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Quality

Quality is defined as the extent to which
the customer expectations are fulfilled or
even exceeded. The desired quality is de-
termined by the customer. With his de-
mands and expectations, he determines
what quality is - in both products and ser-
vices. Because competition leads to in-
creased customer expectations, quality
remains a dynamic quantity. Quality is de-
fined through product- and service-related
factors which are susceptible to quantita-
tive or qualitative analysis. The precondi-
tions for achieving high quality are:
Quality policy: The company commitment
to quality as a top-priority corporate ob-
jective,

Leadership: Employee-motivation mea-
sures,

Quality assurance.

Quality management

Quality system

All elements in a quality system and all

quality-assurance measures must be sys-

tematically planned. The individual assign-
ments and the areas of competence and
responsibility are to be defined in writing

(Quality-Assurance Handbook). Quality

systems are also described in international

standards, such as DIN I1SO 9001 — 9004.
Increased requirements for defect-free

products (zero-defect target) and eco-
nomic considerations (defect prevention in
place of sorting and reworking, or scrap-
ping) make it imperative that preventive
quality-assurance measures be applied.

These serve the following objectives:

- To develop products that are insensitive
to production fluctuations.

—To establish production processes to
ensure that quality requirements are
maintained within the specified limits.

- To apply methods which identify the
sources of defects at an early stage,
and which can be applied to rectify the
manufacturing process in good time.

Three types of “audit” are employed in
the regular monitoring of all elements in a
quality system:

— System audit: Evaluation of the effec-
tiveness of the quality system regarding
its comprehensiveness and the practical
application of the individual elements.

- Process audit: Evaluation of the effective-
ness of the quality-management (QM) el-
ements, confirmation of quality capability,
of adherence to and suitability of particu-
lar processes, and the determination of
specific measures for improvement.

— Product audit: Evaluation of the effec-
tiveness of the QM elemenis performed
by examining the final products or their
components.

Quality management in development
At the outset, every new product which
must fulfill the customer’s quality and reli-
ability demands is allocated a project
specifications manual.

As early as the definition phase, its con-
tents serve as the basis for the planning of
all sample and endurance tests required
to verify the new product's serviceability
and reliability.

Quality assessment

At the conclusion of specific development
stages, all the available data regarding qual-
ity and reliability are subjectec to a quality-
assessment procedure, leading to initiation
of the required corrective measures. Re-
sponsible for the quality assessment are
staff members from development, produc-
tion engineering, and quality assurance;
these, inturn, receive support from the spe-
cialists in the specialist departments.

Failure Mode and

Effects Analysis (FMEA)

This cost-reduction and risk-prevention
procedure is suitable for investigating the
types of defects which can occur in system
components and their effects on the sys-
tem (for details, see “Reliability”, P. 165).

Quality management during
procurement

This aspect must extend beyond the re-
ceiving inspection; it must comprise an
entire system. This system must ensure
that the components purchased from sup-
pliers contribute to the reliable fulfillment
of the Technical Specifications defined for
the finished product.
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It is imperative that suppliers’ quality
capabilities be supported by modern, pre-
ventive quality-assurance techniques
(e.g. SPC Statistical Process Control or
FMEA). All individual requirements for the
product must be specified in a clear and
unambiguous manner in order to allow the
subcontractor to achieve and competently
evaluate comprehensive compliance with
the individual quality requirements for the
product. These guidelines generally are in
the form of drawings, order specifications,
standards, formulas, etc.

For example, the actual manufacturer
of the supplied product performs the first
initial sample inspection. This inspection
must be reproduced by the purchaser
when the product is received (with partic-
ular emphasis on the interrelationships in-
volving manufacturing processes and the
finished product), and confirmed by
means of an incoming inspection.

The supplier’s final or shipping inspection
can take the place of the purchaser’s in-
coming inspection in those cases where the
subcontractor possesses special know-
ledge and/or the technical equipment nec-
essary for carrying out specific forms of
quality testing. The supplier confirms the
relevant quality inspections on the products
in quality certificates in accordance with DIN
55 350 or material test certificates in accor-
dance with DIN 50049. The test results ob-
tained must be forwarded to the purchaser.

Quality management in production

engineering

The preconditions for supplying assured

quality are established in the production-

planning phase. Compliance with the fol-
lowing conditions is required:

— Planning of the production process and
material flow.

— Planning of resources requirements.

- Selection and acquisition of suitable
production methods and production
equipment, as well as the requisite test
stands (e.g. for SPC).

— Examination of manufacturing methods,
production equipment and machines fo
determine machine and process capa-
bility.

- Documentation of the production proce-
dure in the production-sequence plan.

— Determination of the necessary level of
employee qualification.

— Preparation of technical drawings and
parts lists.

The Process FMEA provides a means of
methodically anticipating polential faults
in the manufacturing process and of as-
sessing their effects on the guality of the
attribute or the product. The Process
FMEA is employed to discover the
sources of defects, and to avoid the de-
fects or minimize their effects. This makes
it possible to initiate the necessary pro-
duction and test-engineering procedures
required for defect prevention.

FMEA working group
Area of operation | Product FMEA Process FMEA |FMEA contribution
FMEA moderator ol =] E{Z?I{ndoi;‘sa on
Construction = .
() = Responsibility) ® | B Construction
Testing I: Functionality
: Durability

Endurance tesling :] Climate resistar ce
Technical marketing [: Project specifications
Customer service ! | S i Customer service
Pre-production [ ' [@ = e [ Manutacturing verifiability
(V) = Responsibility) " i procedures

| i o e Quality and refigbilit
Quality services I ] I_ i =5 _J assurgnce o
Production ! r : _1 Production
Materials l::! Subcontractor supply
Miscellaneous
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Inspection planning comprises the follow-

ing points:

— Analysis of the functions to be tested.

— Determination of the test criteria.

- Selection of suitable inspection meth-
ods and measuring and inspection
equipment.

— Determination of the extent and fre-
quency of the inspection.

- Documentation of the test procedure in
the inspection plan.

—Planning of recording and docu-
mentation of quality data (e.g. in quality-
control charts for SPC).

- Planning for control of inspection, mea-
suring, and test equipment.

— Possible planning of quality-data docu-
rnentation.

The specified inspection criteria must al-

ways include all essential characteristics

of the finished products.

Suitable means for compilation and
evaluation of the inspection results are to
be specified for assessing the quality of
products and their components, and for
controlling production processes. Test re-
sults are to be processed in such a manner
as to be suitable for application in open-
locp and closed-loop process-control sys-
terns, fault analysis and fault rectification.

Machine and process capability

The evaluation of machine capability is to

confirm performance potential in the fol-

lowing two areas:

- The machine under examination must
operate with verifiable consistency. If
rniecessary, this consistency must be for-
rulated with the aid of statistical quan-
tities, e.g. as normal distribution with
rmean value ¥ and standard deviation s.

- The machine must be able to maintain
production within specified tolerances.
This can only be confirmed using the
quantification of consistency indicated
above.

Testing of machine capability is restricted
to a limited period, and to the investigation
of the equipment-related effects on the
production process. However, it should be
noted that equipment-related and non-
equipment-related factors (e.g. effects of
material or procedures) cannot usually be
separated completely. Individual tests are
designed to determine whether:

— unusual process results are recognized,
—mean values and scatter range remain
stable within the measurement series
(the verification limits of statisticzl pro-
cess control are employed for this ex-
amination).
If no unusual process results are present,
and the mean and the scatter range are
stable, then the process is considered to
be fully controlled; the suitability of the
equipment is then described using the fa-
miliar statistics ¢, and ¢y, The value for
cm only reflects the scatter range for the
machine; it is calculated with the following
equation:

cm=(OGW - UGW)/(6 - &)

On the other hand, the value for ¢y re-
flects not only the machine’s scatter range,
but also the position of the mean within the
tolerance range. It is essential that it be
calculated for the production machinery
on which adjustments are either imprecise
or impossible. It is calculated as follows:

ek = (- UGW)/(3 - 3) or
ok = (OGW -3)/(3 - 8)

with the lesser value being valid. The def-
initions are:
X Total mean value
UGW Lower tolerance-range limit
OGW Upper tolerance-range limit
6  Estimate for

process control
Bosch only designates production aquip-
ment as capable of ensuring that manu-
facture will result in the required product
attributes when cny is at least 1.67.

Unusual process results, or an unstable
mean or scatter range indicate that the
process is not fully controlled. In this
case, non-random influences (inter-
ference factors) are affecting the process.
These must be eliminated or com-
pensated for. The examination of machine
capability is then repeated.

If the result of the machine-capability
test is positive, it is followed by an exami-
nation of the process capability. This is in-
tended to ensure that the production
process is capable of consistently meeting
the quality requirements placed upon it.

The examination of process capability
extends over a longer period of time. All
changes to the process (e.g. material
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154 Quality

changes, tool changes or method
changes) are taken into account when the
scope and intervals of sample testing are
determined, and then included in the ex-
amination procedure.

Once compiled, the data are subjected
to a statistical analysis comparable to that
employed for determining equipment per-
formance potentials. Particular attention is
devoted to ascertaining whether the
process mean and process control are sta-
ble, i.e., whether the process is fully con-
trolled. If the process is fully controlled,
then the process capability is confirmed
using the known statistics c, and ¢y, These
statistics are calculated in the same way as
those for ¢, and ¢, Where the values x and
6 from the process examination are used.

If the process is not fully controlled, cal-
culation of ¢, and ¢y is not permitted. In
this case, the causes of the instability in
the process must be either eliminated or
compensated for. The process-capability
analysis is then repeated.

Bosch designates a process as capable
of ensuring the required product attributes
only in cases where ¢y is at least 1.33.

Machine- and process-capability ana-
lysis are necessary preliminary checks
prior to introduction of SPC. However,
both investigations are also important for
processes which are not controlled by
SPC, as the required potential must be
confirmed for each type of process.

Statistical Process Control (SPC)

SPC s a process-control system intended
to assist in the prevention of errors and
their associated costs. SPC is employed
in production, being applied for attributes
which are vital to operation (for details,
see “Technical Statistics”, P. 160).

Measuring and inspection
equipment

The measuring and inspection equipment
must be able to demonstrate whether the
inspection features of the finished product
conform to the prescribed specifications.
Measuring and inspection equipment must
be monitored, calibrated and maintained.
Uncertainty of measurement is to be con-
sidered when using measuring and in-
spection equipment. It must be minimal rel-
ative to the tolerance range for the attribute
being tested. With measuring and inspec-
tion equipment, attention is to be paid to:
— Defining the measurements to be per-
formed, the required precision and the
suitable measuring and inspection
equipment.

— Ensuring that the measuring and in-
spection equipment meets precision re-
quirements, i.e. the uncertainty of mea-
surement is generally not to exceed
10 % of the tolerance range.

— All measuring and inspection equipment
and measurement systems used for

Process-control system

Provision of complete I Quality status
process-control system data

| Correctior
of symptoms

Initiate corrective
procedures:

- General improvement
- Continual monitoring

Collect and test samples

<:: Maintain and evaluate

quality-control card

Shortest possible control
| | loop established

Production process affected by: Reworking
. or rejection
M?n Maclhme
[ > 100% sorting
T I L where indicated
Material Method (Environment) Supply
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product quality-assurance are to be
specified in an inspection plan; they
must be labeled, and are to be calibrated
and adjusted at prescribed intervals.

— Calibration procedures must be speci-
fied. These must comprise individual
data on the type of unit, its identification,
application area and calibration intervals,
and are also to include the steps to be
taken in case of unsatisfactory results.

~Measuring and inspection equipment
rmust be provided with appropriate iden-
tification verifying their calibration status.

— Calibration records (histories) are to be
rnaintained.

-The appropriate environmental con-
ditions for calibrating, testing and mea-
surement must be maintained,

- Measuring and inspection equipment is
to be carefully stored and protected
against contamination in order to main-
tain consistent levels of precision and
suitability for use.

- The measuring and inspection equip-
ment and the software are to be pro-
tected against any influences which
might invalidate their calibration.

Control of inspection, measuring, and
test equipment: Type and extent

Satisfactory arrangements for monitoring
test equipment embrace all measuring
devices employed in development, pro-
duction, assembly and in customer ser-

vice. This category includes calipers, unit
standards, instruments, recording de-
vices, and special test equipment along
with its ancillary computer software. In ad-
dition, the equipment, mounts and
clamps, and instruments employed for
process control are also monitored.
Procedures which extend to include
the equipment and the abilities of the oper-
ator are employed in evaluating whether a
test process is controlled. Measurement er-
rors are compared with the quality specifi-
cations. Appropriate corrective actions are
to be introduced when the requirements for
precision and function in measuring and in-
spection equipment are no longer salisfied.

Measuring instruments subject to
calibration 3

German legal requirements on weights
and measures stipulate that calibrazion of
measuring devices which are for use in
“business transactions” be officially certi-
fied in those cases where the results of
their measurements are employed to de-
termine the price of goods or energy. This
category includes equipment for measur-
ing length, surface area, volume and
mass, and thermal and electrical energy. If
these conditions apply, then the calibration
of the measuring instruments concerned
must be officially certified. Confinuing
compliance must then be monitored by an
official or an officially approved agency.

Relationship between measurement results, statistical analysis and process capability
Process |=Tolerance T— Status Process capability
Individual ¢ by Unsure Not calculated
values i * % :i" x|,
Statistical Result negative due | G, = 51 =067
analysis S to excessive variance ek
: Qutside T by 4.6%
Result positive, -
Minimum low variance Cp=138
requirement Mean value utsi
ienli b Outside T by 63 ppm
yban Result negative Cp ) 2§ ™
tol ===
lolerance despite low variance | 7k =36= 087
displaced i.e. outside Tby 2.3%
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Technical statistics

Technical statistics

Purpose of statistics

Descriptive statistics

To describe sets of similar units with spe-
cific, different characteristic values using
statistical characteristics which allow ob-
jective comparisons and evaluations.

Rating statistics

To provide information on the statistical
characteristics of larger sets (popula-
tions) based on relatively few individual
data (samples).

Because such statements are based on
the laws of chance and the theory of prob-
ability, their validity is always subject to a
certain level of confidence, usually 95%
in the field of engineering.

Examples of populations:

— All products of the same type produced
under constant manufacturing condi-
tions.

— Set of all the possible results of a mea-
surement under unchanging conditions.

There are two different types of charac-

teristics:

- Quantitative characteristics, e.g., physi-
cal quantities (referred to as “measured
values”),

— Attribute characteristics, e.g. “OK" or
“Defective” etc. (referred to as “test re-
sults” in the following).

Statistical analysis methods provide valu-
able assistance for ensuring and improv-
ing quality standards in industrial prod-
ucts. Today's levels of vehicle reliability
would be impossible without it.

Presentation of measured
values

N Population size: the number of all
items which form the basis of statisti-
cal analysis

n  Number of measured values in the
sample

P, Confidence level

x  Individual measured value

R Range: R = Xmax = Xmin

Number of classes into which R is

divided. k = Vn (at least 5)

Class width

Ordinal number of measured values

(as subscript)

j  Ordinal number of classes (as sub-

script)

Midpoint of class no. j

i Absolute frequency of class no. j:
number of measured values in class

bl

-

=

no. j
hy  Frequency in class no. j, k= ni/n
hj/w Frequency density

G; Cumulative absolute frequency: ab-
solute frequency summed up to a
particular class

J
G=Zn
r=1
H; Cumulative frequency = Gi/n
F(x) Distribution function: probability for
values < x
f(x) Frequency-density function d—dF%l

Arithmetic mean of population
Arithmetic mean of a sample
n
X=X xin
i=1

==

Arithmetic mean of several X values
Standard deviation of population
Standard deviation of sample

s:\/%(x;—f)”(n-— 1)
i=1
Variation coefficient V = s/X
Dispersion factor
¥, Random variable

v oq =i

NXE <

Histogram and cumulative frequency
curve of an empirical distribution

The simplest way of clearly presenting a
larger number of characteristic values is
the histogram (frequency diagram). In the
case of attributes or variables with few
discrete values, bars are drawn over the
characteristic values whose height is pro-
portional to the relative frequency of the
values, i.e. the frequency h; of the attribute
jin proportion from the total number of all
the values * hy.
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Empirical distribution
% -
Cumulative !
frequency
curve
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3 60
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| Histogram
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Measured quantity

In the case of variable attributes with a
continuous range of values, the range is
divided into k classes and the bars en-
tered over the class midpoints. If the
classes are not all the same size, the bars
become rectangles whose areas are pro-
portional to the relative frequencies of the
classes. Thus, in these cases, the heights
of the rectangles are also proportional to
the frequency density.

If conclusions are to be drawn from the
sample presentation described concern-
ing the population, it is essential to define
the classes in such a way that there are at
least five values in each class.

Another way of presenting the distribu-
tion of attributes is the cumulative fre-
quency curve. The advantage of this
curve for variable attributes is that for
each value or each interval the percent-
age of measured values below or above
can easily be read off (estimate of fraction
defectives outside the tolerance). The cu-
mulative curve can be determined from
the histogram by summing the relative fre-
quencies up to the relevant value or inter-
val. For the population, it thus represents
the integral over the density function.

Distributions and statistical parameters
A random variable X is characterized by
its distribution. The distribution function
F(x) describes the relationship between
the variable value x and the cumulative
frequency or probability for values < x. In
empirical distributions, this function corre-
sponds to the cumulative frequency
curve. The histogram corresponds 1o the
density function f(x).

The most important parameters of a
distribution are the arithmetic mean i and
the standard deviation .

Normal distribution

Normal, or Gaussian, distribution is the
mathematically idealized limit case which
always results when many mutually inde-
pendent random effects are added to-
gether. The probability-density function of
the Gaussian distribution clearly defined
by 1 and o forms a symmetrical bell-
shaped curve.

The total area under the bell-shaped
curve corresponds to 1 = 100%. The
standard deviation ¢ and its multiples al-
low the delimitation of specific areas with
the boundaries (= uain which P % of the

B B

5 g s ik o

iT

e

b
g
1
F}\‘
d
s
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Technical statistics

Probability grid

9, T T T T
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values fall (Table 1). The percentages
o = (100 - P)/2 lie outside these areas on
either side.

Empirical and normal distribution in
probability grid
In a “probability grid”, the ordinate is dis-
torted in such a way that the S-shaped cu-
mulative frequency curve is transformed
into a straight line.

Determination of y and o from the
probability grid:
1. Read off i at 50 % cumulative fre-
quency.
2. Read off abscissa values at 16% and
84 %,
The difference corresponds to 2¢.

Sums of random variables
For the mean and standard deviation of a
random variable
Z=a-X+b-Y, created by the lingar com-
bination of 2 independently distributed
random variables X and Y, the following
apply:

Wp=a-lix+b-

ci=a?- 0} +b%- of

Typical applications

1. Fits.

Hole diameter: x.

Shaft diameter: y.

Clearance: z=x-y.

For o, = o, the following applies:
0:=2- o}

2. Combined dimension.

If the individual dimensions are statisti-
cally independently distributed about their
mean tolerances, the tolerance for the
combined dimension can be calculated by
quadratic addition (cf. DIN 7186).

Evaluation of series of
measurements

Random interval for x and s

(direct conclusion)

If many samples each containing n values
are taken from one and the sama popula-
tion with the mean u and the standard de-
viation o, the mean values Xy, x. ... of the
samples are dispersed with the standard
deviation

o5 = Ji about the true value p.
n

In a similar way, random intervals can be
defined for s and R.

Table 1. Value frequency P within and « outside + uc

u 1.00 1.28 1.64 1.96 2.00 2.33 2,58 3.00 3.29
P% 68.27 80 80 95 95.4 98 99 99.7 99.9
a% 15.86 10 5 25 23 1 0.5 0.15 0.05
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Quantity | Random interval
Lower limit Upper limit
X H=u E u+ I[i_
i i
S D, © D,-0
R D, 0-dy, Dy-0-dy

D, and D, as functions of n and P from Tables 1
and 2.

Table 2. Auxiliary constants for
evaluation of measurement series

n dy tvalues for P = Dy l Dy

90% 95% 99% | for P=95%
2 1113 | 631 127 637 | 0.03 |2.24
3 | 169 |292 430 992 | 0.16 | 1.92
5 1233|213 278 460 | 0.35 | 1.67
10 | 3.08 |1.83 226 3.25 | 0.55 | 1.45
20 | 374 [1.73 2.09 286 | 068 [1.32
50 - 168 201 2.68 | 0.80 | 1.20
o0 - 165 196 258 | 1.00 | 1.00

Confidence intervals for y and ¢
(conclusion)

If only samples with x and s are known
and a statement is to be made on the true
mean value p resulting from an infinite
number of measurements, a so-called
confidence interval can be specified
which features p with a probability of P,%.
The same holds true for a.

Quantity | Confidence interval
Lower limit Upper limit
u -1 1=
W W
§ IR
g D, D,

1, Dy and Dy from Table 2.

Confidence limits for fraction of defectives
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Comparison of mean values

Two samples with values of ny; and n,
rave the same standard deviations sy = 5,
but different mean values X; # X..
The confidence interval for the difference
L= =0is:

ttespey ny +_1-}_r;with
s2 = ((n1 - 1) 52+ (n2 = 1) s2)(n’ = 1)
n' =ny+ns—1determines r in Table 2.

If the difference x; — x, is outside this
confidence interval, the two samples
come with confidence level P from differ-
ent populations (e.g. different manufactur-
ing conditions).

Estimation of nonconforming
fractions

The percentage of parts lying outside the
tolerance limit a is to be estimated based
on X and s from a sample series.

Calculation procedure:

If £ and o are known, then the percentage
outside a in Table 1 or in the Figure “Con-
fidence limits for nonconforming fractions”
(‘most probable value” curve) is deter-
mined by:

u=la-plleo.

A value of e.g. u = 1.65 corresponds to a
percentage of 5%. But now only ¥ and s
of the sample are known, not the values u
and o of the population. As these values
are random, the nonconforming fraction
can only be specified in terms of the con-
fidence range in which it lies with a partic-
ular probability.

