of spherical particles (left) and under magnification (right)
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Figure5: FTIR trace of pades, compared with bulk prepolymer and moisture cured prepolymer

FTIR Case 3: Evaluation of Part Defect

In a part presenting with cracks and voi&iggiure6), surface scrapings from the inside of the voids were analyzed
and subtracted from a trace of the urethane itself. Searching for a match to this trace showed the presence of
polydimethylsiloxane (PDMS), indicating that excess mold release wagspikeknt at the time of molding. Based



on similar failures observed in the past, the excess mold release was likely trapped during the casting operation
causing the formation of cracks and voids during the curing process.

Figure6: Image of crack defect on surface of part (left), sample preparation isolating the inside of the void inside the crack

(right)
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Figure7: FTIR comparison showing the residue from the inside surface @fitlematched to PDMS

FTIR Case 4: Tires & Wheels

Comparable analyses are often performed on the surfaces of wheel hubs to check for the presence of bonding
agents or mold release at the site of bond failures, or from the surfaces of parts where unkoov@mination is
present. For example, an unknown filike sample was taken from the surface of a wheel on two separate
occasions. FTIR analysis assisted the determination of two distinct root causes in these two cases that presented
similarly.



In the first instance, the film was found to be polyethylene. This likely was a piece of the packaging from the wheel
that was not removed properly and had melted to the surface of the wheel as it heated up due to use.

In the second, the film was proven to be thense composition as the urethane wheel. Running additional wheel
capacity calculations indicated a potential risk for hysteretic blowout failures. This can result in overheated
urethane from the center of the crossection escaping and coating the trackeheel subsequently ran over

this urethane on its next pass and created the film on the surface. Proving the film to likely have originated from
the wheel itself pointed to the wheel being underdesigned or overloaded. The design was then adjusted and the
max load and speeds were-cemmunicated to the end user before a higher quantity of failures occurred.

FTIR Case 5: Ratio Analysis on Failed Part

FTIR can be used to determine whether a part igatib, especially if the theory is off by a significantount.

Typically, calibration curves or control samples are needed to give a quantitative result. In one recent example,

dzaSNA y20AO0OSR GKIG Y2tRSR LI NIA& RAR y20 aFSSté& 2NJ aoSKI
were observed to crackna break apart by hand when flexed. Typically this type of behavior could be indicative of

a material issue or parts being processed fafraffo. As part of the investigation, control samples were cast at

50%, 70%, 95%, and 130% for use during the aemhexjuired Figure8 shows the NH and EH regions of the FTIR

trace. A trace of the curative is also shown corresponding to peaks in the origindesaataped to the amount of

curative present.

0.24150% Theory
170% Theory
0.22:95% Theory
:130% Theory
0.20-Failed Part
EDIO| Curative

0.18:

0.16:
0.14:

0.12:

Absorbance

0.10-3
o,os-f
0.06!
0,04-5
0.02-3
o,oo-f

0.02:

3600 3400 3200 3000 2800

Wavenumbers (cm-1)

Figure8: N-H and EH stretch of FTIR trace for controls and failed part. Trace of curative is overlaid above with corresponding
peaks



In this case the diol curative has a strongaifbance near 2917ch® ¢ KA a LIS| |
structure, independent of cure. As shownRigure9, this peak intensifies as mitheory is increased. A calibration

curve can be generated by measuring the absorbance for this peak and dividing by theHop&la® near 2900

A a

NB |

SR

cnt!, shown inFigurel0. This allows the estimation of the ratio of the failed part, which given how much excess
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Figure9: Zoomed in FTIR trace on Diol Curative peak
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A similar approach can be used for the urethankl leak developed during cure as showrfrigurell, and a
similar calibration curve generated Figurel2. This calibration suggests the failed part was over 170% theory,
consistent with the doublelose theory.
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Figurell: N-H peak from FTIR trace
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Nuclear Magnetic Resonance (NMR)

While FTIR analysis is versatile and can pravégéul analytical information as shown in the previous examples,
often there is a need for higher resoluti@malysis that results in additional detail. Nuclear Magnetic Resonance
(NMR) has become a valuable tool building on the information available analyzing lgrBuigR additional
capabilities including:

|l

= =4 =4 =4

High resolution spectra allowing for more detailed composition analiygikiding specific babones and
mole ratios of polyolsKigurel4)

Identification of components with smaller or trace amounts

Able to quantify percentage of components, aliag for ratio analysis or determining additive levels
Evaluation of contaminants or unknown material

Compare urea group levels between good and questionable samples to determine hydrolysis

Figurel3: NMR Instrumentation
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Figurel4: Example of spectrum generated by NMR analysis of MDI ester / BD system with trace amounts of secondary

components

Since the percentages of components can be quantified, ratio calculations can be carried out. Calculatin ratio
NMR results is especially important for systems using curatives that lack chlorine or sulfur and has found great
usefulness for systems cured with Jhdtanediol. Two approaches can be used when performing this type of ratio

analysis.

1 Control samplesan be submitted to generate a calibration curve, against which the sample in question

can be compared.

1 A mock formulation using lot NCO can be createtying ratio until it matches the percentages returned

by NMR.