In the figure, the confidence limits can
be read off as a function of la — X1 /s which
are exceeded only with a probability of
5%. Separate analyses are required for
each of the two tolerance limits.

Example:

Prescribed tolerance for ground rollers
-4—0.015 mm

" -0.043 .

Tested are 14 parts of 13.961 to 13.983
mm. ¥ = 13.972 mm; R = 0.022 mm.

Estimated value for s from R with 4, from
Table 2:
5=0.022/3.5 = 0.0063

Upper tolerance limit exceeded:
la-%1_13.984-13.972 _ 0.012

; 00063 - 00063~ "°
Referring to the figure:
Upper confidence limit =15 %
Most probable value = 31%
Lowest confidence limit = 0.5%
Lower tolerance limit exceeded:
la-X¥1_[13.957-13.972| _0.01% _ 038
5 = 0.0063 0.0063™ ~
Referring to the figure:
Upper confidence limit =9 %
Most probable value =1 %
Lowest confidence limit  <0.5%

Statistical Process Control (SPC)
Quality-control charts are employed to
ensure consistent quality in manufactur-
ing processes. Small samples are tested
at specified intervals; the values ;t and R
are entered for test results while the de-
fects are entered for attribute testing.

T, T Lower/upper tolerance limits,
T Difference between upper and lawer tol-
erance limit (tolerance range),

I:_TIO s Tup- Tw= (Tlo + Tup)‘@.

I, R Values from = 20 samples,

o = Rld, = Standard deviation,

¢p = T/(6 x 0) = Process capability.

A process is considered to be “controlled”
if 1) ¢p > 1 (better: ¢ > 1.33),

2) the curve displays no unusual varia-
tions (no trends, etc.),

3) X and R lie within the “action limits” of
the corresponding random intervals.

Table 3 shows the approximate velues for
action limits as a percentage of 7. The
calculation is based upon the zssump-
tions that values are:

99.7 % random intervals and ¢, = 1.

Table 3. Action limits as % of T
n 3 456 7 8101215

RIT<% |72 78 82 84 86 88 91 93 95
(F-Tm)<%|29 25 22 20 19 18 16 14 13

STt
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Weibull distribution of
service lives

Weibull distribution has gained accep-
tance as the standard in the investigation
of the service lives of technical products.
Its distribution function (probability for ser-
vice lives <1} is:
Fify=1-et’
Survival probability (reliability function)
RO=1-Fr ~
Failure rate (failures per unit time referred
to remaining products)
Alt) = f(0) / R(r)
where
T Characteristic service life,
corresponding sum of failures 63.2 %.
b Failure steepness (Weibull slope),
b < 1: falling (early failures)
b = 1: constant (random failures)
b > 1: rising (wear)

In the Weibull grid with abscissa In  and
ordinate In (-In R[1]), F(r) becomes a
straight line.

Evaluation of an endurance test involving
n test specimens:

The diagram shows the evaluation of an
endurance test involving n = 19 switches,
of which r = 12 have failed. Against the
service lives 1 ordered according to length
in cycles, the sum of failures is plotted as

H= U = 05);’!1
The result is:

T=283-10% cycles

h=32 (wear).
T and b are random values like ¥ and s.
Approximate confidence intervals (1 > 50)
for the “true values” are provided by the
formulae:

T+ (ulvn)- (TIh)
b=05-(w\n)y-b..b+ln) b
u from Table 1.

Evaluation of an endurance test involving n = 19 switches in Weibull grid
990 |
950 |
900 7 ;
800— - 7 .
700 Fg————— 11—~ :
600 ' E : %
500 — TP ¥ =
= 400 7 = il Switch Cycles|
R a00tost=T 1+ fH— No. 10 H
x ;‘ 1/ / I( }“ ! 1 a2 :
g i Ll W auiHEm} 2 [
2 400 WX A Y ¥ 1R 50 |
= ’%/ 7 A | 5 54
g AL g
E 50 . ; -
BRaT. 8 ]
@ 38 20 / / A1 19 2 [
L / X | 10 75
20 39 11 80 H
15 A0Sl / R NE.E 8 L
3 5 5dh | | / 1 13..19 >85
| I. i
05 L ] I |
1 2 3 45 10 20 30 4050 7O ,}1 0o 200 300 500
Service life ¢ (108 cycles)
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For incomplete observations (r < n):
n'=r- (14 (/)2

T, b are therefore less precisely defined

by r failures at r < n than at r = n.

The proportion exceeding a specific life

expectancy is estimated in the following

section.

Statistical evaluation of test
results

N

= e~

Size of population (batch). An at-
tribute divides the batch into two

classes, e.g.

“failed” and “OK".

Number of sample units
Number of defects in batch
Number of defects in sample
Defective fraction in sample

p=iln

Defective fraction in batch

p'=IIN.

Random and confidence limits for fractions defective (binomial distribution)
Probability of each limit being exceeded o = 10 %.
%l 11 1] 14 1
| | HES 1 ] t |
90 T B i i
| 1 A
80 . T 7
701 i | pud A ‘Y
! A ¢ ,5;§4 ]
] | ]
| it R [P P 1| LA
60 .| T AT _,//////i
c —Sample size P g B 50 6 g ,
S 50 Rl § P L A
i ——m AT A a7
3 - = . o 4 X7
8- 40_—._:___ - /"’ ," ,'/ :,r I, ,/
=2 ] = AN AL AL A S
5] e T 1 = A7 7 V4
<30 P Vb 44V LV
o Lz 7 AV 27 7
@ =] T 7 VAP 8750 A4 a4
s - 7 /// ///.;f/ vV //
g 201=10= W 4 M. AV97.9 S AT A I ) R
= P /4{_ Z AV P / N
2 BE= VAP AR, 7.1/ AV 1 /P8 AV VALVl
= 15—~~~ /(// /{/{/ / v
§ [T AT A iR i
6 10 20 : / A’C"// 4'/1/ ¢ /, /‘ ¥
i isr77 % S i |
0 230: = a7 1/‘_ S AW /-{ i a
5507 A S |
T d a4 ] H
3 KGOI / '%7/4(// Zﬁ// T / x o1
2 ' 1/ "% 0 T / fl /
1 '&@9 l 4 s w7l Q/Q_ NV ]
'\000*9 A é:(l"/i/y 1 2
S0 1]
L s %) {
/\% 1@ "\ /, | | !
0 1:23 & 10 20 30 40 50 60 70 80 90%
Fraction defective p in sample
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Distribution of defective fraction p

in random samples

The number of defectives i within the
sample is a random variable. Larger
batches (N > 10 - n) are characterized by
binomial distribution, expected value:
E@i)=n-p’,

Standard deviation:

oi={n-p" (1-p)

Random ranges for p (p* known) and con-
fidence intervals for p’ (p known) depen-
dent on n are provided by the diagram on
P. 162 with an exceeding probability of
a = 10% for each limit.

FFor the range p’ < 5%, frequently en-
countered in practice, binomial distribu-
tion is replaced by Poisson’s law of infre-
quant events which is exclusively depen-
dentonn:p'WithE()=n-p’, G=,n-p"

Examples:

1. Binomial distribution (diagram P. 162)
In endurance testing with n = 20 units,
i = 2 units have failed after extended
usage.

What percentage p’ of the series will
not achieve the corresponding service life
™

Percentage in random sample p = ?/5 =
10 %.
At p = 10%, n = 20, the diagram provides
the following figures:

Py’ =2.8%, po’ =24%.
With constant quality, the percentage with
a service life < T will lie within this range.

2. Poisson distribution (Table 4)

During receiving inspection, a random
sampling of n = 500 parts found i = 1 part
which was out of tolerance.

What is the maximum percentage of
defective parts in the batch as expressed
with 90 % probability?

Ati=1, o= 10%, Table 4 provides:

npy’ = 3.89

po’ = 3.89/500 = 7.78 %o.

Approximation formula for Poisson
distribution

The approximate value for i > 10 can be
derived using:

nep'=itu-Ji+k
(see Table 4 for u, k).

Example for Poisson approximation:
In a preproduction series consisting of
n = 10000 units, there were i = 17 war-
ranty claims. With 97.5 % probability, what
is the limit for warranty claims which will
not be exceeded in normal series produc-
tion if identical conditions are maintained?

Inserting the values from Table 4 into
the approximation formula given above
provides the following:

npe' =17+ 1.96- /17 +2=27.08

po’ =27.08/10000 = 2.7 %..

Table 4. Confidence limits for

infrequent events

Obs. | Lowerlimitnp, I Upper limit n p’,
no. Probability of being exceeded

i 25% 10% 10% | 2.5%
0 e — 2.30 3.69
1 0.025 | 0.105 3.89 5.57
2 0.242 | 0532 5.32 7.22
3 0.619 1.10 6.68 B.77
4 1.09 1.74 8.00 | 10.24
5 1.62 2.43 9.27 | 11.67
6 2.20 3.15 10.53 | 13.06
7 2.81 3.89 11.77 | 14.42
8 3.45 4.66 1299 | 15.76
9 4.12 5.43 14.21 | 17.08
10 4.80 6.22 15.41 | 18.39
u -196 | -1.28 |[+1.28 | +1.96
k +1.0 +0.2 +1.2 +2.0
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Measurement: basic terms

Measurements can only be used as the
basis for responsible decisions if their lim-
its of error are known. Here, statistical
tarms are used.

Definition of terms (as per DIN 1319):

Measured variable
Physical variable which is measured
(length, density, etc.).

Measured value
Particular value of the measured vari-
ebles, e.g. 3 m.

Measurement result
Value calculated from one or more mea-
sured values, e.g. mean ¥.

Measurement error F = x; - x;

x, indicated measured value;

x, “correct” measured value.

Causes: measured object, measurement
equipment, measurement procedure, en-
vironment, observer,

Relative measurement error

Mormally: Fix,

For designation of measuring devices
Flx,, where x. = full-scale deflection of
measuring device.

Systematic measurement errors
Measurement errors which, under the
same conditions, have the same magni-
tude and sign.

Those systematic errors which can be
detected are to be corrected B = - F,
otherwise the measurement result is in-
correct. Systematic errors which cannot
be detected are to be estimated (f).

Random measurement errors
Measurement errors whose magnitudes
and signs are randomly dispersed. Esti-
mated using the standard deviation s.

Result of a series of measurements

If n' measured values x; are measured un-
der the same conditions, the following
should be specified as the measurement
result;

y=Xetu Confidence limits for correct
measured value, where:

Xg =X + B Corrected mean value

u=t-s//n+|fl Measurement uncertainty.

Calculation of s P. 156,

for 1, see Table 2 P. 159,

f Non-detected systematic errors.

Separation of measurement and manu-
facturing accuracy
On each of n products, a characteristic x;
is measured twice with measurement
error fi:

.'F‘ikz-l‘i'l-ﬁk(f: 1,...mk= 12)

The differences between the 2 measured
values on the same product ccntain 2
measurement errors:

=y —Ye=fu—fi

0¢=2of

0§ = 0%+ of

The last two relationships can be used to
determine the standard deviation o; of the
measurement errors and the corrected
standard deviation o of the product char-
acteristic x.

Standards

DIN 55 303 Statistical assessment of data
DIN 53 804 Statistical assessments

DIN 55 350 Quality assurance and statis-
tics terms

DIN 40 080 Regulations and tables for
attributive sampling

DIN 7186 Statistical tolerances

DIN/ISO 9000 Quality systems
DGQ-11-04 Quality-assurance terms and
formulas (Beuth)

Literature

Graf, Henning, Stange: Formeln und
Tabellen der Statistik (Formulas and
tables for statistics) Springer-Verlag,
Berlin, 1956;

Rauhut: Berechnung der Lebensdauer-
verteilung (Calculation of service life dis-
tribution) Gliickauf-Verlag, Essen, 1982.
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Reliability

According to DIN 40041, reliability is the
sum total of those characteristics in the
unit under investigation which exert an ef-
fect on the unit's ability to achieve speci-
fied requirements under given conditions
during a specified period of time. Reliabil-
ity is a constituent element of quality (“re-
liability is quality based on time”).

The essential concept here is the word
dependability. Dependability comprises
the terms reliability, availability, safety, se-
curity and maintainability. Dependability
therefore equates to the confidence
placed in a service which is to be provided
by a system.

Reliability quantifies availability; it is the
probability that at any given time a system
will prove to be fully operational. The fail-
ure rate is the conditional probability den-
sity of a component failing before
time r+df provided it has survived beyond
time . The failure rate generally has the
shape of a "bathtub curve”, which can be
described as the superimposition of three
Weibull distributions with varying failure
steepness components (see Chapter
“Technical statistics”).

Failure in electronic components is gener-
ally spontaneous, with no advance indica-
tion of impending defects. This condition
is described by a constant failure rate
(middle section of the curve). Neither
quality control nor preventive mainte-
nance can prevent such failures. Failures
caused by incorrect component selection,

Failure phases
a Early failures, b Random failures,
¢ Failures due to age.

Failure rate —=

Operating life —»

excessive loads or abuse or manufactur-
ing defects show a “burn-in behavior”, de-
scribed by a failure rate that falls with time
while ageing of a component is repre-
sented by a rising failure rate (left cr right
section of the curve).

Reliability analysis and
prediction

Mutually supplementary analysis meth-
ods are applied to determine the potential
failure risk associated with a product, i.e.
to discover all possible effects of opera-
tional and internal failure, as well as ex-
ternal interference factors (e.g. operator
error); these methods are used in differ-
ent phases of the product's life cycle.
Mainly FMEA and fault-tree analysis are
used in the development of motor vehi-
cles.

FMEA (DIN 25448, IEC 812)

FMEA (Failure Mode and Effects Analy-
sis) is a “"bottom-up” analysis. Starting
from faults at the lowest level of the sys-
tem hierarchy (generally components in
design FMEA, function blocks in system
FMEA, work steps in process FMEA), the
analysis examines the way in which they
spread to higher levels. In this way, all
those critical system states caused by in-
dividual failures are detected and also
evaluated in relation to each other. FMEA
can be used in various stages of develop-
ment and production.

Design FMEA: Under the precondition
that the parts are manufactured in accor-
dance with their drawings, products/com-
ponents are examined for conformity be-
tween design and specifications ir order
to avoid errors in system design and to fa-
cilitate detection of field risks.

Process FMEA: Under the precondition
that the specifications are correct, the
process of product manufacture is exam-
ined for conformity with the drawings in
order to avoid manufacturing errors.
System FMEA: The system components
are examined as to their correct combined
operation in order to avoid errors ‘n sys-
tem design and to facilitate detection of
field risks.
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Reliability

Fault-tree analysis (DIN 25 424)
Fault-tree analysis (FTA) is a “top-down”
analysis procedure, which permits quanti-
tative assessment of probabilities. Start-
ing from the undesirable event (top
event), all the conceivable causes are
enumerated, even combinations of indi-
vidual failures. When the occurrence
probabilities of individual failures are
known, it is possible to calculate the prob-
ability of the undesirable event occurring.
For this purpose, above all for electrical
components, there are data collections of
failure rates such as Mil Hdbk 217E or
SAE 870050. However, their suitability for
use with motor vehicles must be critically
checked in individual cases.

Reliability enhancement

System reliability can always be improved
by avoiding errors or narrowing toler-
ances. Preventive measures include e.g.
salecting more reliable components with
higher permissible loads; or (for electronic
systems), since the availability of systems
declines markedly as the number of com-
ponents increases, reducing the number
of components and thus connections
through increased integration. As a rule of
thumb, purely electronic components
such as transistors or integrated circuits
are responsible for 10% of failures and
sansors and final controlling elements for
30%,; however the connections between
components and with the outside world
are responsible for 60 % of failures. If pre-
vantive measures do not prove sufficient,
then fault-tolerance measures (e.g. multi-
channel circuitry, self-monitoring) must be
irnplemented in order to mask the effects
of a defect.

Reliability planning

In the case of products to be newly devel-
oped, the reliability growth management
procedure (RG, Mil Hdbk 189) provides a
planning basis for the extent of testing
work required to achieve a reliability tar-
get depending on the reliability initially
available.

In the course of the development of a
product, its reliability improves thanks to
the causes of observed failures being an-

alyzed and eliminated as far as possible.
Strictly speaking, a statistical evaluation
of the reliability of a product in its final ver-
sion can only be started at the end of its
development. However, in the case of the
service lives demanded in the automobile
industry, any such evaluation requires so
much time as to delay the series launch.
Under certain preconditions, tre RG
method allows engineers to assess the
reliability of a product at any stage in its
development. This assessment is based
on the data of earlier product versions
and the effectiveness of the failure-cor-
rection measures introduced. In this way,
this procedure on the one hand reduces
the time needed until series launch and
on the other hand increases the available
data volume and thus the confidence
level.

If the current average service life MTTF
(Mean Time To Failure) is plotted on a
log-log scale against the cumulated oper-
ating time (total test time of all the test
specimens), experience shows that on
average this MTTF value increasss in a
straight line. Depending on the product
and the effort expended, the upwards gra-
dient of this line will be between 0.35 and
0.5. This empirical relationship bastween
testing effort and achieved reliabiity can
be used for planning.

A comparison between planning and cur-
rent status can be made at any time. As
the RG program progresses, intermediate
reliability targets, specified in advance,
must also be met. When planning the test
program, it is essential to strike an ac-
ceptable balance between testing time,
testing effort and available resources, and
also to make a realistic estimate of the
possible reliability gains.
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Control engineering

Terms and definitions (in accordance with DIN 19226)

Closed-loop control

Open-loop control

Closed-loop control

Closed-loop control is a process by which a vari-
able, the variable to be controlled (controlled
variable x), is continuously recorded, compared
with another variable, the reference variable wy,
and influenced according to the result of this
comparison in the sense of an adaptation to the
reference variable. The ensuing action takes
place in a closed control loop.

The function of closed-loop control is to adapt
the value of the contrclled variable to the value
specified by the reference variable in spite of dis-
turbances even if the given conditions do not al-
low for a perfect match.

Open-loop control
Open-loop control is the process in a system in
which one or more variables as input variables
influence other variables as output variables on
account of the rules characteristic of that system.
This type of control is characterized by the
open action via the individual transfer element or
the open control loop.
The term "control® is often used not only to de-
note the control process itself but also the entire
system in which the control function takes place.

Closed control loop

The closed control loop is formed by all the ele-
ments which take part in the closed action of the
contral operation.

The control loop is a closed path of action
which acts in one direction, The controlled vari-
able ¥ acts in a circular structure in the form of
negative feedback back on itself.

In contrast to open-loop control, closed-
loop control takes into account the influence
of all the disturbances (z, z) in the control
loop.

Tke closed control loop is subdivided into con-
trolled system and controlling system.

Open control loop

An open control loop is an arrangement of ele-
ments (systems) which act on each other in a
chain structure.

An open control loop as a whole can be part of
a higher-level system and interact in any fashion
with other systems.

An open control loop can only counter the ef-
fect of the disturbance which is measured
by the control unit (e.g. z;); other disturbances
(e.q. z2) are unaffected.

The open control loop is subdivided into con-
trolled system and controlling system.

Controlling system (open and closed loops)

The open-loop or closed-loop controlling system is that part of the control loop which acts on the con-
trolled system via the final-controlling element as determined by the control parameters.

System boundaries

The open-loop and closed-loop controlling systems include all those devices and elements which act
directly to produce the desired condition within the control circuit.

Closed control loop
<1, Controlling system .
S S s bt 2
i Final ) x
wl_| Con- " Controlled
_I-n- woller —-anlroH‘;ng | Isystem ._Tb

L, J B

Input variables and output variable of
closed-loop controlling system

The input variables to the controlling system are
the controlled variable x, the reference variable w
and the disturbance(s) z;. The output variable
from the controlling system is the manipulated
variable y.

Open control loop

T ey
Ly Final ¥

L jamt Cotrol Ly lconrolling| - SOTUONEd
| un {element | &

Input variables and output variable of
open-loop controlling system

The input variables to the controlling system
are the reference variable w and the distur-
bance(s) z;. The output variable from the control-
ling system is the manipulated variable y.
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Closed-loop control Open-loop control

Controlled system (open and closed loops)
The open-loop or closed-loop controlled system is that part of the control loop which represznts the
area of the system to be influenced according to the function,

Input variables and output variable of Input variable and output variable of open-
closed-loop controlled system loop controlled system

The input variables to the controlled system | The input variable is the manipulated variable y.
are the manipulated variable y and the distur- | The output variable is the object variable x, or an
bances z;. The output variable from the con- | output variable which influences the object vari-
trolled system is the controlled variable x. able in a predetermined manner.

Transfer elements and system elements
Open- and closed-loop controls can be subdivided into elements along the control loop.

In terms of equipment design and function these are called system elements and transfer elements,
respectively.

In terms of closed- or open-loop control function, only the relationship between the variables and
treir values which act upon one another in the system are described.

Loop, direction of control action
Both the open control loop and the closed control loop comprise individual elements (or systems) which
are connected together to form a loop.

The loop is that path along which open- or closed-loop control takes place. The direction cf control
action is the direction in which the control function operates.

The loop and the direction of control action need not necessarily coincide with the path and the di-
rection of corresponding energy and mass flows.

Final controlling element, control point

The final controlling element is that element which is located at the upstream end of the contrclled sys-
tem, and which directly affects the flow of mass or energy. The location at which this action takes place
is called the control point.

Disturbance point
The disturbance point is the location at which a variable not controlled by the system acts on the loop,
thereby adversely affecting the condition which the control is designed fo maintain.

Manipulated variable y, manipulating range Y},
The manipulated variable y is both the output variable of the controlling system and the input variable
of the controlled system. It transfers the action of the controlling system to the controlled system.

The manipulating range ¥}, is the range within which the manipulated variable can be adjusted.

Reference variable i, reference-variable range W,
The reference variable w of an open- or closed-loop control is a variable which is not acted on directly
by the control; it is input to the loop from outside the control, and is that variable whose value is to be
reflected by the output variable in accordance with the control parameters.

The reference-variable range Wy is that range within which the reference variable w of an open- or
closed-loop control may lie.

Disturbances :z, disturbance range 7,

Disturbances z in open- and closed-loop controls are all variables acting from outside the control which
adversely affect the action of the control. In many cases, the most important disturbance is the load or
the throughput through the system. The disturbance range 7, is that range within which the disturbance
may lie without adversely affecting the operation of the control.

Object variable x;, object range Xu,
The object variable x4 of an open- or closed-loop control is that variable which the control is intended
to influence.

The object range Xa, of an open- or closed-loop control is that range within which the object variable
may lie, with full functional capability of the conirol.
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Control methods

Transfer elements

Transfer elements are the basic modules
and core elements for the control-engi-
neering analysis and synthesis of dy-
namic systems. They each contain an il-
lustration specification which allows an
output variable to be clearly assigned to
each input variable that is permitted for
the corresponding transfer element. The
general graphical representation of a
transfer element is the block diagram (see
illustration).

o(u(t), 1)
u(t) y(t)

The illustration specification ¢ is often
termed the operator. With the operator ¢,
the functional relationship between the in-
put and output variables of a transfer ele-
ment can be described by

y(t) = o(u(t), 1).

A summary of the simplest transfer ele-
ments can be found in the accompanying
table.

A particular position among the general
transfer elements is taken up by linear
time-invariant transfer elements. For
these elements, the following super-
position principle applies

us(t) + uz(t)) = o(us(t)) + d(ua(t)

together with the condition of time invari-
ance

YO = o(u(t) — y(t-T) = o(u(t-T)), T>O0.

With the transfer elements connected to
each other by the action lines, it is possi-
ble to depict complex dynamic systems
such as e.g. a DC motor, hydraulic sys-
tems, mechatronic servo-systems etc.

Controller design

A series of analytical and synthesizing
prccesses are available for application in
control engineering. Control engineers
distinguish here between time-range and
frequency-range procedures. A classical

and effective example of the frequency-
range approach is the design of con-
trollers using Bode diagrams. An efficient
time-range procedure is the design of a
state controller by means of pole speci-
fication or the Riccati controller.

Many of the problems posed by th= re-
quirements of control engineering are
solved by using certain controller types
which are composed as far as possitile of
the following four transfer elements:

— P element (proportional-action transfer
element),

—1[ element (integral-action transfer ele-
ment),

- D element (derivative-action transfer el-
ement),

— P-Ty element (1st order time-delay ele-
ment).

Parallel connection on the input side, addi-
tion of the output variables from the three
transfer elements P, I, D and downst-eam
connection of the P-T; element can be
used to create the controller types P, I, PI,
PP, PD, PID, PPD. See DIN 19226 for char-
acteristics and system performance.

Subdivision of control modes

In control-engineering practice, distinc-
tions are made between the individual
control modes according to the following
attributes:  continuous-time/continuous-
value,  continuous-time/discrete-value,
discrete-time/continuous-value and dis-
crete-time/discrete-value. Of these four
attributes, only the instances of con-
tinuous-time/continuous-value and dis-
crete-time/discrete-value control are of
significance.

Continuous-time/
continuous-value control
In continuous-time/continuous-value con-
trol, the controlled variable is recorded in
an uninterrupted process and compared
with the reference variable. This com-
parison provides the basis for continuous-
time and continuous-value generation of
the manipulated variable.
Continuous-time/continuous-value con-
trol is also referred to as analog control,
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Table: Summary of some transfer elements

Designation | Functional Transfer Course of step Symbol
relationship function response
Pelement |y=Ku K K
. m— -~
[ element t K
y=K[u{r)dr E |£]K @v
0 1
D element | y=Ki Ks K
fi-Area=K N
TZ element | y (1) = Kult-Ty) Ke-Ts K K T
T, element | | — -
i
Selement | y=u...2u, -l
R o
[1})
P-Ty element| Ty + y =Ku K K E K T
VZ, element 1+7Ts { >
- -~
P-T; element| T2 +2dT5 + y = Ku K Periodic
VZ, element 1+2dTs + 1252 | case:d < 1
I
] ﬁ ;
Rar K T
Aperiodic limit case: -
d=1
it

Discrete-time/discrete-value control

In discrete-time/discrete-value control,
the controlled variable is recorded, quan-
tified and subtracted from the quantified
reference variable only at the sampling in-
stants. The manipulated variable is calcu-
lated on the basis of the control difference
thus created. For this purpose, an algo-

rithm is generally used which is imple-
mented in the form of a software program
on a microcontroller. A/D and C/A con-
verters are used as process interfaces.
Discrete-time/discrete-value control is
also referred to as digital control.

Biock diagram of digital control
T Sampling time, * Digital signal values

|2

y¥ '

et

Controller|_| D .| Holding
(e.g.uC) | A | |element

,.|Controlled| , .
system

i

i

d : D i Measuring ‘
s W S glement [T

A
i
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Data processing in motor vehicles

Data processing in
motor vehicles

Requirements

Highly  sophisticated  state-of-the-art
open-loop and closed-loop control con-
cepts are essential for meeting the de-
mands for function, safety, environmental
compatibility and comfort associated with
the wide range of automotive subsystems
installed in modern-day vehicles. Sensors
monitor reference and controlled vari-
ables, which an electronic control unit
(ECU) then converts into the signals re-
quired to adjust the final controlling ele-
ments/actuators. The input signals can be
analog (e.g. voltage characteristic at
pressure sensor), digital (e.g. switch posi-
tion) or pulse-shaped (i.e. information
content as a function of time; e.g. engine-
speed signal). These signals are
processed after being conditioned (filter-
ing, amplification, pulse shaping) and
converted (analog/digital); digital signal-
processing methods are preferred.

Thanks to modern semiconductor tech-
nology, powerful computer units, with their
accompanying program and data memo-
ries, and special peripheral circuitry, de-
signed specifically for real-time applica-
tions, can all be integrated on a limited
number of chips.

Modern vehicles are equipped with nu-
merous digital control units (ECUs), e.g.
for engine management, ABS and trans-
rission-shift control. Improved perfor-
mance and additional functions are ob-
tained by synchronizing the processes
controlled by the individual control units
and by mutual real-time adaptation of the
respective parameters. An example of
this type of function is traction control
(TCS), which reduces the driving torque
when the drive wheels spin.

Up to now, data between the control
units (in the example cited above,
ABS/TCS and engine management) have
been exchanged mostly through separate
individual circuits. However, this type of
point-to-point connection is only suitable
for a limited number of signals. The data-

transmission potential between the indi-
vidual ECUs can be enhanced by using a
simple network topology designed specif-
ically for serial data transmission in auto-
motive applications.

Microcomputer

The microcomputer comprises both the
central processing unit (CPU) for pro-
cessing arithmetic operations and logical
relationships, and special function mod-
ules to monitor external signals and to
generate the control signals for external
servo elements. These peripheral mod-
ules are largely capable of assuming
complete control of real-time operations.
The program-controlled CPU could only
discharge these at the price of both addi-
tional complication and curtailment in the
number of functions (e.g. determining the
moment at which an event occurred).

Computing capacity
Apart from the architecture (e.g. accumu-
lator, register machine) and the word
length (4...32 bits), the product of the in-
ternal clock frequency and the average
number of clock pulses required per in-
struction determines the capacity of a
CPU:
— Clock frequency: 1...40 MHz (tvpical),
— Clock pulses per instruction: 1...32
pulses (typical), depending on the
CPU’s architecture and the instruction
(e.g. 6 pulses for addition, 32 pulses for
multiplication).

Electronic control unit (ECU)

Digital input signals

Register a switch position or digital sensor
signals (e.g. rotational-speed pulses from
a Hall-effect sensor).

Voltage range: 0 V to battery voltage

Analog input signals

Signals from analog sensors (lambda
sensor, pressure sensor, potentiometer),
Voltage range: several mV upto & V.
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174  Data processing in motor vehicles

Pulse-shaped input signals

Signals from inductive min-' sensors. Af-
ter signal conditioning, they are pro-
cessed further as digital signals.

Voltage range: 0.5 V to 100 V.

Initial conditioning of input signals
Protective circuits (passive: R and RC cir-
cuits; active: special surge-proof semi-
conductor elements) are used to limit the
voltage of the input signals to acceptable
levels (operating voltage of the microcom-
puter). Filters remove most of the super-
imposed noise from the transmitted sig-
nals, which are then amplified to the mi-
croprocessor’s input voltage.

Voltage range: 0 Vto 5 V.

Signal processing

[ECUs generally process signals in digital
form. Rapid, periodic, real-time signals
are processed in hardware modules
specifically designed for the particular
function. Results, e.g. a counter reading
or the time of an event, are transmitted in
registers to the CPU for further process-
ing. This procedure substantially reduces

the CPU's interrupt-response require-
ments (us range).

The amount of time available for calcu-
lations is determined by the open-loop or
closed-loop control system (ms range).

The software contains the actual
control algorithms. Depending on the
data, an almost unlimited number of logic
operations can be established and data
records stored and processed in the form
of parameters, characteristic curves and
multidimensional program maps.

Output signals

Power switches and power-gain circuits
amplify the microprocessor’s output sig-
nals (0 to 5V, several mA) to the levels
required by the various final-controlling
elements/actuators (battery voltage, sev-
eral A).

Signal processing in ECU

1 Digital input signals, 2 Analog input signals, 3 Protective circuit, 4 Amplifier, filter, 5 A/D con-
verter, 6 Digital signal processing, 7 D/A converter, 8 Circuit-breaker, 9 Power amplifier.

Actuator

Initial signal Microcomputer
conditioning
1 Ll Ll
» La —J —P
2
> 3 iy 4 p 5
2
» L 1P —

v

8
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7
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Complete system

Logistical concept (CARTRONIC)

The concept divides the total automotive
glectrical system into conveniently-di-
mensioned subsystems. Units  with
closely-related functions (units with a high
rate of mutual data exchange) are com-
binad in a sub-network. This logistical
corcept results in sub-networks with vary-
ing requirements for transmission capac-
ity, while data transmission remains com-
patible.

Topology

At the logical level, all of the known com-
munications systems developed for auto-
motive applications are based on a single
serial connection of the ECUs. The phys-
ical layout employs one-wire or differential
two-wire interfaces in bus form to connect
the control units with one another.

Protocol

The protocol consists of a specific callec-
tion of execution statements which are
used to control data communications be-
tween the individual control units. Proce-
dures have been laid down for bus
access, message structure, bit and data
coding, error recognition and response
and the identification of faulty bus users
(CAN, P. 884).

Transmission speed

Multiplex bus: 10 kbit/s...125 kbit/s
Drivetrain bus: 125 kbit/s...1 Mbit/s
Telecommunications bus:

10 kbit/s...125 kbit/s.

Latency time

The period that elapses between the
transmitter's send request and the farget
station’s receipt of the error-free mes- .
sage.

Multiplex bus: 5 ms...100 ms
Drivetrain bus: 0.5 ms...10 ms
Telecommunications bus:

5 ms...100 ms.
Interfacing of bus systems
1 ECU, 2 Bus controfler, 3 Gateway.
3 1 1
| 2 | | 2 | 2 2
Multiplex bus
2
= 1 1
1 2 I | 2 i | 2 |
2 Drivetrain bus

E Telecommunications bus
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Materials

Chemical elements

Element Sym- |Type')] Atomic | Relative | Valence Year dis- | Discoverer(s)

bol number | atomic covered

mass
Actinium Ac m |89 227 3 1899 Debierne
Aluminum | Al m |13 26,9815 | 3 1825 Oersted
Americium?)| Am  [m |95 243 2:3;4:56 |1944 Seaborg et al
Antimony |Sb |m |51 121.760 | 3,5 Antiquity
Argon Ar g 18 39.948 |0 1894 Ramsay, Rayleigh
Arsenic As n 33 749216 | 3;5 C13 Magnus
Astatine At n 85 210 1;3 1940 Corson, MacKenzie, Segré
Barium Ba m 56 137.327 |2 1808 Davy
Berkelium?) | Bk m |97 247 34 1949 Seaborg et al
Berylium |[Be [m |4 g9.0122 |2 1797 Vauquelin
Bismuth Bi m |83 208.9804| 1; 3;5 Ci5 Unknown
Bohrium?2) | Bh m3) | 107 262 ) 1981 Armbruster, Minzenberg et al
Boron B n 5 10.811 |3 1808 Gay-Lussac, Thénard, Davy
Bromine Br n 35 79904 |1;3;4;5 7 |1826 Balard
Cadmium |(Cd |m |48 112411 | 1;2 1817 Strohmeyer
Caesium Cs |m |55 132.9054| 1 1860 Bunsen, Kirchhoff
Calcium Ca |m |20 40.078 |2 1808 Davy
Californium?)| Cf m |98 251 2,34 1950 Seaborg et al
Carbon c |[n |6 12.011 |2;4 Antiquity
Cer Ce |m |58 140.116 | 3; 4 1803 Berzelius et al
Chlorine Cl g 17 35.4527 (1,3, 4;5,6;7| 1774 Scheele
Chromium | Cr m |24 51.9961 | 1;2; 3; 4; 5; 6 1780 Vaugquelin
Cobalt Co |m |27 58,9332 11,2, 3,45 |1735 Brandt
Copper Cu |m |29 63.546 |1:2;3 Antiquity
Curium?) Cm |m |9 247 2,34 1944 Seaborg et al
Dubnium?) |Db |m? |105 | 262 5(7) 1967/70 | Disputed
(Flerov or Ghiorsc)

Dysprosium | Dy m |66 162.50 |2;3;4 1886 Lecoq de Boisbaudran
Einsteinium?)| Es  |m |99 252 3 1952 Ghiorso et al
Erbium Er m |68 167.26 |3 1842 Meosander
Europium |[Eu |[m |63 151,964 12,3 1901 Demarcay
Fermium?) |Fm |m?3) | 100 257 3 1952 Ghiorso et al
Fluorine F g 9 18.998 |1 1887 Moissan
Francium | Fr m |87 223 1 1939 Perey
(Gadolinium |Gd |m |64 15725 |2;3 1880 de Marignac
Gallium Ga |m |31 69.723 [1;2;8 1875 Lecoq de Boisbardran
Germanium [ Ge |m |32 72.61 2,4 1886 Winkler
Gold Au m |79 196.9665| 1; 3; 5; 7 Antiquity

) m Metal, n Nonmetal, g Gas.

#) Artificially produced; does not occur naturally.
3) Unknown. The elements are presumably 100...112 metals.

) Unknown.
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Element Sym- |Type')| Atomic | Relative | Valence Year dis- | Discoverer(s)
bol number| atomic covered
mass
Hafnium Hf  |m 72 178.49 |4 1923 Hevesey, Coster
Hassium?) Hs |m3) |108 |265 -4 1984 Armbruster,
Minzenberg et al
Halium He |g 2 4.003 0 1895 Ramsay, Cleve, Langlet
Holmium Ho |m 67 164.9303| 3 1878 Cleve, Delafontaine,
Soret
Hydrogen H g 1 1.0079 |1 1766 Cavendish
Indium In m 49 114.818 |1;2;3 1863 Reich, Richter
lodine | n 53 126.9045| 1;3; 5,7 1811 Courtois
Iridium Ir m 77 192.217 | 3;4 1803 Tennant
Iron Fe |m 26 55845 |2;3;6 Antiguity
K-ypton Kr |g 36 83.80 0;2 1898 Ramsay
Lanthanum lLa |m 57 138.9055| 3 1839 Mosander
Lawrencium?) | Lr m3) {103 262 3 1961 Ghiorso et al
Lead Pb |m 82 207.2 2;4 Antiquity
Lithium Li m 3 6.941 1 1817 Arfvedson
Lutetium Lu |m 71 174.967 |3 1807 Urbain, James
Magnesium |Mg |m 12 24,3050 | 2 1755 Black
VManganese Mn |m 25 54,9380 | 2;3; 4,86, 7 1774 Grahn
W eitnerium Mt |m?¥ | 108 |266 -4 1982 Armbruster,
Minzenberg et al
Wendeleviume) Md  |m3) | 101 258 2,3 1955 Seaborg, Ghiorso et al
Mercury Hg |m 80 20059 | 1,2 Antiguity
Molybdenum [Mo |m |42 95.94 |2;3;4,5,6 1781 Hjelm
Neodymium [Nd |m |60 14424 2,34 1885 Auer von Welsbach
Neon Ne |g 10 201797 |0 1898 Ramsay, Travers
Neptunium2) [Np [m 93 237 3:4;5;6 1940 McMillan, Abelson
Nickel Ni m 28 58.6934 | 2;3 1751 Cronstedt
Niobium Nb |m 41 92,9064 | 3;4;5 1801 Hatchett
Nitrogen N g 7 14.0067 (2,3, 4,5 1772 Rutherford
Nobelum?) [No [m?3 [102 |259 2;3 1958 Ghiorso, Seaborg
Csmium Os |m 76 19023 |2;3;4;5;7,8 | 1803 Tennant
Cixygen 0 g 8 15.9994 | 1,2 1774 Priestley, Scheele
Palladium Pd |m 46 106.42 |2;4 1803 Wollaston
Phosphorus [P n 15 30.9738 | 3;5 1669 Brandt
Platinum Pt m 78 195.078 | 2;4;5;6 Antiquity | (Mayas)
Flutonium?) [Pu |m 94 244 3;4;,5;6 1940 Seaborg et al
Folonium Po |m 84 209 2,4;6 1898 M. Curie
Fotassium K m 19 39.0983 |1 1807 Davy
Fraseodymium| Pr  |m 59 140.9076| 3, 4 1885 Auer von Welsbiach
Fromethium |Pm |m 61 145 3 1945 Marinsky et al
Frotactinium |[Pa |m 91 231.0359| 4,5 1917 Hahn, Meitner, Fajans

') m Metal, n Nonmetal, g Gas.

2) Artificially produced; does not occur naturally.

3] Unknown. The elements are presumably 100...112 metals.
%) Unknown.
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Chemical elements (continued)

Element Sym- | Type') Atomic | Relative | Valence Year dis- | Discoverer(s)
bol number | atomic covered
mass
Radium Ra |m 88 226 2 1898 P. & M. Curie:
Radon Bn |g 86 222 0,2 1900 Dorn
Rhenium Re m 75 186.207 1;2;3; 4,5, |1925 Noddack
6,7
Rhodium Rh m 45 102.9055 |1;2;3;4;5;6| 1803 Wollaston
Rubidium Rb |m ar 85.4678 |1 1861 Bunsen, Kirchhoff
Ruthenium Ru m 44 101.07 1,2:3;4,5; 6;| 1808 Klaus
7.8

Rutherfordium?) | Rf m3) (104 261 4(7) 1964/69 | Disputed (Flerov or

Ghiorso)
Samarium Sm |m 62 150.36 2;3 1879 Lecog de Boisbaudran
Scandium S¢ |m 21 449559 |3 1879 Nilson
Seaborgium?) [Sg |m? [106 |263 -4 1974 Ghiorso et al
Selenium Se n 34 78.96 2,4,8 1817 Berzelius
Silver Ag |m 47 107.8682 |1;2 Antiquity
Silicon Si n 14 28.0855 |24 1824 Berzelius
Strontium Sr m 38 87.62 2 1790 Crawford
Sodium Na |[m 11 22.9898 1 1807 Davy
Sulfur S n 16 32.066 1;2; 3; 4, 5; 6| Antiquity
Tantalum Ta m 73 180.9479 | 1,3:4;5 1802 Eckeberg
“echnetium Te m 43 98 4,567 1937 Perrier, Segrd
Tellurium Te m 52 127.60 2:4:6 1783 Miiller
Terbium Th m 65 168.9253 | 3;4 1843 Mosander
Thallium Tl m 81 204.3833 | 1;3 1861 Crookes
Thorium Th m 90 232.0381 12,34 1829 Berzelius
Thulium Tm |m B89 168.9342 |2;3 1879 Cleve
Tin Sn |m 50 118710 |2;4 Antiquity
Titanium Ti m 22 47.87 2:3; 4 1791 Gregor
Tungsten w m 74 183.84 2,3;,4,56 |1783 Elhuijar
Ununbium?2)%) |Uub [m3) |112 277 -4) 1996 Armbruster, Hofmann
Ununnilium?)s) |Uun | m3) [110 |270 —4) 1994 Armbruster, Hofmann
Unununium?)5)) Uuu | m3) | 111 272 -4) 1994 Armbruster, Hofmann
Uranium U m 92 238.0289 |3;4:;5,6 1789 Klaproth
Vanadium v m 23 50.9415 12;3,4,5 1801 del Rio
Yenon Xe g 54 131.29 0;2:4;,6;8 | 1898 Ramsay, Travers
Yiterbium Yb |m 70 173.04 2,3 1878 de Marignac
Yttrium Y m 39 88.9059 3 1794 Gadolin
Zinc Zn |m 30 65.39 2 Antiquity
Zirconium Zr m 40 91.224 34 1789 Klaproth

Ty m Metal, n Nonmetal, g Gas.

2) Artificially produced; does not occur naturally.

) Unknown. The elements are presumably 100...112 metals.
41 Unknown.

5) Provisional IUPAC designation.
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Material terminology?)

State of aggregation

There are three classical states of aggre-
gation depending upon the arrangement
of the elementary particles (atoms, mole-
cules, ions): solid, liquid and gaseous.
Plasma (ionized gas which has high elec-
irical conductivity) is often considered as
a fourth state of aggregation.

Solution

A solution is a homogeneous mixture of
different materials which are distributed at
the atomic or molecular level.

Compound

A compound is the union of two or more
chemical elements whose masses are al-
ways in the same ratio with respect to one
another. Compounds which have metallic
characteristics are called intermetallic
compounds.

Dispersion

A dispersion or disperse system consists
of at least two materials; one material,
called the disperse phase, is finely distrib-
uted in the other material, called the dis-
persion medium.