With the increased sensitivity of NMRropared to FTIR, exact percentages of individual components can be more
accurately determined, differentiating between ratios that are closer together where such distinctions might not

have been possible with FTIR.
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Percent Chlorine AnalysisSchoniger Combustion (%Cl)

It is possible to determine

sample is combusted in a

thimtio of parts cured with specific curatives through the direct measurement of the
amount of chlorine present in the cured part. For simplicity this section refers to calculations dealing with MOCA,
but the same method applies to MCDEA cures with mod#éigaiations.To cquickly summarig the method, a

specially designed flask, absorbed in a solution, and titrated to determine the level of
chlorine. As MOCA contains a known percentage of chlorine this translates to a direct measusément

concentration of MOCA present in the original sample.

When formulating, the amount of curative needed in a part is calculated based on the target ratio and the %NCO

of the prepolymer Equationl).

Equationl: Calculation to determine amount of MOCA (parts per hundred parts of prepolymer) as a function of %NCO,
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Equivalentveight of curative, and desired theory




Ratio can be determined by using this same concept in reverse. The amount of curative is now known through
direct measurement of chlorine and ideally %NCO is known from lot traceability. évéim thatNCO of the

original prepolymer is not known, it is possible to do the same calculation with an assumed value of NCO. This is
often the midpoint or the endpoints of the specification to get an estimate or a range of stoichiometries that the
part will fall in. Although tls assumption limits the determination of the exact ratio, often it is enough to make
reasonable conclusions about the likelihood of parts beingoomff-ratio.
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Equation2: Calculation of amount of MOCA from measured % Chlorine, and Calculation of ratio as function of MOCA content
and %NCO

Scanning Electron Microscopy (SEM)

The crux of Scanning Electron Microscopy (SEM) technalgg@2 f 3Sa& 62YolF NRAYy 3 |- &l YLIX SQ3
energy electron beam on the surface of a sample. When the electrons interact with the surface of the part, it

generates signals that can be interpreted by the instrumentation to provide information ahewglemental

composition of the sample. Historically the use of SEM was limited to research settings due to the size and cost of

the instrumentation. However, the recent advent of benchtop SEM units has redagqrgdmentsize down to that

of a suitcaseRigurel6) and cost down to approximately $100k. These changes allow SEM techniques to be more

broadly used to help solve practical problems in commercial ktiooies. Although cost may still be prohibitive in

some cases, it is more feasible for some potential users looking to add to their analytical toolbox.

Figurel6: Scanning Electron Microscopy (SEM) benchtop instrumentation



In addition to excellent imaging technology, these benchtop undésally come equipped with Energy Dispersive
Spectroscopy (EDS). EDS can be used to determine the elemental composition of the sample and allow for the
mapping of the elements present amoother qualitative and quantitative analysis tools. SEM has many
applications within urethane technology for troubleshooting processing issues or failure analyses, including:

1 Clear imaging of parts or defects, including scale measurement

1 Elemental composibn of a part, contaminant, or unknown artifact

1 Verifying FTIR analyses by confirming elemental markers such as chlorine or sulfur to prove the presence
of specific curatives

f Identifying poorly dispersed curatives or additives by mapping and isolatingSejerin | £a LI2KiZalE

Case 1: SEM Imaging

The ability of SEM to provide high resolution and clear imaging of a defect, contaminant, artifact, or suspected
area proves to be a valuable investigative tool by itself before even introducing the elemental aashesisof

the technology. In one case, a prepolymer sample was provided showing particles throughout. Traditional
microscopy showed only a fluffy white precipitate. A particle of the precipitate was isolated and rinsed with
solvent to remove the bulk pregymer. SEM was used to capture a very wlefline image Figurel?) of the

particle which was then suspected to be dimer, even fully revealing théatliye structure. This was subsequently
confirmed by FTIR utilizing spectral subtraction techniques to remove peaks associated with bulk prepolymer and
match against a known dimer spectrum in the reference libriigurel8).

Figurel7: Particles floating in prepolymer under traditional microscopic imaging (left) and isolated particle under SEM imaging
(right)
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Figurel8: FTIR Comparison of bulk prepolymer and isolated particle against their respective reference spectra

Case 2: Metalontamination

Elemental analysis is a bagiet valuably informative todhat can aid greatly in determining th@mposition of

an unknown artifact. In another simple case, metallic flakes were found in cured urethane after processing. In
order to determine the likely source of the contaminant, or if it was indicative of a larger issue, a request to

identify the typeof metal was made. It was suspected that damage to the steel drum or the bung had occurred in
transit and could possibly be where the pieces of metal originated. Performing EDS analysis on the metal identified
it as aluminum @mparing a piece of theung side by side highlighted the expected iron in the steel bung and
confirmed the two metals to be differenE{gurel9). Quickly and simply identifyirtge elemental makeup of a

container ruled out one potential root cause and pointed the investigation towahdinum partausedin the

process, allowing the true source to be found.
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Figurel9: Metallic flake located in cured ethane (left), SEM element map of Aluminum flakeg ¢(Atl) and steebased bung
containing iron (Fegreen) (right)