Suspension

A suspension is a disperse system in
which solid particles are distributed in a
liquid. Examples: graphite in oil, clay in
water.

[Emulsion

An emulsion is a disperse system in
which droplets of one liquid are distrib-
uted in a second liquid. Examples: drilling
oil, butterfat in milk.

Colloid

A colloid is a disperse system in which the
particles of the disperse phase have
linear dimensions ranging from roughly
10-9 to 10% m. Examples: smoke, latex,
gold-ruby glass.

1} The following is a list of the most important
material terms and parameters which appear in
subsequent materials tables and are not de-
fined elsewhere.

Material parameters’)

Density

Density is the ratio of the mass to the vol-

ume of a specific amount of substance.
See DIN 1306, 1984 edition, for special

density terms.

Radial crushing strength
Radial crushing strength is a strength pa-
rameter which is specified in particular for
the sintered metals used for plain bear-
ings. It is determined from the pressure
test when a hollow cylinder is crushed.
For additional information see “Techni-
cal Conditions of Delivery for PM Parts
(Sint. 03)", Aug. 1981 edition.

Yield strength (0.2%)
The 0.2% yield strength is that tensile
stress which causes permanent (plastic)
elongation of 0.2% in a solid body; it is
determined from the g-¢ curve of a tensile
test with a defined stress-increase rate.

Cyclic loading of a test specimen by
tensile/compressive stresses with in-
creasing amplitude yields the cyclic o-¢
curve and from this the cyclic 0.2 % yield
strength. When compared with the mo-
notonic 0.2% vield strength, this value is
a measure of possible softening or hard-
ening brought about by cyclic over-stress-
ing.

g'I'ha yield strength ratio is the ratio of
the cyclic to the monotonic 0.2% vyield
strength. y>1 signifies cyclic ha-dening,
y <1 cyclic softening.

Fracture toughness

Fracture toughness, or Ky factor, is a ma-
terial parameter of fracture mechanics.
The K, factor is that stress intensity
ahead of a crack tip which leads to unsta-
ble crack propagation, and thersfore to
the fracture of the structural part. If the K.
factor of a material is known, the critical
fracture load can be determined from
crack length, or critical crack length can
be determined from the given 2xternal
loading value.
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Specific heat capacity
Specific heat capacity (specific heat) is
the quantity of heat in J required to raise
the temperature of 1 kg of a substance
by 1 K. It is dependent on temperature.
In the case of gases, it is necessary to
differentiate between specific heat capac-
ity at constant pressure and at constant
volume (symbols: ¢, and ¢,, respectively).
This difference is usually negligible in the
case of solid and liquid substances.

Specific heat of fusion

The specific heat of fusion of a solid is the
quantity of heat in J required to transform
1 kg of a substance at fusion temperature
from the solid to the liquid state.

Specific heat of evaporation

The specific heat of evaporation of a liquid
is the quantity of heat in J required to
evaporate 1 kg of this liquid at boiling tem-
perature. The specific heat of evaporation
is highly dependent upon pressure.

Tharmal conductivity

Thermal conductivity is the quantity of
heat in J which flows in 1 s through a ma-
terial sample which has a surface area of
1 m2 and a thickness of 1 m if the temper-
atures of the two end surfaces of the
sample differ by 1 K.

In the case of liquids and gases, ther-
mal conductivity is often highly dependent
upon temperature, whereas temperature
is generally not significant in the case of
solids.

Ccefficient of thermal expansion

The coefficient of linear (or longitudinal)
expansion indicates the relative change in
length of a material caused by a change
in lemperature of 1 K. For a temperature
variation AT, the change in length is
defined as 4l = [-a-AT. The cubic or
volume coefficient of expansion is defined
in the same way. The volume coefficient
of expansion for gases is roughly 1/273.
For solids, it is roughly three times as
large as the coefficient of linear expan-
sicn.

Permeability

Permeability u or relative permeability u,
describes®the dependence of magnetic
induction on the applied field:

B = p-pg-H

Depending on the application in which the
magnetic material is used, there are
roughly 15 types of permeability. These
are defined according to modulation
range and type of loading (direct-current
or alternating-current field loading).
Examples:

Initial permeability iy

Slope of the virgin curve for H—0. In most
cases, however, the slope for a specific
field strength (in mA/cm) is specified
rather than this limit value. Examnple:
1y is the slope of the virgin curve for
H=4mAl/cm.

Maximum permeability fyay
Maximum slope of the virgin curve.

Permanent permeability i, or L.

Average slope of a retrograde magnetic
hysteresis loop whose lowest point
usually lies on the demagnetization curve.

Up = ABIAH - o)

Temperature coefficient of magnetic
polarization TK(Js)

This temperature coefficient indicates the
relative change in saturation polarization
as the temperature changes, it is given in
% per kelvin.

Temperature coefficient of coercive
field strength TK(H,)

This temperature coefficient indicates the
relative change, in % per kelvin, of coer-
cive field strength as the temperature
changes.

Curie point (Curie temperature) 7,

The Curie point is the temperature at
which the magnetization of ferromagnetic
and ferrimagnetic materials becomes
zero and at which they behave like para-
magnetic materials (sometimes dafined
differently, see characteristic values of
soft ferrites on P. 208).
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Material groups

The materials in current industrial use can

be classified according to one of four cat-

egories. Each of these, in turn, includes

various subclassifications:

- Metals: wrought, rolled, cast etc.
metals, sintered metals,

- Nonmetallic __inorganic __materials:
ceramic materials, glass,

- Nonmetallic organic materials: natural
materials, plastics and elastomers

- Composite materials.

Magnetic materials form an important ma-
terial group with special characteristics,
and will be described separately.

Metals

Metals generally exhibit a crystalline
structure. Their atoms are arranged in a
regular crystal lattice. The valence elec-
trons of the atoms are not bound to a spe-
cial atom, but rather are able to move
freely within the metal lattice (metallic
bond).

This special metal-lattice structure ex-
plains the characteristic properties of
metals: high electrical conductivity which
decreases as temperature increases;
good thermal conductivity, low trans-
parency to light; high optical reflectivity
(metallic luster); ductility and the resulting
high degree of formability. Alloys are met-
als which consist of two or more compo-
nents, of which at least one is a metal.

Wrought, rolled, cast etc. metals

Apart from small flaws such as shrink-
holes and nonmetallic inclusions, such
metals contain no voids. Components are
produced by casting, either directly (e.g.
gray cast iron, diecast aluminum) or from
wrought products (machined with or with-
out cutting).

Sintered metals

Sintered metals are usually produced by
pressing powder or by the injection-mold-
ing of mixtures composed of metallic pow-
der and plastic. Following the removal of
parting agents and plasticizers, the parts

are then sintered to give them their char-
acteristic properties. Sintering is a type of
heat treatment in a range from 800 to
1300°C. In addition to its chemical com-
position, the sintered part's properties
and application are to a large extent de-
termined by its degree of porosity. Com-
ponents with complicated shapes can of-
ten be made particularly cheaply from sin-
tered metals, either ready-to-install or
requiring only little finishing.

Nonmetallic inorganic
materials

These materials are characterized by ion
bonds (e.g., ceramic materials), mixed
(heteropolar/fhomopolar) bonds (e.q.,
glass) or homopolar bonds (e.g., carbon).
These kinds of bonds, in turn, are respon-
sible for several characteristic prooerties:
generally poor thermal and electric con-
ductivity (the latter increases with temper-
ature), poor luminous reflectance, brittle-
ness and thus almost complete unsuit-
ability for cold forming.

Ceramics

Ceramics are at least 30% crystalline in
nature; most ceramics also contain amor-
phous components and pores. Their man-
ufacture is similar to that of sintered met-
als, however nonmetallic powders or pow-
der mixtures are used; sintering at
temperatures generally higher than
1000°C gives ceramics their characteris-
tic properties. Ceramic structural parts
are sometimes also shaped at high tem-
peratures or even by a melting process,
with subsequent crystallization.

Glass

Glass is viewed as under-cooled, frozen
liquid. Its atoms are only in a short-range
order. It is regarded as amorphous.
Molten glass turns to solid glass at the
transformation temperature 7 (T is de-
rived from the former designation “glass
formation temperature”). T; is dependent
on a variety of parameters and therefore
not clearly determined (better: transfor-
mation range).
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Nonmetallic organic
materials

These materials consist mainly of com-
pounds of the elements carbon and hy-
drogen, whereby nitrogen, oxygen and
other elements are also often included in
the structure. In general, these materials
exhibit low thermal and electric conductiv-
ity, and are combustible,

Natural materials

The best-known natural materials are
wood, leather, resin, natural rubber, and
fibers made of wool, cotton, flax, hemp
and silk. Most natural materials are used in
processed or refined form, or serve as raw
materials in the manufacture of plastics.

Plastics

A s.gnificant characteristic of plastics is
their macromolecular structure. There are
three different types of plastics: thermo-
plastics, thermosets (sometimes also
called thermosetting plastics) and elasto-
mers. The transformation temperature T
for thermoplastics and thermosels lies
above the temperature of application; the
reverse is true for elastomers. T (compa-
rable with the transformation temperature
T, of glass) is understood to mean that
temperature below which intrinsic molec-
ular motion ceases. The major impor-
tance of thermoplastics and thermosets
lies in the fact that they can be shaped
and molded without machining.

Thermoplastics

Thermoplastics soften and lose their di-
mensional stability at temperatures above
Te. Their physical properties are highly
temperature-dependent. The effect of
temperature can be somewhat reduced by
using mixtures of thermoplastic polymers.

Thermosets

Thermosets retain their dimensional sta-
bilicy up to temperatures almost as high
as the processing temperature due to
closely-spaced cross-linking. Their me-
chanical properties are less temperature-
dependent than those of thermoplastics.
Fillers are usually added to thermosetting
resins to counteract their inherent brittle-
ness.

Elastomers

Elastomers are useful in many appiica-
tions because of their elasticity, which is
only present at temperatures above T.
Elastomers are vulcanized (widely-
spaced cross-linking) in order to statilize
their molecular bonds.

Composite materials

Composite materials consist of at least
two physically or chemically different
components. These components must be
tightly bound together at a defined inter-
face. The formation of the interface must
have no negative effect on any of the
bound components. Under these two con-
ditions it is possible to bond many materi-
als together. Composite materials exhibit
combinations of properties which none of
the components alone possesses. Differ-
ent classes of composite materials are:
Particle composite materials (e.g., pow-
der-filled resins, hard metals, plastic-
bonded magnets, cermets),

minated composite materials (e.g.,
composite or sandwich panels, resin-
bonded fabric),
Fiber composite materials (e.g., with
fiberglass, carbon-fiber, and cotton-fiber-
reinforced plastics).

Magnetic materials

Materials which have ferromagnetic or
ferrimagnetic properties are called mag-
netic materials and belong to one of two
groups: metals or nonmetallic inorganic
materials. They are characterized by their
ability to store magnetic energy (perma-
nent magnets), or by their good magnetic
flux conductivity (soft magnets). In addi-
tion to ferromagnets and ferrimagnets,
diamagnetic, paramagnetic and antiferro-
magnetic materials also exist. They differ
from each other in terms of their perme-
ability u (P. 68) or the temperature-depen-
dence of their susceptibility x.1)

He=1+u

') Ratio of the magnetization of a substance to
the magnetic field strength or excitation.
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Diamagnets: Susceptibility #pi, is inde-
pendent of temperature.

See P. 68 for examples.

Paramagnets: Susceptibility #.. drops
as temperature increases. Curie’s law:
Hpara = T

C Curie constant, T Temperature in K.
See P. 68 for examples.

Ferromagnets and ferrimagnets: Both
‘ypes exhibit spontaneous magnetization
which disappears at the Curie point
(Curie temperature T.). At temperatures
above the Curie temperature, they be-
have like paramagnets. For T > T, the
Curie-Weiss law is applicable to suscepti-
bility: »# = CAT-T)

The saturation induction of ferromagnets
is higher than it is for ferrimagnets, be-
cause all magnetic moments are aligned
in parallel. In the case of ferrimagnets, on
the other hand, the magnetic moments of
the two sublattices are aligned antiparallel
to one another. These materials are nev-
ertheless magnetic, because the mag-
netic moments of the two sublattices have
different magnitudes.

Antiferromagnets: Examples: MnO, MnS,
FeClz, FEO, NIO, Cr, V203. V20,

As in the case of ferrimagnets, adjacent
rnagnetic moments are aligned antiparal-
lel with respect to one another. Because
they are of equal magnitude, the effective
magnetization of the material is zero.

At temperatures above the Néel point
(Néel temperature Ty), they behave like
paramagnets. For T'>Ty, the following is
applicable to susceptibility: x = CAT+0)
€ Asymptotic Curie temperature

Soft magnetic materials

The following figures are from the applic-
able DIN Standards. Soft-magnetic metal-
lic materials (DIN-IEC 60404-8-6).

Many material qualities defined in this
siandard relate to the materials in
DIN 17 405 (DC relays) and DIN-|EC 740-2
(transformers and reactors).

Designation comprises a letter and num-
bar combination:
Code letter, Number 1, Number 2, — Num-
bar 3. The “code letter” indicates the main
alloy constituent:

“A” pure iron, “C” silicon, “E" nickel,
“F" cobalt.

Number 1 indicates the concentration
of the main alloy element.

Number 2 defines the differeni curves:
1: round hysteresis loop, 2: rectangular
hysteresis loop.

The significance of the Number 3 fol-
lowing the hyphen varies according to the
individual alloy. It indicates the minimum
initial permeability /1000 ir nickel
alloys; with other alloys it designates the
maximum coercive field strength in A/m,
The properties of these materials are
strongly geometry-dependent and highly
application-specific. The material data
quoted in extracts from the stancard can
therefore only provide an extremealy gen-
eral overview of the properties of these
materials. Refer to P. 203 for material
data.

Magnetic sheet steel and strip (formerly in
DIN 46 400)

Designation: Code letter 1 Number 1 —
Number 2 Code letter 2.

The first code letter is “M” for all vari-
eties (indicates metallic materials). Num-
ber 1 is one hundred times the maximum
magnetic reversal loss at 1.5 or 1.7 Tesla
and 50 Hz in W/kg. Number 2 is the prod-
uct's nominal depth in mm times one hun-
dred.

Code letter 2 provides type data:

“A" cold-rolled electric sheets, no granular
orientation, finish-annealed  (DIN-EN
10 1086).

Grain-oriented electric sheet, finish-an-
nealed (DIN-EN 10 107): “N" standard
magnetic reversal loss, “S” limited mag-
netic reversal loss, “P" low magnetic re-
versal loss, “D” cold-rolled electric sheet
of unalloyed steel, not finish-annealed
(DIN-EN 10 126), “E” cold-rolled steel-al-
loy electric sheet, not finish-annealed
(DIN-EN 10 165). Materials data, I°. 204.

Materials for transformers and reactors
(DIN-IEC 740-2).

These materials comprise the alloy
classes C21, C22, E11, E31 and E41
from the standard for soft-magnetic ma-
terials (DIN-IEC 60404-8-6). The stan-
dard essentially contains the minimum
values for core-sheet permeability for
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specified core-sheet sections (YEI, YED,
YEE, YEL, YUl and YM). See P. 205 for
material properties.

Materials for DC relays

(DN 17 405); see P. 206 for material prop-

erties.

Designation:

a) Code letter “R" (relay material).

b) Code letters for identifying alloy con-

stituents:

Fe = unalloyed, Si = silicon steels

Ni = nickel steels or alloys.

¢) Code number for maximum coercive

field strength.

d) Code letter for stipulated delivery

state: “U” = untreated, “GB" = malleable

pre-annealed, “GT” = pre-annealed for
deep-drawing, “GF” = final-annealed.

DIN-IEC 60404-8-10 essentially con-
tains the limit deviations for magnetic re-
lay materials based on iron and steel. The
designation code defined in this standard
is as follows:

— Code letter “M".

— Permitted maximum value for coercive
field strength in A/m.

—Code letter for material composition:
“F" = pure ferric material, “T" = steel al-
loy, “U” = unalloyed steel.

—Code letter for delivery state:
‘H" = hot-rolled, “C" = cold-rolled or
cold-drawn.

Example: M 80 TH.

Sintered metals for soft-magnetic

components (DIN-IEC 60404-8-9)

Designation:

— (Code letter “S": for sintered materials.

— Hyphen, followed by the identifying alloy
elements, i.e. Fe plus if necessary P, Si,
Ni or Co.

- The maximum coercive field strength in
A/m follows the second hyphen. Refer
to P. 207 for material data.

Soft-magnetic ferrite cores

(DIN 41 280)

Soft-magnetic ferrites are formed parts
made of a sintered material with the gen-
eral formula MO - Fe,O3 where M is one
or more of the bivalent metals Cd, Co, Ca,
Mg, Mn, Ni, Zn.

Designation: The various types of mag-
netically soft ferrites are classified in

groups according to nominal initial per-
meability, and are designated by capital
letters. Additional numbers may be used
to further subdivide them into subgroups;
these numbers have no bearing on mate-
rial quality.

The coercive field strength H. of soft
ferrites is usually in the range 4...500 A/m.
Based on a field strength of 3000 A/m, the
induction B is in the range 350...470 mT.
Refer to P. 208 for material data.

Permanent-magnet materials

(DIN 17410, replaced by DIN-IEC
60404-8-1)

If chemical symbols are used in the ab-
breviated names of the materials, they re-
fer to the primary alloying constituents of
the materials. The numbers before the
forward slash denote the (BH) .y velue in
kJ/m3 and those after the slash cenote
one tenth of the H value in kA/m
(rounded values). Permanent magnets
with binders are indicated by a final p.

Designation by abbreviated name cr
material number?)
DIN: Material number as definad in
DIN 17 007, Parts 2 and 4.
IEC: Structure of material numbers;
Code letters:
R — Metallic permanent-magnet
materials
S — Ceramic permanent-magnet
materials
1st pumber:
indicates type of material, e.g.:
1 AINiCo, 5 RECo
2nd number:
0: isotropic material
1: anisotropic material
2: isotropic material with binder
3: anisotropic material with bincler.
3¢ number:
indicates quality level.
Refer to P. 209 for material data.

') The designation system for permanent-mag-
net materials is currently undergoing extensive
revision. Because the discussions were stiil in
progress at the editorial deadline, no data or
comments could be provided.

PETITIONER'S EXHIBIT 1002
US PATENT NO. 6,557,540




1 86 Material data

Properties of solids?®)

Substance Density | Melting | Boiling | Thermal | Mean spe-| Melting | Coefficient
point") point') | conduc- | cificheat | enthalpy | of linear
tivity?) | capacity®) | AH¢) expansion3)
glem? °C °C Wi(m-K) | kd/{kg-K) | kdikg »108/K
Aluminum Al 270 660 2467 | 237 0.90 395 3.0
Aluminum alloys 2.60...2.85 | 480...655 | - 70..240 | - - 21.24
Amber 1.0..1.1 =300 Decompases| — - = =
Antimony Sb 6.69 630.8 1635 |24.3 0.21 172 85
Arsenic As 573 - 613%) |50.0 0.34 370 L7
Asbestos 21.28 |=1300 - - 0.81 - -
Asphalt 1.1.14 |80..100 |=300 |0.70 0.92 = -
Barium Ba |3.50 729 1637 | 184 0.28 55.8 18.1..21.0
Barium chloride 3.86 963 1560 |- 0.38 108 -
Basalt 26.33 |- - 1.67 0.86 - -
Beef tallow 0.9..097 |40.50 =350 |- 0.87 = -
Beryllium Be 1.85 1278 2970 | 200 1.88 1087 11.5
Bismuth Bi 9.75 2n 1551 | 8.1 0.13 59 12.1
Bitumen 1.05 = - 017 1.78 - -
Boiler scale =25 =1200 - 0.12..2.3] 0.80 - -
Borax 1.72 740 - - 1.00 - -
Boron B 2.34 2027 3802 |27.0 1.30 2053 £
Brass CuZn37 8.4 900 110 | 113 0.38 167 18.5
Brickwork >19 - - 1.0 0.9 - -
Bronze CuSn 6 8.8 910 2300 |64 0.37 = 17.5
Cadmium Cd |8865 3211 765 96.8 0.23 54.4 298
Calcium Ca 1.54 839 1492 | 200 0.62 233 22
Calcium chloride 2.15 782 >1600 |- 0.69 - =
Cellulose acetate 1.3 - - 0.26 1.47 - 100...160
Cement, set 2..22 - - 09..1.2 [1.13 - -
Chalk 1.8..26 | Decomposesinto Ca0 | 0.92 0.84 - -
and CO;y
Chamotte (fireclay) 1.7.24 |=2000 |- 1.4 0.80 - -
Charcoal 03..05 |- - 0.084 1.0 - -
Chromium Cr 7.19 1875 2482 | 93.7 045 294 6.2
Chromium oxide Cry04] 5.21 2435 4000 | 0.429) 0.75 - -
Clay, dry 1.5..1.8 | =1600 - 09..13 [0.88 - -
Cobalt Co |89 1495 2956 | 69.1 0.44 268 12.4
Coke 16.19 |- - 0.18 0.83 = =
Colophonium (fosin) 1.08 100...130 {Decomposes| 0.32 1.21 = -
Common salt 2.15 802 1440 |- 0.92 e =
Concrete 18.22 |- - =1.0 0.88 -
Copper Cu |8896 10849 | 2582 | 401 0.38 205
Cork 0.1..03 - - 0.04.006) 1.7..21 |- -
Corundum, sintered - - - - - 6.57)
Cotton wadding 0.01 - 0.04 =
Diamond C 35 3820 - - 0.52 - 1.1
Foam rubber 0.06..0.25 | - - 0.04..0.06] - - -
Germanium Ge |b6.32 937 2830 | 599 0.31 478 56
Glass (window glass) 24.27 | =700 - 0.81 0.83 - =8
Glass (quartz glass) - - - - - - 05
Gold Au 19.32 1064 2967 | 317 0.13 64.5 14.2
Granite 2.7 - - 3.49 0.83 - -

.'} At1.013bar. 2) At20°C. AH of chemical elements at 27 °C (300 K). %) At 0...100°C, see also P. 181.

1) At the melting point and 1.013 bar.

PP 193...227.

5) Sublimed.

& Powder form. 7) At 20...1000°C.

8) Materials,
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Substance Density Melting | Boiling | Thermal | Mean spe-|Melting | Coeficient
point?) point') | conduc- | cific heat |enthalpy |of linzar
tivity?) capacity?) | AHY) expansion?)

glem?3 °C °C Wim-K) | kdikg-K) [kd/kg xX10-9K
Graphite, pure C 2.24 =3800 |=4200 | 168 0.71 - 27
Gray cast iron 7.25 1200 2500 |58 0.50 125 10.5
Hard coal (anthracite) 1.35 - - 0.24 1.02 - -
Hard metal K 20 14.8 >2000 |=4000 | 814 0.80 - Bl
Hard rubber j2.15 |- - 0.16 1.42 - 50...90%)
Heal-conductor alloy NiCr 8020(8.3 1400 2350 | 146 0.508) - -
lce (0°C) 0.92 0 100 2.337) 2.097) 333 518)
Indium In 7.29 156.6 2006 |816 0.24 28.4 33
lodine I 495 1135 184 0.45 0.22 120.3 -
Iridium Ir 22.55 2447 4547 | 147 0.13 137 6.4
[ron, pure Fe 7.87 1535 2887 | 802 0.45 267 12.2
Lead Pb 11.3 327.5 1749 | 355 0.13 24.7 29.1
Lead monoxide PbC (9.3 880 1480 |- 0.22 - -
Leather, dry 0.86..1 - - 0.14..0.16| =15 -
Lincleum 12 - = 0.19 - - -
Lith um Li 0.534 180.5 1317 | 847 33 663 56
Magnesium Mg 1.74 648.8 1100 | 156 1.02 arz 26.1
Magnesium alloys =1.8 =630 1500 |46..139 |- - 245
Manganese Mn |7.47 1244 2100 |7.82 0.48 362 22
Marble CaC04|256..2.8 | DecomposesintoCaO | 2.8 0.84 - -

and CO,
Mica 26..29 | Decomposesat700°C | 0,35 0.87 - 3
Molybdenum Mo  [10.22 2623 5560 | 138 0.28 288 5.4
Monel metal 8.8 1240... |- 19.7 0.43 - -
..1330

Mortar, cement 16..1.8 = 1.40 - - -
Mortar, lime 1.6..1.8 - 0.87 - - -
Nickel Ni 8.90 1455 2782 | 90.7 0.48 300 13.3
Nicke! silver CulNi12Zn24 87 1020 - 48 0.40 - 18
Niodium Nb 8.58 2477 4540 | 537 0.26 293 71
Osmium Os 22.57 3045 5027 |878 0.13 154 43..68
Palladium Pd 12.0 1554 2927 | 718 0.24 162 1.2
Paper 0.7.12 |- - 0.14 1.34 - -
Paraffin 0.9 52 300 0.26 3.27 -
Peat dust (mull}, air-dried 0.19 - - 0.081 - i s
Phosphorus (white) P 1.82 441 2804 |- 0.79 20
Pitch 1.25 - - 0.13 - - -
Plaster 23 1200 = 0.45 1.09 - -
Platinum Pt 21.45 1769 3827 |76 0.13 101 9
Plutonium Pu 19.8 640 3454 (67 0.14 11 55
Polyamide 1.1 - - 0.31 - - 70...150
Polycarbonate 12 . 0.20 1.7 - 60...70
Polyethylene 0.94 - - 0.41 21 200
Polystyrene 1.05 = 017 1.3 70
Polyvinyl chloride 1.4 - = 0.16 - 70..150
Porcelain 23.25 |=1600 |- 1.6%) 1.29) - 4.3
Potassium K 0.86 63.65 754 102.4 0.74 614 83

") At1.013bar. 2) At 20°C. AH of chemical elements at 27°C (300K). %) At0..100°C. 4) At melting

pointand 1.013 bar. %) At20...50°C. ©) At0...1000°C. 7) At-20...0°C. ®) At-20..-1°C.

%) At0...100°C.
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Properties of solids'?) (continued)

Substance Density |Melting | Boiling | Thermal | Mean spe-| Mefting | Cosfficient
point!) point!) | conduc- | cific heat | enthalpy | of linear
tivity?) capacity®) | AHY) expansion?)
glem? °C °C Wim-K) | kditkg-K) | kdikg x10-¥/K

Quartz 21.25 |1480 2230 |99 0.80 B)/14.68)
Iadium Ra |5 700 1630 | 186 0.12 32 20.2
Red bronze CuSn5ZnPh 8.8 950 2300 |38 0.67 - -

Red lead, minium  PbsO4| 8.6...9.1 | Forms P60 0.70 0.092 - -
Resin bonded fabric, paper | 1.3.14 |- ~ 0.23 1.47 - 19...257)
Resistance alloy CuNi44 | 8.9 1280 =2400 | 226 0.41 - 13.2
Rhenium Re 21,02 3160 5762 1150 0.14 178 84
Rigid foam plastic, 0.015.. |- - 0.036.. |- - -
air-filled?) ..0.06 ..0.06

Rigid foam plastic, 0.015.. |- - 0.02... = - -
freon-filled ..0.06 ..0.03

Roofing felt 1.1 - - 0.19 - - =
Rubber, raw (caoutchouc) | 0.92 125 - 0.15 - - -
Rubidium Rb |[1.53 38.9 688 58 0.33 26 9
Sand, quartz, dry 15..1.7 [=1500 |2230 |0.58 0.80 - -
Sandstone 2..25 =1500 |- 23 0.71 - -
Selenium Se |48 217 684.9 |20 0.34 64.6 37
Silicon Si 2.33 1410 2480 | 148 0.68 1410 42
Silicon carbide 2.4 Decomposes above 3000°C 99) 1.059) - 4.0
Sillimanite 24 1820 - 1.51 1.0 - -
Silver Ag | 105 961.9 2195 | 429 0.24 104.7 13.2
Slag, blast furnace 25.3 1300.. |- 0.14 0.84 - -

...1400

Sodium Na | 097 97.81 883 141 1.24 115 70.6
Soft rubber 1.08 - - 0.14..0.24| - - -
Soot 1.7.18 |- - 0.07 0.84 - -
Steatite 26.27 |=1520 - 1.6'9) 0.83 - 8..91)
Steel, chromium steel - - - - - - 1
Steel, electrical sheet steel | - - - - - - 12
Steel, high-speed steel - - - - 115
Steel, magnet steel AINICo12/6] - 11.5
Steel, nickel steel 36% Ni (invar)| - - - - - - 15
Steel, sintered - - - - - - 11.5
Steel, stainless (18Cr, 8Ni} | 7.9 1450 - 14 0.51 - 16
Steel, tungsten steel (18W) | 8.7 1450 - 26 0.42 - -
Steel, unalloyed and low-alloy | 7.9 1460 2500 | 48..58 0.49 205 115
Sulfur {a) ] 2.07 1128 444 67 | 0.27 0.73 38 74
Sulfur () s 1.96 118.0 - - - - -
Thermosets

Melamin resin 1.5 - - 0.35 & - =60

with cellulose fibers

Phenolic resin 1.8 - - 0.70 1.25 - 15..30

with ashestos fibers

Phenolic resin 14 - - 0.35 1.47 - 15...30
with fabric chips

Phenolic resin 14 - - 0.35 1.47 - 30...50
with wood dust

Phenglic resin wlo filler 1.3 = - 0.20 1.47 - 80

') At 1.013 bar. ?) At 20°C. AH of chemical elements at 27°C (300K). 3) AL0...100°C.  4) At melting point
and 1.013 bar. %) Parallel to crystal axis. €) Perpendicular to crystal axis. 7) At 20...50°C. #) Rigid
foam plastic from phenolic resin, polystyrene, polyethylene & similar. Values dependent on cell dizmeter and

filler gas. ) At 1000°C.

1) At 100...200°C.

1) At 20...1000°C.

'2) Materials, PP. 193...227,
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Substance Density Melting | Boiling | Thermal | Mean spe-| Melting | Coefficient
point") point') | conduc- | cific heat | enthalpy | of linear
tivity?) | capacity®) | ARY) expansion?)
glem?® °C °C Wim-K) | kd/(kg-K) | kdikg x10-8/K
Tantalum Ta 16.65 2996 5487 | 575 0.14 174 6.6
Tellurium Te |624 4495 989.8 |23 0.20 106 16.7
Thorium Th | 11.72 1750 4227 |54 0.14 <B3 12.5
Tin (white) Sn | 7.28 23197 |2270 |57 023 61 212
Titanium Ti 4.51 1660 3313 | 219 052 437 83
Tombac CuZn 20 8.65 1000 =1300 (159 0.38 ~ -
Tungsten W 19.25 3422 5727 | 174 0.13 191 48
Uranium U 18.95 11323 | 3677 | 276 012 65 12.6
Vanadium v 6.1 1890 3000 |30.7 0.50 345 8.3
Vuleanized fiber 1.28 - - 0.21 1.26 - =
Wax 0.96 60 - 0.084 34 - -
Woods)  Ash 0.72 - - 0.16 3 = y in
Balsa 0.20 = - 0.06 & fiber
Beech 0.72 = - 0.17 - direc-
Birch 0.63 = - 0.14 - tion
Maple 0.62 - - 0.16 - 3.4,
Oak 0.69 - - 0.17 21.29|- trans-
Pine 0.52 = - 0.14 - verse
Poplar 0.50 = = 0.12 - to liber
Spruce, fir 0.45 - - 0.14 - 22..43
Walnut 0.65 = = 0.15 & J
Wood-wool building slabs | 0.36...0.57 | - & 0.083 = =
Zinc Zn |74 419.58 | 907 116 0.38 102 25.0
Zirconium Zr | 651 1852 4377 | 227 0.28 252 58

") AL1.013bar. 2) At20°C. AH of chemical elements at 27°C (300K). ) At0...100°C.

4) At melting point and 1.013 bar.

5) Mean values for air-dried wood (moisture content: approx. 12%).
Tharmal conductivity: radial. Axial conductivity is roughly twice as high.
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Material data
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192  Material data

Properties of gases

Substance Density') | Melting | Boiling | Ther- | Specific Evap-
point?) | point?) | mal heat oration
conduc-| capacity?) enthalpy?)
tivity) | kdf(kg-K) )
kgm? | °C °C Wim-K)| e, e | e | kikg
Acetylene CH, |[1.47 -84 -81 0.021 |[164 |1.33 |1.23 1 751
Air 1.293 -220 -191 0.026 |1.005|0.716 | 1.40 | 209
Ammonia NH, | 0.77 -78 -33 0.024 |206 (156 |1.32 (1369
Argon Ar 178 -189  |-188 |0.018 |052 |031 |1.67 (163
Blast-furnace gas 1.28 -210 -170 0.024 105 1075 |1.40 |-
i-butane CiHy | 2.67 -145 -102 0016 |- - 111 |-
n-butane C.qH]u 270 -138 -05 0.016 - i = -
Carbon dioxide CO;, 1.98 -574) -78 0016 |082 |063 |1.30|368
Carbon disulfide Cs; |341 -112 +46 0.0073 | 067 |056 [1.19 |-
Carbon monoxide co 1.25 -199 -191 0.025 |[1.05 |0.75 |1.40 |-
Chlorine Cly 321 -101 -35 0009 (048 |037 |1.30|288
City/town gas 0.56...0.61] -230 -210 0064 (214 159 |135|-
Cyanogen (dicyan)  (CN); |2.33 -34 -21 - 172 135 |1.27 |-
Dichlorodiflucromethane CCI,F; | 5.51 -140 -30 0010 |- - 114 | -
(=Freon F 12)
Ethane C.Hs |[1.36 -183 -89 0.021 166 [1.36 |[1.22]522
Ethanol vapor 2.04 -114 +78 0015 |- - 113 |-
Ethylene CHy |1.26 -169 -104 0.020 147 |1.18 [1.24 | 516
Fluorine Fa 1.70 -220 -188 0.025 083 |- - 172
Helium He 0.18 -270 -263 0.15 520 |315 |165|20
Hydrogen Ha 0.09 -258 -253 0.181 14.39 | 10.10 | 1.42 | 228
Hydrogen chloride  HCI 1.64 -114 -85 0.014 | 081 |057 |142 |-~
Hydrogen sulfide H.S [ 1.54 -86 -1 - 096 |0.72 |1.34 |535
Krypton Kr 373 -157 -153 [ 0.0095 |025 |0.15 |1.67 | 108
Methane CHy 0.72 -183 -164 0033 219 |1.68 |1.30 | 557
Methyl chioride CH4Cl | 2.31 -92 =24 - 0.74 | 057 |1.29 | 446
Natural gas =0.83 - -162 = = = = =
Neon Ne 0.90 -249 -246 0.049 1.03 |062 |1.67 |86
Nitrogen N 1.24 =210 -196 0.026 1.04 |0.74 |1.40 | 1839
Oxygen 0, 1.43 -218 -183 0267 (092 |065 |1.41]213
QOzone 0 2.14 251 -112 0019 |- - 1.29 |-
Propane CsHy | 2.00 -182 -42 0018 |- - 1.14
Propylene CHs | 1.91 -185 47 0.017 |- - = 468
Sulfur dioxide S0, 293 =73 =10 0.010 064 |0.46 |1.40 | 402
Water vapor at 100°C%) 0.60 0 +100 0025 |201 |152 |1.32 |-
Xenon Xe 5.89 112 -108 | 0.0057 |0.16 |0.096 | 1 9

) At0°C and 1.013 bar.
2) At 1.013 bar.

3) At 20°C and 1.013 bar. C;, C, specific heat capacity at constant pressure and at constant volume.
4) At 5.3 bar.

5) At saturation and 1.013 bar, see also table “Properties of liquids”.
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Permanent-magnet materials (continued)
Bosch grades [BTMT] (not standardized

Material Density')| (BH)mas?) | Remanence?) | Coercive field strength?)

0 B, of the flux density | of the polarization
Abbreviated name Hcs Hey

glem? | kd/m? mT kA/m kA/m
RBX HC 370 25 360 270 390
RBX HC 380 28 380 280 370
RBX 380K 28 380 280 300
RBX 400 30 400 255 260
RBX 400 K 47.49 |31 400 290 300
RBX HC 400 29 380 285 355
RBX 420 34 420 255 270
RBX 410 K 33 410 305 330
RBX HC 410 30 395 290 340
RBX 420 S 35 425 260 270
RBX HC 400 N 28 380 280 390

1_jgtandard values. 2) Minimum values.

Comparison: permanent magnets and soft magnets

Range of magnetic characteristics of some crystalline materials in widespread use.

§
3
Magnet material | Coercive Saturation Remanence B, ‘:
field strength Hg | polarization J5 {
Alm T T u il‘.:
Soft magnets Low High Depending on High }
0.3...400 0.9..24 application < 500,000 i
Permanent High High High High
magnets 5.10%.2-10° 0.45...1.4 0.4..1.25 1.1..5
25
w T =
P
g
i 21
[
[1}] e
£ W i
g g
...';" 1.5 4+ r— - @
§ =1 i
o i
N
al
s 1T
[+1 :’E“
& Sl | B = E I
5 28Il |2 3ls K -
5 l_ 39.8 2 &2 O " |
£ 05 o8lle g s P 8
M~ (T3] o
2 AT ! i) @ 2
sald |5 [ (S 8 1 |5
|| I le z 2 |5 |
5 zZ<|lZ| |2 i o =4 il B B
L] I - T 1
101 100 101 102 1IU3 104 105 108 Alm
Coercive field strength Hg
-+—— Soft magnet | Permanent (hard) magnet ——
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Materials ?1 5

Electrical properties

Electrical resistivity at 20°C

(Resistance of a wire 1 m long with a cross section of 1 mm2)

Resistivity is highly dependent upon the purity of the metal concerned. The mean tem-
perature coefficient « refers to temperatures between 0 and 100°C whenever possible.
Resistivity at a temperature 1 °C is g, = 020 [1 + @ (1 —20°C)]. For calculation of the tem-

perature of a winding based on the increase in resistance, see P. 136.

1Qmm2m=1pQm,1Sm/mm2=1MS/m (S = Siernens)

Malerial Electrical Electrical | Mean tem- Maximum
resistivity | conduc- | perature operating
0 tivity coefficient temperature
y=1lo o
x10-3
um MS/m 1/°C approx. °C
Aluminum, Al 99.5 (soft) 0.0265 35 38 -
Aluminum alloy E-AIMgSi <0.0328 >30.5 3.8 -
Bismuth 1.07 0.8 4.54 -
Brass CuZn 39 Pb 3 0.0867 15 2.33 -
CuZn 20 0.0525 19 1.60 -
Bronze CuBe 0.5, age-hardened 0.04..005(20..25 |- 300
Cadmium 0.068 13 - -
Carbon brushes, unfilled 10..200 |01..005 |- -
metal-filed 0.05..30 [20..0.03 |- -
Copper, soft 0.01754 57 3.9 =
hard (cold-stretched) 0.01786 56 3.9 -
Gold (fine gold) 0.023 45 4 -
Gold-chromium alloy Cr2.05 0.33 3.03 +0.001 -
Grey cast iron 06..16 |[0.62..1.67/1.9 -
Heating-element alloy') CrAl 20 § 1.37 0.73 0.05 1200
NiCr 30 20 1.04 0.96 0.35 1100
NiCr 60 15 1.13 0.88 0.15 1150
NiCr 80 20 1.12 0.89 0.05 1200
Lead Pb 99.94 0.206 48 4 -
Magnetic steel sheet | 0.21 476 - -
Magnetic steel sheet IV 0.56 1.79 - -
Mercury 0.941 1.0386 0.9 =
Molybdenum 0.052 18.5 4.7 16007)
Nickel Ni 99.6 0.095 10.5 5.5 *
Nickel silver CuNi 12 Zn 24 0.232 43 - -
Platinum 0.106 10.2 3.923 -
Resistance alloy?) CuMn 12 Ni 0.43 2.33 +0.01 140
CuNNi 30 Mn 0.40 2.50 0.14 500
CuNi 44 0.49 2.04 +0.04 600
Silver (fine silver) 0.016 66.5 4.056 - i
Steel C 15 0.14 ...0.16| 7.15 - - P
Tantalum 0.124 8.06 3.82 - i
Tungsten 0.056 18.2 4.82 - i
Tin 0.114 8.82 4.4 -
Zinc 0.06 16.67 4.17 = '

9 DIN 17 470. ) Under shielding gas or in a vacuum. %) DIN 17 471.
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226 Materials

Plastics abbreviations with chemical names and
trade names?3)

Code Chemical name Trade names
ABS Acrylonitrile butadiene styrene Cycolac, Novodur, Ronfalin, Terluran
ACM Polyacrylate rubber Cyanacryl, Hycar
EAMT) Ethylene acrylate rubber Vamac
APE") Ethylene propylene rubber Arylef, APEC
ASA Acrylate styrene acrylonitrile Luran S
AU Polyurethane elastomers Urepan
CA Cellulose acetate Bergacell, Tenite
CAB Cellulose acetate butyrate Cellidor, Tenite
CMm Chilorinated polyethylene Bayer CM, CPE
CR Chloroprene rubber Baypren, Neoprene
CsSM Chlorosulfonated polyethylene Hypalon
ECO Epichlorohydrin rubber Herclor, Hydrin
EP Epoxy Araldite
EPDM Ethylene propylene rubber Buna AP, Dutral, Keltan, Nordel, Vistalon
EU Polyurethane elastomers Adiprene C
FPM Fluorcarbon rubber DAI-EL, Fluorel, Tecnoflon, Viton
HNBR!) Hydrogenated nitrile rubber Therban, Zetpol
IR Isoprene rubber Cariftex IR, Natsyn
MF Melamine-formaldehyde Bakelite, Resinol, Supraplast, Resopal
MPF Melamine/phenol-formaldehyde Supraplast, Resiplast
MvVQ Silicone rubber Rhodorsil, Silastic, Silopren
NBR Nitrile butadiene rubber Buna N, Chemigum, Hycar, Perbunan
PA 46") Polyamide 46 Stanyl
PA 6-3-T Amorphous polyamide Trogamid T
PA 6 Polyamide 6 Akulon, Durethan B, Grilon. Nivionplast,
(polymers of e-caprolactam) Perlon, Renyl, Sniamid, Technyl, Ultra-
mid B, Wellamid
PA B6 Polyamide 66 Akulon, Durethan B, Grilon. Nivionplast,
(polymers of hexamethylene diamide Perlon, Renyl, Sniamid, Technyl, Ultra-
and adipic acid) mid B, Wellamid
PA X1) X = partially aromatic polyamides Ultramid T+4), Amodel 1...5), Amodel 4...%),
Grivory GV'7), Grivory HTV8), Zytel HTN?®),
IXEF 19)
PA 11 Polyamide 11 Rilsan B
(polymers of 11-aminoundecanoic acid)
PA 12 Polyamide 12 Grilamid, Rilsan A, Vestamid
(polymers of dodecalagctam)
PAI Polyamide imide Torlon
PAN Polyacrylonitrile Dralon, Orlon
PBTP Polybutylene terephthalate Crastin, Pocan, Ultradur, Vestodur, Celanex
PC Polycarbonate Makrolon, Orgalan, Sinvet, Lexan
PA 612 Polyamide 612 (polymers of hexamethy- | Zytel
lene diamine and dodecanoic acid)
coch) Cyclo-olefin copolymers Topas
LCP Liquid crystal polymers Vectra, Zenite
PA 6/66 Copolyamide 6/66 Ultramid C, Technyl, Grilon TSV
SPS1) Syndiotactic polystyrene Questra, Xarec
PK1) Polyketon Carilon
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Code Chemical name Trade names

LFTY) Long-fiber reinforced thermoplastic Celstran

(PC + ABS) | Biend of polycarbonate + ABS Bayblend, Cycoloy

(PC + ASA) | Blend of palycarbonate + ASA Terblend S

(PC-PBT) | Blend of polycarbonate + PBT Xenoy

PE Polyethylene Hostalen, Lupolen, Stamylan, Vestolen

PEEK Polyether ether ketone Victrex “PEEK”"

PEI Polyether imide Ultem

PES Polyether sulphone Victrex “PES", Ultrason E

PETFE") Ethylene tetrafluorethylene copolymer | Hostaflon ET, Tefzel

PETP Polyethylene terephthalate Arnite, Crastin, Mylar, Rynite, Impet

PF Phenol-formaldehyde Bakelite, Supraplast, Vyncolite

PFA Perfluoralkoxyethylene Teflon PFA

PFEPT) Fluorinated ethylene-propylene Teflon FEP

copolymer

Pl Polyimide Kapton, Kerimid, Kinel, Vespel

PNMA Polymethyl methacrylate Degalan, Diakon, Lucryl, Perspex,
Plexiglas, Vedril

PCM Polyoxymethylene, polyformaldehyde Delrin, Hostaform, Ultraform

(a polyacetal)

FP Polypropylene Daplen, Hostalen PP, Moplen
Stamylan P, Starpylen, Vestolen

(PPE + SB) [ Blend of polyphenylene ether + SB Noryl, Luranyl

(PPE + PA) | Blend of polyphenylene ether + PA Noryl GTX, Ultranyl, Vestoblend

PPS Polyphenylene sulfide Fortron, Ryton, Tedur

PS Polystyrene Edistir, Hostyren, Lustrex

PSU Polysulphone Udel, Ultrason S

PTFE Polytetrafiuorethylene Fluon, Hostaflon, Teflon

PUR Polyurethane Lycra, Vulkollan

PVC-P Polyvinyl chloride, plasticized Trosiplast, Vestolit, Vinoflex

PVC-U Polyvinyl chloride, unplasticized Trovidur, Hostalit, Vinidur, Vestolid

PVDF Pelyvinylidene fluoride Dyflor, Kynar, Solef

PVF Polyvinyl fluoride Tedlar

SAN Styrene acrylnitrile Kostil, Luran, Tyril

SE Styrene butadiene Hostyren, Lustrex

SER Styrene butadiene rubber Buna Huls, Buna S, Cariflex S

TPE-AY) Polyether blockamide Pebax, Vestamid E

TPE-EY) TPE?) polyester base Arnitel, Hytrel, Riteflex

TPE-O1) TPE?) olefin base Leraflex, Santoprene

TPE-S1) TPEZ) styrene base Cariflex, Evoprene, Kraton

TPE-1117) | Polyester urethane Desmopan, Elastollan

UF Urea-formaldehyde Bakelite, Pollopas

UP Unsaturated polyester Keripol, Leguval, Palatal

1) Material code not yet standardized.
3) /SO 1043/DIN 7728 (Thermoplastics, thermosetting plastics), 1ISO 1629 (Rubbers).

Material codes
4) - 19 are standardized

4) PA 6/6T

%) PA 6T/61/66

&) PA 6T/66

7) PA 66+ PA 6l/6T

2) TPE: Thermoplastic rubber.

&) PA 61/6T
9) PA 6T/MPMDT
0 PAMXD 6
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Lubricants

Terms and definitions

Lubricants provide mutual insulation for
components in a state of relative motion.
The lubricant's function is to prevent di-
rect contact between these components,
thereby reducing wear and minimizing, or
optimizing, friction. Lubricants serve as
coolants, sealants and corrosion in-
hibitors, and can also reduce operating
noise. The lubricant can be solid, consis-
tent, liquid or gaseous in form. Specific lu-
bricants are selected with reference to de-
sign characteristics, materials combina-
tions, the operating environment and the
stress factors encountered at the friction
surface.

Additives

Additives are substances mixed into the lu-
bricant in order to improve specific proper-
ties. These substances modify either the
lubricant’s physical characteristics (e.g.
viscosity index improvers, pour-point de-
pressors) or its chemical properties (e.g.
oxidation inhibitors, corrosion inhibitors). In
addition, the properties of the friction sur-
faces themselves can be modified with ad-
ditives which change the friction character-
istics (friction modifiers), protect against
wear (anti-wear agents), or provide protec-
tion against scoring and seizure (extreme-
pressure additives). Great care must be
exercised in order to ensure that the addi-
tives are correctly matched with each other
and with the base lubricant.

AFC (Anti-Eriction-Coating)

Solid lubricant combinations which a
binding agent holds in place on the friction
faces.

ATF (Automatic Transmission Fluid)
Special-purpose lubricants specifically for-
mulated to meet stringent requirements
for operation in automatic transmissions.

Ash (DIN 51575, 51803)
The mineral residue which remains after
oxide and sulfate incineration.

Bingham bodies
Materials whose flow characteris:ics differ
from those of Newtonian liquids.

Bleeding (Qil separation, DIN 57817)
Separation of the base oil and the thick-
ener in a lubricating grease.

Cloud point (DIN ISO 3015)

The temperature at which mineral oil be-
comes opague due to the formation of
paraffin crystals or precipitation of other
solids.

Consistency (DIN 1SO 2137)

A measure of the ease with which lubri-
cating greases and pastes can be de-
formed.

Doped lubricants

Lubricants containing additives for im-
proving specific properties (e.g. aging sta-
bility, wear protection, corrosion protec-
tion, viscosity-temperature characteris-
tics).

Dropping point (DIN I1SO 2176)
Temperature at which a lubricating grease
attains a specified viscosity under defined
conditions.

EP Lubricants (Extreme Pressure)
See high-pressure lubricants.

Fire point/flash point (DIN ISO 2592)
The lowest temperature (referred to
1013 hPa) at which a gaseous mineral
product initially flashes (fire point), or con-
tinues to burn for at least 5 secs (burning
point).

Flow pressure (DIN 51805)

According to Kesternich, the gas pressure
required to press a consistent lubricant
through a standardized test nozzle. The
flow pressure is an index of a lubricant’s
starting flow characteristics, particularly at
low temperatures.

Friction modifiers

Polar lubricant additives which reduce
friction in the mixed-friction range and in-
crease bearing capacity after adsorption
on the surface of the metal. They also in-
hibit stick-slip behavior.
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Gel-type greases
Lubricants with inorganic gelling agents
(e.q. Bentonites, Aerosiles, silica gels).

Graphite

Solid lubricant with layer-lattice structure.
Graphite provides excellent lubrication
when combined with water (e.g. high at-
mespheric humidity) and in carbon-diox-
ide atmospheres or when combined with
oils. It does not inhibit friction in a vacuum.

High-pressure lubricants

Ccntain additives to enhance load-bear-
ing capacity, to reduce wear and to re-
duce scoring (generally provide good per-
formance in steel-to-steel and steel-to-ce-
ramic applications).

Induction period

The period which elapses before sub-
stantial changes occur in a lubricant (e.g.
aging of an oil containing an oxidation in-
hibitor).

Inhibitors
Lubricant protection additives (e.g. oxida-
tion and corrosion inhibitors).

Low-temperature sludge

Products of oil degradation which form in
the engine crankcase due to incomplete
ccmbustion and condensation at low en-
gine load. Low-temperature sludge in-
creases wear and can cause engine dam-
age. Modern high-quality engine oils in-
hibit its formation.

Metal soaps

Reaction products from metals or from
their compounds with fatty acids. They
are used as thickeners for grease and as
friction modifiers.

Mineral oils

Mineral oils are distillates or raffinates
produced from petroleum or coal. They
consist of numerous hydrocarbons in var-
ious chemical combinations. Classifica-
tion is according to the predominant com-
ponent: paraffin-based oils (chain-shaped
saturated hydrocarbons), naphthene-
based oils (closed-chain saturated hydro-
carbons, generally with 5 or 6 carbon
atoms per ring) or aromatic oils (e.g.

alkylbenzene). These substances are dis-
tinguished by major variations in their re-
spective chemical and physical proper- !
ties.

Molybdenum disulfide (MoS;)

A solid lubricant with layer-lattice struc-
ture. Only low cohesive forces are present
between the individual layers, so their mu-
tual displacement is characterized by rel-
atively low shear forces. A reduction in
friction is only obtained when MoS, is ap-
plied in suitable form to the surface of the
metal (e.g. in combination with a hinder
such as (MoS, anti-friction coating).

Multigrade oils

Engine and transmission oils with good
resistance to  viscosity-temperature
change (high viscosity index VI). These
oils are formulated for year-round use in
motor vehicles; their viscosity ratings ex-
tend through several SAE grades.

Penetration (DIN I1SO 2137)

Depth (in 10-' mm) to which a standard-
ized cone penetrates into a consistent lu-
bricant within a defined period and at a
specified temperature. The larger the
number, the softer the lubricant.

Polar substances

Dipolar molecules are easily adsorbed
onto metal surfaces. They enhance adhe-
sion and bearing capacity, thus reducing
friction and wear. This category includes,
for example, esters, ethers, polyyglycols
and fatty acids.

Pour point (DIN ISO 3016)

The lowest temperature at which an oil
continues to flow when cooled under de-
fined conditions.

Rheology
Science dealing with the flow characteris-
tics of materials. These are generally rep-
resented in the shape of flow curves.
Coordinate plotting:
Shear stress T = F/A (N/m2=Pa)
F force, A surface area
against
Shear rate D = vy (s)
(linear shear rate)
v velocity, y thickness of lubricating film.
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PDynamic viscosity Thixotropy
n=1/D(Pa-s) A characteristic of those non-Newtonian

The formerly-employed unit “centiPoise”
{cP) is equal to the unit (mPa - s).

Kinematic viscosity

v =n/o (mm2/s)

o density (kg/md).

The formerly-employed unit “centiStokes”
(cSt) is equal to the unit (mm2/s).

Newtonian fluids
These display a linear relationship be-
iween T and D in the shape of a straight
line through zero, with the slope increas-
ing as a function of viscosity.

All materials not characterized by this
kind of flow behavior are classified as
non-Newtonian fluids.

Intrinsically viscous flow behavior
Decrease in viscosity with increasing
shear rate (e.g. liquid grease, multigrade
oil with VI improvers).

Dilatant flow behavior
Increase in viscosity with increasing
shear rate.

Plastic flow behavior

Formability of an intrinsically viscous fluid
supplemented by vyield value (e.g. lubri-
cating greases).

fluids that display an increase in viscosity
proportional to shear time, and only grad-
ually recover their original viscosity once
shearing ceases.

Rheopexy )
A characteristic of those non-Newtonian

fluids that display a reduction in viscosity
proportional to shear time, and only grad-
ually recover their original viscosity once
shearing ceases.

Stribeck curve

Portrays friction levels between two liquid-
or grease-lubricated bodies separated by
a narrowing gap (e.g. lubricated plain or
roller bearings) as a function of sliding
speed.

Solid-body friction
The height of the lubricant layer is lower

than that of the roughness protrusions in
the material’s surface.

Mixed friction

The height of the lubricant layer is approx-
imately equal to that of the roughness
protrusons

Hydrodynamics

Complete separation between primary
and opposed body (virtually frictionless
condition).

Flow curves

1 Rheopex, 2 Thixotropic, 3 Newtonian,

4 Plastic, 5 Dilatant, 6 Intrinsically viscous,
7 Yield limit.
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Velocity gradient D —» 5!

Stribeck curve

R Surface roughness, Fy, Normal forcs,
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Viscosity (DIN 1342, DIN 51550) Table 1. Viscosity classes for industrial
Defines the internal friction o; sub-  lubricating oils to ISO 3448 (DIN 5'1519)
stances. It indicates the degree of resis- ; : :
tarce (internal friction) with which the i,?somsiw \“,Esef;”s?ﬁ, \’ﬁﬁ'fo";ﬁ;'“
substance's molecules oppose displace- class at40°C | limits
ment forces (see Rheology). at40°C
mmé/s mmé/s
Viscosity index (VI) (DIN ISO 2909) min. T ax.
The viscosity index VI is a mathemati- IsoOvG 2 2.2 198 | 242
cally-derived number expressing the SOVG 3 32 288 3.50
change in a mineral-oil product’s viscosity : - :
relative to its temperature. The greaterthe  [!SOVG 5| 46 414| 5086
VI, the lower the effect of temperature on IsovGe 7 6.8 6.12 7.48
the viscosity. ISOVG 10| 10 900 11.0
Viscosity classification ISOVG 15| 15 185 | 165
Classification of oils in specific viscosity ISOVG 22| 22 19.8 24.2
ranges. 1SO viscosity classifications
(DIN 51519, see Table 1). ISOVG 32| 32 288 | 352
SAE viscosity grades (DIN 51511, [ISOVG 46| 46 414 | 508
SAE J300, DIN 51512, SAE J306c, see ISOVG 68| 68 612 | 748
Tables 2 and 3). ISOVG 100 [ 100 900 | 10
Yield point (DIN 13342) ISOVG 150 | 150 135 | 65
The minimum shear stress at which a ISOVG 220 | 220 198 242
substance begins to flow. Above the yield 1SOVG 320 | 320 288 150
point, the rheological characteristics of s
plastic substances are the same as those ISOVG 460 [ 460 414 506
of liquids. ISOVG 680 | 680 612 748
ISO VG 1000 | 1000 900 |1100
1SO VG 1500 | 1500 1350 | 1650
Table 2. SAE viscosity grades for engine oils/transmission lubricants (SAE J300, Dec. 95)
SAE Viscosity Limit pumping Kinematic viscosity Viscosity under
viscos- | (ASTM D 5293) | viscosity (ASTM D 445) high shear
ity (ASTM D 4684) (ASTM D 4683,
grade with no yield point CEC L-36-A-90,
ASTM D 4741)
mPa-s at°C mPa-sat°C mmz/s at 100°C mPa -sat150°C
) and 108 s~
max. max. min. max. min.
OW | 3250 at-30 60000 at —40 3.8 - -
5W | 3500at—-25 60000 at -35 3.8 - -
10W | 3500 at—20 60000 at 30 441 - -
15W | 3500 at-15 60000 at —25 5.6 - -
20W | 4500 at—10 60000 at —20 5.6 - -
25W | 6000 at-5 60000 at -15 9.3 - -
22 - - 5.6 <9.3 2.6
30 - - 9.3 <125 2.9
40 - = 125 <16.3 2.9 (OW—0,
5W-40, 10W-40)
40 - - 12.5 <163 3.7 (15W—40,
20W-40, 25W-40, 40)
50 - - 16.3 <21.9 3.7
60 - - 21.9 <26.1 3.7
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Table 3. SAE viscosity grades for
transmission lubricants (SAE J306c,
March 85)

SAE Maximum Kinematic
viscosity | temperature °C viscosity
grade | for dynamic mmg/s
viscosity at at 100°C
150,000 mPa-s | (ASTM D 445)
(ASTM D2983) )
min. max.
70W | -55 4.1 -
75W | -40 41 -
BOW |-26 70 -
85w | -2 11.0 -
90 - 13.5 24.0
140 = 240 | 410
250 - 410 -

Worked penetration (DIN 1ISO 2137)
Penetration of a grease sample after it is
warmed to 25°C and processed in a
grease kneader.

Engine oils

Engine oils are employed primarily to lu-
bricate contiguous components in relative
motion within the internal-combustion en-
gine. The oil also removes heat generated
by friction, carries particles removed by
friction away from the source, washes out
contaminants and holds them in suspen-
sion, and protects metals against corro-
sion. The most common engine oils are
mineral oils treated with additives (HD
oils: Heavy Duty for extreme operating
conditions). Higher stress-resistance re-
quirements combined with extended oil-
change intervals have led to widespread
application of fully and semi-synthetic oils
(e.g. hydro-crack oils). The quality of an
engine oil is determined by its origin, the
refining processes used on the mineral oil
(except in the case of synthetic oils) and
the additive composition.

Additives are classified according to
their respective functions:
— Viscosity-index (V1) improvers,
Pour-point improvers,
Oxidation and corrosion inhibitors,
Detergent and dispersant additives,
Extreme-pressure (EP) additives,

I

— Friction modifiers,
— Anti-foaming agents.

Qil is subjected to considerable thermal

and mechanical stresses in the I engine.

The data on the oils’ physical properties

provide information on their operating

range, but are not indicative of their other
performance characteristics.

There thus exist several different proce-
dures for evaluating engine oils (see com-
parison of engine-oil performance cate-
gories):

— ACEA (Association des Constructeurs
Européens de 'Automobile) standards,
replaced the CCMC standard: (Comité
des Constructeurs d'Automobiles du
Marché Commun) at the beginning of
1996,

— API Classification (American Petro-
leum Institute)

— MIL Specifications (Military),

— Manufacturer's specifications.

The approval criteria include the follow-

ing:

— Sulfate-ash content,

— Zinc content,

— Engine type (diesel or spark-ignition
engines, naturally-aspirated or forced-
induction engines),

— Load on power-transmissior compo-
nents and bearings,

— Wear-protection properties,

— Oil operating temperature (in ail pan),

Viscosity/Temperature curves for single
and multigrade engine oils

S =S A N
20 0 20 40 60 80 100 °C
Temperature
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— Combustion residue and chemical
stress exerted upon the oil by acidic
combustion products,

— The oil's detergent and residue-scav-
enging properties,

— lts suitability for use with gasket and
sealing materials.

ACEA (CCMC) Specifications

Engine oils for gasoline engines

A1-98: Special high-lubricity oils with re-
duced viscosity at high temperatures and
high shear.

A2-96; Conventional and high-lubricity
engine oils without any restriction on vis-
cosity class. Higher requirements than
CCMC G4 and API SH.

AZ-98: QOils of this category meet higher
requirements than A2-96 and CCMC G4
and G5.

Ergine oils for passenger-car diesel
engines

B1-98: Corresponding to A1-98 for low
friction losses and, consequently, re-
duced fuel consumption.

B2-98: Conventional and high-lubricity
engine oils compliant with the current
minimum requirements (higher than those
of CCMC PD2).

B3-98: Exceeds B2-98.

B4-98: Corresponds to B2-98, particularly
suitable for VW TDI engines.

Enaine oils for commercial-vehicle diesel
engines

E1-96: Qils for naturally aspirated and tur-
bocharged engines with normal intervals
between oil changes.

E2-96: Derived from MB Specification
Sheet 228.1. Primarily for engine designs
predating the Euro-Il standard.

E3-96: For Euro-ll engines, derived from
MB Specification Sheet 228.3. In compar-
ison with the predecessor category
CCMC D5, these oils evince a significant
improvement in soot dispersion capability
and a much reduced tendency to thicken.
E4-98: Currently the highest quality cate-
gory for diesel engines compliant with the
Euro-l and Euro-ll standards and with
high requirements, particularly for ex-
tended intervals between oil changes (ac-
cording to manufacturer's specification).
Based to a large extent on MB 228.5.

API Classifications

S Classes (Service) for gasoline engines.
C Classes (Commercial) for diesel en-
gines.

SF: For engines produced in the 80s.
SG: For engines built since 1989, with
more stringent sludge test, improved oxi-
dation stability and friction protection.
SH: Since mid-1993, corresponds to API
SG quality level, but with more str ngent
process requirements for oil quality testing.
SJ: Since October 1996, more tests than
API SH.

CC: Engine oils for non-turbocharged
diesel engines with low stress factors.
CD: Engine oils for non-turbocharged and
turbocharged diesels, replaced by API CF
in 1994,

CD-2: API CD requirements, plus addi-
tional requirements relevant to 2-stroke
diesel engines.

CF-2: Qils with special 2-stroke propet-
ties (since 1994).

CE: Oils with CD performance character-
istics, with supplementary test operation
in American Mack and Cummins engines.
CF: Replaced API CD in 1994. Specially
forindirect injection, even if the sulfur con-
tent of the fuel is >0.5%.

CF-4: As API CE, but with more stringent
test procedure in single-cylinder Caterpil-
lar turbo-diesel engines.

CG-4: For diesel engines operating under
very stringent conditions. Exceecs API
CD and CE. Fuel sulfur <0.5%. Required
for engines compliant with post-1994
emission-control regulations.

SAE viscosity grades

(DIN 51511, SAE J300, DIN 51512,

SAE J306¢)

The SAE (Society of Automotive Engi-
neers) classifications are the internation-
ally-accepted standard for defining vis-
cosity. The standard provides no informa-
tion on the quality of the oil. A distinction
is drawn between single-grade and multi-
grade oils. Multigrade oils are the type in
widespread use today.

Two series are employed for the designa-
tion (see Table 2) with the letter “W" (Win-
ter) being used to define specific cold-flow
properties. The viscosity grades including
the letter “W" are rated according to max-
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imum low-temperature viscosity, maxi-
mum viscosity pumping temperature and
the minimum viscosity at 100°C; viscosity
grades without the "W" are rated only ac-
cording to viscosity at 100°C.

Multigrade oils

Multigrade oils are characterized by a less
pronounced proportional relationship be-
tween temperature and viscosity. They re-
duce friction and wear, can be used all
year round, and provide rapid lubrication
for all engine components in cold starts.

High-lubricity oils

Lubricating oils with multigrade proper-
ties, low viscosity at low temperatures,
and special anti-friction additives. Ex-
tremely low engine friction under all oper-
ating conditions reduces fuel consump-
tion.

Transmission lubricants

Specifications for transmission lubricants
are defined by the type of transmission
and the stresses to which it is subjected
through the entire range of operating con-
ditions. The requirements (high pressure
resistance, high viscosity stability relative
to temperature, high resistance to aging,
good anti-foaming properties, compatibil-
ity with gaskets and seals) can only be
satisfied by lubricants treated with special
additives. The use of unsuitable and qual-
itatively inferior oils typically results in
damage to bearings and gear-tooth
flanks.

The viscosity must also suit the specific
application. Viscosity grades for vehicular
transmissions are defined in DIN 51512
and SAE J 306 (see Table 3).

Synthesized oils are being increasingly
used to meet special requirements (e.g.
poly-c-olefines). Advantages over stan-
dard mineral lubricants include superior
temperature-viscosity properties and in-
creased aging resistance.

API Classifications for transmission
lubricants

GL1-GL3: Outdated, no longer of practi-
cal significance.

GL4: Transmission lubricants for moder-

ately-stressed hypoid-gear transmissions
and for transmissions which operate at
extreme speeds and impact loads, high
rotational speeds and low torques, or low
rotational speeds and high torques.

GL5: Transmission lubricants for highly-
stressed hypoid-gear transmissions in
passenger cars and in other vehicles
where they are exposed to impact loads
at high rotational speeds, and at high ro-
tational speeds and low torques, or low
rotational speeds and high torques.

MT-1: Non-synchromeshed manual trans-
missions in American trucks.

Lubricants for automatic transmissions
(ATF: Automatic Transmission Fluid)

Automatic transmissions differ from their
manually shifted counterparis in the way
that they transfer torque; positive mechani-
cal and hydrodynamic force transfer being
supplemented by friction coupling arrange-
ments. Thus the friction response of auto-
matic-transmission fluids is extremely im-
portant. Applications are basically classi-
fied according to the friction charactzristics:

General Motors: Superseded  classifi-
cations: Type A, Suffix A, DEXRONE,
DEXRON®B, DEXRONEII C, DEXRON®II D.
DEXRON® |l E (valid through 1994).
DEXRON® Il Valid since 1 January,
1994. Features more stringent require-
ments for oxidation stability and consis-
tency in frictional coefficient.

Ford: MERCON® (valid since 1987).
Other manufacturers: In accordance with
operating instructions.

Lubricating greases

Lubricating greases are thickened | ibricat-
ing oils. A great advantage that greases en-
joy over oil is that they do not drain from the
contact location. Complicated measures
designed to seal them in place are there-
fore unnecessary (e.g. application in wheel
bearings and moving systems such as
ABS, alternators, ignition distributors, wind-
shield-wiper motors, servo motors).Table 4
provides a general overview of the compo-
nents in a consistent lubricating grease as
blended from three basic componients —
base oil, thickener and additive.
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Mineral oils are usually employed as

the basic oil component, although full-
synthetic oils have recently become more
common as a replacement (e.g. due to
more stringent requirements for aging re-
sistance, cold-flow properties, viscosity-
temperature characteristics).
Thickeners are used as a binder for the
base oil; metal soaps being generally em-
ployed. They bind the oil in a sponge-like
soap structure (micelle) via occlusion and
Van der Waals forces. The higher the pro-
portion of thickener in the grease (de-
pends upon the type of thickener), the
greater the grease’s consistency (depth of
penetration of a test cone into the grease
sample) and the higher the NLGI classifi-
cation (see Table 5).

The additives serve to modify physical
and chemical properties of the grease to
achieve specific objectives (such as im-
provement of anti-oxidation properties, in-
creased load capacity (EP additives), and

— Formation of stress cracks,

— Consistency changes,

— Polymer degradation,

— Swelling, shrinkage, brittleness.

Thus, for example, mineral-oil greases
and greases based on synthetic hydro-
carbons should not come into contact with
elastomers used together with brake fiuid
(polyglycol base), as this could provoke
substantial swelling.

In addition, greases with varying com-
positions should not be mixed (changes in
physical properties, grease liquefaztion
due to drop-point reduction).

The correct lubricating grease can sub-
stantially enhance the performance po-
tential of products with sliding cortact-
surfaces (e.g. transmissions, friction and
roller bearings, actuator and control sys-
tems).

Table 5. Consistency classifications
for lubricating greases (DIN 51 813)

reduction of friction and wear). NLGI Worked penetration as
Solid lubricants (e.g. MoS,) are also | 9rade fneaﬂl'g {Es?nﬁ:n?
adcled to lubricating greases (forinstance :
for lubricating constani-velocity joints in 000 445 ... 475
motor vghicles): . 00 400 ... 430
Specific lubricating greases are se- 5 E A
lected with reference to their physical
characteristics and their effects upon the 1 310...340
;.s_lic.irLg tsurfaceé and to minigni.;e inte;ac; 2 265 ... 295
ion between the grease and the contac
materials. 2 Felisoll
4 175... 205
bﬁx?mxﬁlei P — 5 130 ... 160
u u?l y antagonistic effects with poly- p 85 150
MEtrs:
Table 4. Composition of lubricating greases
Blase oils Thickeners Additives
Mineral oils Metal soaps Oxidation inhibitors
- Paraffinic (Li,Na,Ca,Ba,Al) Fe, Cu ions, sequestering ajents
- Naphthenic Normal Corrosion inhibitors
- Aromatic Hydroxi- Extreme-pressure additives
Complex (EP additives)
Poly-a-olefines Wear-protection additives
Alkyl aromatics Polyureas (anti-wear additives)
Esterols Friction reducers
Polyalcohols PE (friction modifiers)
Silicones Bentonites Adhesicn improvers
Phenyletherols Silica gels Detergents, dispersants
Perfluorpolyethers VI improvers
Solid lubricants

Whatever the friction pairing, the multiplicity of lubricant components can be used to develop & high-

performance lubricant.
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Fuels
Characteristics

Net and gross calorific values
The specific values for the net (formerly:
low) and gross (formerly: high, or com-
bustion) calorific values, or H, and H, re-
spectively, provide an index for the energy
content of fuels. Only the net calorific
value H, (combustion vapor) is significant
in dealing with fuels with which water is
produced as a byproduct of combustion.
Oxygenates, fuel constituents which
contain oxygen, such as alcohols, ether,
and fatty-acid methyl ester have a lower
calorific value than pure hydrocarbons,
because their bound oxygen does not con-
tribute to the combustion process. Power
comparable to that achievable with con-
ventional fuels can thus only be attained at
the cost of higher consumption rates.

Calorific value of air-fuel mixture

The calorific value of the combustible air-
fuel mixture determines the engine’s out-
put. Assuming a constant stoichiometric
ratio, this figure remains roughly the same
for all liquid gases and fuels (approx.
3500...3700 kJ/m3).

Fuels for spark-ignition
engines (gasoline/petrol)

The minimum requirements for these
types of fuels are contained in various na-
tional and international standards. Euro-
pean Standard EN228 defines the un-
leaded fuels which have been introduced
within Europe (“Euro-Super”). DIN EN228
contains the corresponding German
specifications along with supplementary
descriptions of unleaded regular and su-
per premium (“Super-Plus”) fuels. In the
USA, fuels for spark-ignition engines are
defined in ASTM D439 (American Society
for Testing and Materials). Fuels for
spark-ignition engines are hydrocarbon
compounds which may contain supple-
ments in the form of oxygenous organic
components or other additives to improve
performance.

A distinction is made between regular
and premium (super-grade) gasolines.
Premium gasoline has higher anti-knock
qualities and is formulated for use: in high-
compression engines. Volatility ratings
vary according to region and whether the
fuel is intended for summer or winter use.

Unleaded gasoline (EN 228)

Unleaded fuel is indispensable for vehi-
cles equipped with catalytic converters for
treating exhaust gases, as lead would
damage the noble metals (e.g. platinum)
in the catalytic converter and rerder it in-
operative. It would also desiroy the
Lambda sensors employed to monitor ex-
haust gas composition for closed-loop
control.

Unleaded fuels are a special mixture of
high-grade, high-octane components
(e.g. platformates, alkylates and iso-
merisates). The anti-knock qualities can
be effectively increased with non-metallic
additives such as methyl tertiary butyl
ether (MTBE) in concentrations of 3...
15% and/or alcohol mixtures (rethanol
2...3%, and higher alcohols). As of the
year 2000, the maximum lead content is
limited to 5mg/L.

Leaded gasoline
In Europe, sales of leaded gasoline are
prohibited as of the year 2000, although
for a transitional period it will still be avail-
able in exceptional cases.

Leaded fuel is still available in some
countries, although their number is
steadily decreasing.

Density

European Standard EN228 limits. the fuel
density range to 720...775 kg'm3. Be-
cause premium fuels generally include a
higher proportion of aromatic com-
pounds, they are denser than regular
gasoline, and also have a slightly higher
caloriiic value.

Anti-knock quality (octane rating)

The octane rating defines the gasoline’s
anti-knock quality (resistance to pre-igni-
tion). The higher the octane rating, the
greater the resistance to engine knock.
Two differing procedures are in interna-
tional use for determining the octane rat-
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Table 1. Essential data for unleaded gasoline, European Standard EN 228

(valid since 1January 2000)

Requirements Unit Specification
Anti-knock quality
Premium, min. RON/MON 95/85
Fegular, min.1) RON/MON 91/82.5
Super Plus) RON/MON 98/88
Density kg/m? 720...775
Suilfur, max. mglkg 150
Benzene, max. % volume 1
Lead, max. mg/l 5
Volatility
\'apor pressure, summer, min./max. kPa 45(60
Vapor pressure, winter, min./max. kPa 60/90')
Evaporated vol. at 70 °C, summer, min./max. % volume 20/48
Evaporated vol. at 70 °C, winter, min./max. % volume 22/50
Evaporated vol. at 100 °C, min./max. % volume 48/71
Evaporated vol. at 150 °C, min./max. % volume 75/-
Final boiling point, max. °C 210
VLI transitional period?), max.2) 11507)

') National values for Germany, 2) VLI = Vapor Lock Index, 2) spring and fall.

ing; these are the Research Method and
the Motor Method.

RCN, MON

The number determined in testing using
the Research Method is the Research
Octane Number, or RON. It serves as the
essential index of acceleration knock.

The Motor Octane Number, or MON, is
derived from testing according to the Mo-
tor Method. The MON basically provides
an indication of the tendency to knock at
high speeds.

The Motor Method differs from the Re-
search Method by using preheated mix-
tures, higher engine speeds and variable
igrition timing, thereby placing more strin-
gent thermal demands on the fuel under
examination. MON figures are lower than
those for RON.

Octane numbers up to 100 indicate the
vo'umetric content in percent of CgHg iso-
octane (trimethyl pentane) contained in a
mixture with C;H;g n-heptane at the point
where the mixture's knock-resistance in a
test engine is identical to that of the fuel
being tested. Iso-octane, which is ex-
tremely knock-resistant, is assigned the
octane number 100 (100 RON and MON),
while n-heptane, with low-resistance to
pra-ignition, is assigned the number 0.

Increasing the anti-knock quality
Normal (untreated) straight-run gasoline
displays little resistance to knock. Various
refinery components must be added to
obtain a fuel with an octane rating which
is adequate for modern engines. The
highest-possible octane level must also
be maintained throughout the entire: boil-
ing range. Cyclic hydrocarbons (aromat-
ics) and branched chains (iso-paraffins)
provide greater knock resistance than
straight-chain molecules (n-paraffins).
Additives based on oxygenous compo-
nents (methanol, ethanol, methyl tertiary
butyl ether (MTBE)) have a positive effect
on the octane number, but can lead to
difficulties in other areas (alcohols raise
the volatility level and can damage fuel-
system components).

Volatility

Gasolines must satisfy stringent volatility
requirements to ensure satisfactory oper-
ation. The fuel must contain a large
enough proportion of highly volatile: com-
ponents to ensure good cold starting, but
the volatility must not be so high as to im-
pair operation and starting when the en-
gine is hot (vapor lock). In addition, envi-
ronmental considerations demand that
evaporative losses be held low. Volatility
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s defined in various ways.

EN228 defines 10 different volatility
classes distinguished by various levels of
vapor pressure, boiling-point curve and
VLI (Vapor Lock Index). To meet special
requirements stemming from variations in
climatic conditions, countries can incor-
oorate specific individual classes into
their own national standards.

Individual ranges on the boiling curve ex-
arcise a particularly pronounced effect on
operating behavior. They can be defined
according to volumetric fuel evaporation
at three temperatures. The volume which
svaporates up to 70 °C must be adequate
to ensure good cold starting, (particularly
important for old carburetor-type en-
gines), but not so large as to promote for-
mation of vaper bubbles when the engine
is hot. The percentage of vaporized fuel at
100°C determines the engine’s warm-up
jualities, as well as its acceleration and
response characteristics once it has
reached normal operating temperature.
The vaporized volume up to 150°C
should be high enough to minimize dilu-
tion of the engine’s lubricating oil, espe-
cially with the engine cold.

Vapor pressure

Fuel vapor pressure as measured at
38°C/100°F in accordance with prEN
130186-1 is primarily an index of the safety
with which the fuel can be pumped into
and out of the vehicle’s tank. The Reid
method is an alternative method of mea-
suring fuel vapor pressure. All specifica-
tions place limits on this vapor pressure.
Germany, for example, prescribes max-
ima of 60 kPa in summer and 90 kPa in
winter. In the case of modern fuel-injected
(EF1) engines though, when trouble-
shooting vapor-lock malfunctions, it is
more important to know the vapor pres-
sure at higher temperatures (80, 100°C).
Research procedures are in place, and a
definitive standard is currently being pre-
pared. Fuels to which methanol is added
are characterized by a pronounced rise in
vapor pressure at high temperatures.

Vapor/liquid ratio
This specification provides an index of a

fuel's tendency to form vapor bubbles. It is
based on the volume of vapor generated
by a specific quantity of fuel at a set tem-
perature. A drop in pressure (e.3. when
driving over a mountain pass) accompa-
nied by an increase in temperature will
raise the vapor/liquid ratio and with it the
probability of operating problems. ASTM
D439, for example, defines specific va-
por/liquid ratios for gasolines.

Vapor Lock Index (VLI)
This parameter is the sum of the Reid va-
por pressure (in kPax10), and that pro-
portion of the fuel that vaporizes up to a
temperature of 70 °C. Both compcnents in
the equation are absolute data, the latter
being derived from the boailing-point curve
prior to multiplication by a factor of 7. The
VLI provides more useful information on
the fuel's influence on starting and oper-
ating a hot engine than that supplied by
conventional data.

The correlation between VLI and va-
por/liquid ratio is good in the case of fuels
that contain no alcohol additives.

Sulfur

Direct-injection systems for gasoline en-
gines require fuels with a low sulfur con-
tent on account of their exhaust-emission
control systems. The byproducts of sulfur
combustion would render the catalytic
converters inoperative. Consequently,
and also on account of the target reduc-
tion in SO, emissions, the sulfur content
of fuels will have to be further reduced in
future; figures in the range <10 opm are
desirable.

Additives

Along with the structure of the hydrocar-
bons (refinery components), it is the addi-
tives which determine the ultimatz quality
of a fuel. The packages generally used
combine individual components with vari-
ous attributes.

Extreme care and precision are re-
quired both when testing additives and in
determining their optimal concentrations.
Undesirable side-effects must be
avoided. To obtain optimal results, the
quantities used remain the provinze of the
manufacturer, who can add the correct ra-
tios in the desired concentrations when
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filling the tanker at the refinery. Vehicle
operators should refrain from adding sup-
plementary additives of their own.

Arti-aging additives

These agents are added to fuels to im-
prove their stability during storage, and
are particularly important when the fuel
also contains cracked components. They
inhibit oxidation due to atmospheric oxy-
gen and prevent catalytic reactions with
metal ions (metal deactivators).

Intake-system contamination inhibitors
Tre entire intake system (injectors, intake
valves) must be kept free of contamina-
tion and deposits for several reasons. A
clean intake tract is essential for maintain-
ing the factory-defined A/F ratios, as well
as for trouble-free operation and minimal
exhaust emissions. To achieve this end,
effective detergent agents should be
added to the fuel.

Corrosion protection

Moisture entrained with the fuel can lead
to corrosion in the fuel system. An ex-
tremely effective remedy is afforded by
anti-corrosion additives designed to form
a protective layer below the film of water.

Environmentally compatible
gasolines

Environmental authorities and legislative
bcdies are imposing increasingly strin-
gent regulations for fuels to ensure low
evaporation and pollutant emissions (eco-
logically sound fuels, reformulated gaso-
line). As defined in the regulations, these
fuels’ salient characteristics include re-
duced vapor pressure along with lower
levels of aromatic components, benzene
ard sulfur, and special specifications for
the final boiling point. In the USA, addi-
tives designed to prevent deposit forma-
ticn in the intake tract are also mandatory.

Diesel fuels

Diesel fuels contain a mulliplicity of indi-
vidual hydrocarbons with boiling points
ranging from roughly 180°C to 370°C.

They are the product of graduated distilla-
tion of crude oil. The refineries are zdding
increasing amounts of conversion prod-
ucts to the diesel fuel; these “cracked
components” are derived from heavy oil
by breaking up (cracking) large mole-
cules. Specifications for diesel fuels are
defined in national standards, while Euro-
pean Standard EN 590 applies through-
out Europe. The most important specifi-
cations in this standard are lisled in
Table 2.

Ignition quality, cetane number,
cetane index

Because the diesel engine dispenses with
an externally-supplied ignition spark, the
fuel must ignite spontaneously (auta-igni-
tion) and with minimal delay (ignition lag)
when injected into the hot, compressed
air in the combustion chamber. Ignition
quality is an expression of the fuel's suit-
ability for spontaneous auto-ignition in a
diesel engine. The higher the cetane
number, the greater the fuel's tendency to
ignite. The cetane number 100 is as-
signed to n-hexadecane (cetane), which
ignites very easily, while slow-burning
methyl naphthalene is allocated the
cetane number 0. The cetane number is
determined using a test engine. A cetane
number in excess of 50 is desirable for op-
timal operation in modern engines
(smooth operation, emissions). High-
quality diesel fuels contain a high gropor-
tion of paraffins with elevated CN ratings.
Conversely, the aromatic compounds
found in cracked components have a
detrimental effect on ignitability.

Yet another indication of ignitabilty is
provided by the cetane index, which can
be calculated on the basis of density and
various points on the boiling curve. In con-
trast to the cetane number, this index
does not reflect the positive influence of
“ignition enhancers” on the fuel’s ignitabil-
ity.

Cold-flow properties, filtration

Precipitation of paraffin crystals at low
temperatures can result in fuel-filter block-
age, ultimately leading to interruption of
the fuel flow. Under unfavorable condi-
tions paraffin particles can start to form at
temperatures of 0°C or even higher. Spe-
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cial selection and manufacturing proce-
dures are thus necessary for winter diesel
fuels in order to ensure trouble-free oper-
ation during cold seasons of the year.
Normally, flow improvers are added to the
fuel at the refinery. Although these do not
actually prevent paraffin precipitation,
they severely limit the growth of the crys-
tals, which remain small enough to pass
through the pores in the filter material.
Other additives can be used to maintain
the crystals in a state of suspension, ex-
tending the filtration limit downward even
further.

Suitability for cold-weather operation is
defined with reference to a standardized
procedure for determining the “limit of fil-
tration”. This is known as the CFPP, or
Cold Filter Plugging Point. European
Standard EN 590 defines CFPPs for vari-
ous classes. Individual classes are then
selected according to the country and
season (summer/winter) in which the fuel
is to be used.

At one time owners frequently improved
the cold response of diesel fuel by adding
kerosene or regular gasoline to the con-
tents of their vehicles' fuel tanks. Fuels
conforming to modern standards have
rendered this measure unnecessary, and
it is no longer recommended by vehicle
manufacturers.

Flash point

The flash point is the temperature at
which the quantities of vapor which a
combustible fluid emits into the atmos-
phere are sufficient to allow a spark to ig-
nite the vapor-air mixture above the fluid.
Gafety considerations (transport, storage)
dictate that diesel fuels must meet the re-
quirements for Class A Il (flash point
»55°C). Less than 3% gasoline in the
diesel fuel is sufficient to lower the flash
point to such an extent that ignition be-
comes possible at room temperature.

Boiling range

The boiling range affects several parame-
ters of major importance in determining
the diesel fuel's operating characteristics.
Extending the boiling range downward to
embrace lower temperatures improves
the fuel's cold-operation properties, but at
the price of a reduction in the cetane num-

ber. Particularly critical is the negative ef-
fect on the fuel's lubrication prcperties,
with the attendant increase in the risk of
wear to injection-system components. In
contrast, raising the final temperature at
the upper end of the boiling range, al-
though desirable from the standpoint of
efficient utilization of petroleum re-
sources, also results in higher sont emis-
sions as well as carbon deposits (com-
bustion residue) in the injection nozzles.

Density

There is a reasonably constant corre-
spondence between a diese fuel's
calorific value and its density; higher den-
sities have a higher calorific value. As-
suming constant injection-pump settings
(and thus constant injection volurne), the
use of fuels with widely differing densities
in a given system will be accompanied by
variations in mixture ratios stemm ng from
fluctuations in calorific value. Higher den-
sities provoke increased particulate emis-
sions, while lower densities lead to reduc-
tions in engine output.

Viscosity

Leakage losses in the injection pump re-
sult if viscosity is too low, and this in turn
results in lower power, while on the other
hand high viscosity has a detrimental ef-
fect on fuel atomization. The viscosity of
diesel fuels, therefore, is limited to a nar-
row bandwidth.

Lubricity

The hydrodynamic lubricity of diesel fuels
is not as important as that in the mixed-
friction range. The introduction of 2nviron-
mentally compatible, hydrogznation-
desulfurized fuels resulted in huge wear
problems with distributor injectior pumps
in the field. Lubricity enhancers have to be
added to the fuel to avoid these problems.
Lubricity is tested using a high-frequency
reciprocating rig (HFRR). Minimurn lubric-
ity is defined in EN 590.

Sulfur

Diesel fuels contain chemically bonded
sulfur, with the actual quantities depend-
ing upon the quality of the cruds petro-
leum and the componenis which are
added at the refinery. Cracked compo-
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nents are generally characterized by es-
pecially high sulfur contents, but these
can be reduced with hydrogen treatment
at the refinery. The sulfur converted to sul-
fur cioxide (SO,) during combustion in the
engine is undesirable due to its environ-
mentally harmful acidic reactions. For this
reason, the legal limits placed on sulfur
levels in diesel fuels have been progres-
sively tightened in recent years. As of
1 January, 2000, the European limit is
350mg/kg. Reducing particulate mass
(sullate in the soot) is another reason why
vehicles with oxidation catalytic convert-
ers require fuel with a low sulfur content.
The same applies in terms of avoiding
damage to the converters used for re-
moving nitrogen from the exhaust gas
(NO, treatment). Sulfur contents <10 ppm
are desirable.

Carbon-deposit index (carbon residue)
The carbon-deposit index describes the
fuel's tendency to form residues on the in-
jection nozzles. The mechanisms of de-
posit formation are complex and not eas-
ily described.

The components (particularly the
cracking constituents) which the diesel
fuel contains at the end of vaporization
exercise a not inconsiderable influence on
deposit formation.

Adcdlitives

Additives, long a standard feature in
gasolines, have attained increasing signif-
icance as quality improvers for diesel fu-
els. The various agents are generally
combined in additive packages to achieve
a variety of objectives. As the total con-
centration of the additives generally lies
< 0.1%, the fuel's physical characteristics
- such as density, viscosity and boiling
range — remain unchanged.

Flow improvers: Flow improvers are poly-
mers whose application is generally re-
stricted to winter (see Cold-flow proper-
ties).

Cetane improvers: Cetane improvers are
added to promote good ignition response;
they are in the form of alcohol-derived es-
ters of azotic acid. These agents improve
the fuel's combustion properties, with

positive effects upon noise and particu-
late emissions.

Detergent additives: Detergent additives
help clean the intake system to ensurz ef-
ficient mixture preparation and inhibit the
formation of carbon deposits on the injec-
tion nozzles.

Corrosion inhibitors: Corrosion inhibitors
resist corrosion on metallic components
(when fuel-borne moisture is entrained
into the system).

Anti-foaming agents: Anti-foaming agents
prevent the fuel foaming, so it is easier to
refuel the vehicle.

Environmentally compatible
diesel fuels

Some countries and regions (including
Sweden and California) are promoting re-
ductions in exhaust emissions by provid-
ing fiscal incentives for the use of “eco-
logically sound/environmentally compati-
ble" fuels andfor making their use
mandatory. In these fuels the final boiling
point and the aromatic content are re-
duced, while sulfur is virtually eliminated.
Introduction of these fuels was accompa-
nied by serious problems stemming from
component wear and elastomer damage
in fuel-injection systems. Special addi-
tives are required to prevent this type of
damage.

Alternative fuels

Coal hydrogenation

The essential raw materials are coal and
coke. These emerge from initial process-
ing in the form of water gas (H, + CO),
while subsequent catalytic conversion
produces hydrocarbons. These, in turn,
provide the basic materials for the pro-
duction of gasoline and diesel fuel. The
byproducts are liquefied petroleum gas
(LPG) and paraffin. Fischer-Tropsch syn-
thesis has acquired particular signifi-
cance in South Africa, where it is in wide-
spread use in large industrial installations.
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Table 2. Essential data for diesel fuels, European Standard EN 590

(valid since 1 January 2000)

Requirements Unit Specification
Flame point, min. °C 55
Water, max. mg/kg 200
Sulfur content, max. mgkg 350
Lubricity, “wear scardiameter’ max. um 460
For temperate climates:
Density (at 15°C), min./max. kg/m? 820/845
Viscosity (at 40°C), min./max. mmé/s 2/4.5
Cetane number, min. - 51
Cetane index, min. - 46
up to 250°C, distilled, max. % volume 65
up to 350°C, distilled, min, % volume 85
up to 360 °C, distilled, min. % volume 95
CFPP1) in 6 classes A...F, max. °C +5...-20
For arctic climates (in 5 classes 0...4):
Density (at 15°C), min./max. kg/m? 800/845...800/840
Viscosity (at 40°C), min./max. mmé#/s 1.5/4..1.2/4
Cetane number, min. - 49..47
Cetane index, min. - 46...43
up to 180°C, distilled, max. % volume 10
up to 340°C, distilled, min. % volume 95
CFPP1), max. °C -20...-44
1) Filtration limit.

Liquefied Petroleum Gas (LPG)

The two major components of LPG are
butane and propane. ltis in limited use as
a fuel for motor vehicles. LPG is a byprod-
uct of the petroleum-refining process, and
can be liquefied under pressure. LPG is
distinguished by a high octane number
(RON >100).

CNG (Compressed Natural Gas)

This usually assumes the form of com-
pressed methane, and is suitable for ob-
taining ultra-low emissions from combus-
tion engines. Due to its high H/C ratio (rel-
ative to other fuels), CNG also produces
less CO,. CNG is being tested in both
diesel and spark-ignition engines. Soot
production is virtually zero when this fuel
is combusted in the diesel cycle. The ve-
hicles must be specially adapted for oper-
ation on this type of alternative fuel.

Alcohol fuels

Methanol, ethanol, and their various
byproducts (e.g. ether) are the main con-
tenders as alternative fuels for spark-igni-

tion engines, being the focus of both dis-
cussion and actual application. Methanol
can be derived from the plentiful hydro-
carbon reserves represented by coal, nat-
ural gas, and heavy oils, etc. In certain
countries (such as Brazil, but also in the
USA), biomass (sugar cane, wheat) is
distilled to produce ethanol for use as an
engine fuel and fuel additive.

Methanol additives <3 9% by volume are
permissible in many countries. Methanol,
however, should be used only in conjunc-
tion with solubilizers. Fuels with higher
concentrations (15...85%) have been
subjected to large-scale testing (flexible
fuel).

Ethanol fuel mixtures are commercially
available in countries with higr agricul-
tural yield (e.g. E22 in Brazil).

Both calorific value and other factors
differ from those of conventional fuels, so
special vehicle modifications are some-
times required.

Dimethylether (DME)
This is a synthetic product with a high
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cetane number, producing little soot and
reduced nitrogen oxide when combusted
in diesel engines. lts calorific value is low,
onaccount of its low density and high oxy-
gen content. It is a gas-phase fuel, so the
fuel-injection equipment has to be modi-
fied. Other ethers (dimethoxymethane, di-
n-pentylether, and others) are also being
tested.

Emulsions

Emulsions of water and alcohols in diesel
fuels are undergoing testing by a number
of clifferent institutes. Water and alcohols
(particularly methanol) are difficult or im-
possible to mix with diesel. Emulsifiers
are required to keep the mixture stable
and prevent it from de-emulsifying. Corro-
sion-inhibiting measures are also neces-
sary. Soot and nitrogen-oxide emissions
car be reduced by these emulsions, but
to date their use has been restricted to
certain fleet applications; there has been
no broad-based testing for a variety of in-
jection systems.

Fatty-acid methyl ester (FAME)
Fatty-acid methyl ester is the generic term
applied to all vegetable and animal oils
and greases transesterified  with
methanol, including rapeseed (RME), soy,
and sunflower methyl esters, among oth-
ers. The use of vegetable oils for combus-
tion in diesel engines is a field of investi-
gation because it would allow agricultural
areas to be used for the production of re-
generative energy. Considerable prob-
lems arise with pure vegetable oils, due to
their high viscosity and severe tendency
to cause nozzle coking; oils transesteri-
fied with methanol are free of these diffi-
culties.

Fatty-acid methyl esters are used in
pure form and as additives for diesel fuel
(€5%). In concentrations as low as
1...2% they boost the lubricity of the fu-
els. A definitive standard for these sub-
stances is now in preparation. This stan-
dard will have to lay down characteristics,
stability and maximum permissible conta-
minants in order to ensure trouble-free
operation of the injection equipment and
engines. FAME fuels are uneconomical in
comparison with conventional fuels and
their use will require subsidization.

Antifreeze and brake
fluid

Brake fluids

Brake fluid is the hydraulic medium em-
ployed to transmit actuation forces within
the braking system. Compliance with
stringent requirements is essential to
ensure reliable brake-system operation.
These requirements are defined in
various standards of similar content
(SAE J 1703, FMVSS 116, ISO 4925).
The performance data contained in
FMVSS 116 (Federal Motor Vehicle
Safety Standard), mandatory in the US,
also serve as an international reference.
The US Department of Transportation
(DOT) has defined specific ratings for
salient characteristics (Table 1).

Requirements

Equilibrium boiling point

The equilibrium boiling point provides an
index of the brake fluid's resistanze to
thermal stress. The heat encountered in
the wheel cylinders (with the highes! tem-
peratures in the entire braking system)
can be especially critical. Vapor bubbles
can form at temperatures above the drake
fluid's instantaneous boiling point, rasult-
ing in brake failure.

Wet boiling point

The wet boiling point is the fluid's equilib-
rium boiling point subsequent to moisture
absorption under specified conditions
(approx. 3.5%). Hygroscopic (glycol-
based) fluids respond with an especially
pronounced drop in boiling point. The wet
boiling point is tested to quantify the re-
sponse characteristics of used Dbrake
fluid. Brake fluid absorbs moisture, mostly
by diffusion through brake-system hoses.
This is the main reason why it should be
replaced every 1...2 years. The illustra-
tion shows the reductions in boiling point
that result from moisture absorption in two
different brake fluids.
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Table 1. Brake fluids

Reference standard for testing FMVSS 116 SAE J1703
Requirements/Date DOT3 |[DOT4 |[DOT5 |Nov. 1983
Dry boiling point min. °C 205 230 260 205

Wet boiling point min. °C 140 155 180 140

Cold viscosity at =40°C mmé?/s 1500 1800 900 1800

Viscosity

To ensure consistent reliability throughout
the braking system’s extended operating
range (-40°C...+100°C), the viscosity
should remain as constant as possible,
with minimal sensitivity to temperature
variations. Maintaining the lowest possi-
ble viscosity at very low temperatures is
especially important in ABS/TCS/ESP
systems.

Compressibility
The fluid should mainfain a consistently

low level of compressibility with minimal
sensitivity to temperature fluctuations.

Corrosion protection

FMVSS 116 stipulates that brake fluids
shall exercise no corrosive effect on those
metals generally employed in braking sys-
tems. The required corrosion protection
can be achieved only by using additives.

Brake-fluid boiling points as a function
of moisture content
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Elastomer swelling
The elastomers employed in a particular

brake system must be able to adapt to the
type of brake fluid being used. Although a
small amount of swelling is desirable, it is
imperative that it not exceed approxi-
mately 10%. Otherwise, it has a negative
effect on the strength of the elastomer
components. Even minute levels of min-
eral-oil contamination (such as mineral-
oil-based brake fluid, solvents) in glycol-
based brake fluid can lead to destruction
of rubber components (such as seals)
and ultimately lead to brake-system fail-
ure.

Chemical composition

Glycol-ether fluids
Most brake fluids are based on glycol-

ether compounds. These generally con-
sist of monoethers of low polyethylene
glycols. Although these components can
be used to produce a brake fluid which
conforms to the DOT 3 requirements,
their undesirable hygroscopic properties
cause this fluid to absorb moisture at a
relatively rapid rate, with an attendant
swift reduction in the boiling point.

If the free OH (hydroxyl) groups are
partially esterified with boric acid, the
result is a superior DOT 4 (or “DOT4+",
“Super DOT4", “DOT5.1") brake: fluid ca-
pable of reacting with moisture to neutral-
ize its effects. As the DOT 4 brake fluid's
boiling point drops much more slowly than
that of a DOT 3 fluid, its service life is
longer.

Mineral-oil fluids (ISO 7308)

The great advantage of mineral-oil-based
fluids is the fact that they are not hygro-
scopic, so the boiling point does not drop
owing to moisture absorption. The min-
eral and synthetic oils for this fluid must
be selected with utmost care. Viscosity-
index improvers are generally added to

PETITIONER'S EXHIBIT 1002
US PATENT NO. 6,557,540



Antifreeze and brake fluid 249

achieve the desired relationship between
viscosity and temperature.

The petroleum industry can also supply
a range of further additives to improve
other brake-fluid properties. It should be
noted that mineral-oil-based fluids should
never be added to braking systems de-
signed for glycol ether (or vice versa), as
this destroys the elastomers.

Silicone fluids (SAE J1705)

Because silicone fluids — like mineral oils
- do not absorb moisture, they formerly
saw occasional use as brake fluids. The
disadvantages of these products include
considerably higher compressibility and
inferior lubrication, both of which reduce
their suitability for use as hydraulic fluid in
maryy systems. A critical factor with brake
fluids based on silicone or mineral oils is
the absorption of free water in a fluid
state, as the water forms vapor bubbles
when it heats up to more than 100°C and
freezes when it cools to less than 0°C.

Coolants

Requirements

The cooling system must dissipate that
part of the engine’s combustion heat that
is not converted into mechanical energy.
A fluid-filled cooling circuit transfers the
heat absorbed in the cylinder head to a
hea: exchanger (radiator) for dispersal
into the air. The fluid in this circuit is ex-
posed to extreme thermal loads; it must
also be formulated to ensure that it does
not attack the materials within the cooling
system (corrosion).

Owing to its high specific heat and its
correspondingly substantial thermal-ab-
sorption capacity, water is a very good
cooling medium. lts disadvantages in-
clude its corrosive properties and limited
suitability for application in cold conditions
(freezing).

This is why additives must be mixed
with the water for satisfactory perfor-
mance.

Table 2. Ice flaking and boiling points
for water-glycol mixtures

Glycol Ice flaking Boiling
point point

Vol. % 6% °C

10 -4 101

20 -9 102

30 -17 104

40 —26 106

50 -39 108

Antifreeze

It is possible to lower the coolant's freez-
ing point by adding ethylene glycol. When
glycol is added to form a mixture with wa-
ter the resulting coolant no longer frezes
at a given temperature. Instead, ice crys-

‘tals are precipitated in the fluid once: the

temperature drops to the flaking poirt. At
this temperature the fluid medium can still
be pumped through the cooling circuit.
Glycol also raises the coolant’s beiling
point (Table 2).

In their owner's manuals automobile
manufacturers usually specify various op-
tional antifreeze mixture ratios for differ-
ent levels of low-temperature frost protec-
tion.

Additives

Coolants must include effective additives

to protect the glycol against oxidation

(with formation of extremely corrasive

byproducts) and to protect metallic cool-

ing-system components against corro-
sion. Common additives include:

— Corrosion inhibitors: silicates, nitrates,
nitrites, metal salts of organic acids,
benzthiazole derivates,

— Buffers: borates,

- Antifoaming agents: silicones.

Many of these additives are subject to ag-
ing deterioration, leading to a gradual re-
duction in coolant performance. The man-
ufacturers have responded to this fact by
granting official approval exclusively for
coolants of proven long-term stability.
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Corrosion and corrosion protection

Corrosion is the attrition of metal as a re-
sult of electrochemical reactions with sub-
stances in the environment. As it pro-
ceeds, metal atoms oxidize to form non-
metallic compounds in a process
emanating from the affected material’'s
surface. In thermodynamic terms, the
process can be viewed as an entropic
transition from an ordered, high-energy
state into a less-ordered state of lower en-
ergy and consequently greater stability.

Corrosion processes are always inter-
phase reactions. An example of this type
of reaction is metal scaling, i.e. oxidation
in hot gases. The following deals exclu-
sively with the corrosion that occurs at the
phase limit between the metal and aque-
ous phases, generally referred to as elec-
trochemical corrosion.

Corrosive attack

Two distinct reactions occur in every cor-
rosive attack: in the anodic subprocess —
the directly visible corrosive effect — the
difference in respective potentials causes
the metal to oxidize as described in the re-
action equation

Me — Men* + ne-,

freeing an equivalent number of elec-
trons. The metal ions thus formed can ei-
ther be dissolved in the electrolyte, or can
precipitate out on the metal after reacting
with constituents in the attacking medium.
This anodic subprocess can continue
only as long as the electrons it produces
are consumed in a second process. This
second subprocess is a cathodic subre-
action in which oxygen is reduced to hy-
droxyl ions in neutral or alkaline media, in
accordance with the reduction equation

0;+2H,0+4e-— 4 0H.

These hydroxyl ions, in turn, are able to
react with the metal ions, whereas in
acidic media the hydrogen ions are re-
duced via the formation of free hydrogen,
which escapes as a gas according to the
following formula:

2H +2e — H..

When two different metals moistened by
the same fluid are in mutual electrical
contact, the cathodic subprocess occurs
at the more noble metal while the anodic
subprocess progresses at the haser ma-
terial. This is called contact corrosion.

However, it is also possible for both re-
actions to occur on the same metal in a
process termed “free corrosion”. Anodic
and cathodic subprocesses can alternate
continuously at the metal/solution inter-
face with statistically random time and lo-
cation distributions for the individual sub-
processes.

Each of the individual subreactions cor-
responds to a partial currentivoltage
curve. The total current is the sum of the
two currents I, and I

Totat=la+1¢

The two partial current/voltage curves
combine to produce the cumtlative cur-
rent/voltage curve.

If no voltage is supplied externally, i.e., in
free corrosion, the system assumes a
state in which the anodic and cathodic
partial currents are precisely balanced:

Iy=—1I¢ = Icon

The anodic current is called the corrosion
current Icq, While the corresponding po-
tential at which this current compensation

Free corrosion at the metal/corrosive-
medium phase boundary

In an aggressive fluid, oxygen is reduced at
the corroding metal and corrosion products
are simultaneously formed.

: Aggressive =
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corrosion (right)

Y=
Current /
o

Current /
1’__ =

a Mej —Mey+++2e c
b Mer — Mestt+2e d

Fartial and cumulative current/voltage curves for free corrosion (left) and contact
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15 00+H,0+2e —= 20H ™ (at Me)
15 05+H,0+2e —= 20H™(at Mey)

occurs is called the “open-circuit poten-
tial” Ecorr.

The open-circuit potential is a mixed
pctential in which there is no equilibrium;
matter is converted continuously, as de-
fined in the following general equation:

05+ 2 H,0 +% Me — % Me"™ + 40H-

The above is essentially applicable for
contact corresion, although the interrela-
tionships are more complicated. In addi-
tion to pairs of partial current/voltage
curves for each of the two metals and the
resulting two cumulative current/voltage
curves, the resultant total current/voltage
curve for the entire system must be con-
sidered as a value which can be mea-
sured externally.

Electrochemical series of
metals

Metals are often ranked in “electrochemi-
cal series of metals” corresponding to

consecutively higher “standard ooten-
tials” Here, the term “standard potential”
indicates that the specified values apply
to standard conditions, especially to the
activities (in the electrochemically active
part of the concentration) of the dissolved
metal ions and hydrogen in a concentra-
tion of 1 mol/l at a hydrogen pressure of 1
bar at 25°C. Such conditions are seldom
found in practice; in fact, most solutions
are virtually free of ions from the metal in
question.

It should be emphasized that the table
(“Standard electric potentials of the met-
als") is limited to thermodynamic values,
and does not reflect the effects of corro-
sion kinetics, for example as encountered
in the formation of protective layers. For
instance, lead is shown as a base metal;
as such it should dissolve in sulfuric acid.
Although the “practical” and “technical”
electrochemical series of metals do not
have this disadvantage, their practical ap-
plication range remains restricted. In con-
trast, electrochemical corrosion measure-
ments provide unambiguous data.
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For general reference purposes, the fol-
lowing relationships between electrical
potential and corrosion susceptibility can
be specified for metals with no application
of external voltages provided that the
metal's response is not affected by sec-
ondary reactions such as complexing re-
actions or the formation of protective lay-
ers:

Very base metals (potential less than
- 0.4V), e.g. Na, Mg, Be, Al, Ti and Fe,
corrode in neutral agueous solutions,
even in the absence of oxygen.

Base mefals (potential between
~0.5and 0V), e.g. Cd, Co, Ni, Sn and Pb,
corrode in neutral agueous solutions in
the presence of oxygen, and corrode in
acids to produce hydrogen even in the ab-
sence of oxygen.

Standard electrode potentials of the
metals

: Na/Nat |
} Mg/Mg?*

AVARt |

r‘\.1||||||
(9]
2
Q
=
+

Cuw/Cutti—
Cu/Cu*—
Ho/HoZ ! ——
Ag/Agt——
Pd/Pg2t

PPt
Au/Autt

-3 =2 -1 0 +1 Vv
Potentials referred to hydrogen

Semi-noble _metals (potential between
0 and +0.7V), e.g. Cu, Hg and Ag, cor-
rode in all solutions only if oxygen is pre-
sent.

Noble metals (potentials above + 0.7V),
e.g. Pd, Pt and Au, are generally stable.

These response patterns can vary
sharply when external voltage is applied
to the metals. The variations are 2xploited
in the field of electrochemical corrosion
protection (see corresponding section).

Types of corrosion

General surface corrosion

Uniform removal of material over the en-
tire contact surface between the material
and the attacking medium. This is a very
frequent type of corrosion in which the
material penetration rate (removal depth)
can be calculated per unit of time based
on the corrosion current.

Pitting corrosion

Limited localized attack by a corrosive
medium which penetrates the material by
forming holes, or pits, whose depth is al-
most always greater than their diameter.
Practically no material is removed from
the surface outside the pitted areas. Pit-
ting corrosion is frequently caused by
halogenide ions.

Crevice corrosion

Corrosive attack primarily occurring in
narrow crevices, caused by conczantration
differences in the corrosive medium, e.g.,
as a result of long oxygen diffusion paths.
This type of corrosion generates potential
differences between the crevice's extrem-
ities, leading to intensified corrosion in
more poorly ventilated areas.

Stress corrosion cracking

Corrosion stemming from the simultane-
ous concerted action of a corrosive
medium and mechanical tensile stress
(which can also be present as internal
stress in the object itself). Intercrystalline
or transcrystalline fissures form, in many
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cases without the appearance of visible
corrosion products.

Vibration corrosion cracking

Corrosion caused by the simultaneous ef-
fects of a corrosive medium and mechan-
ical fatigue stress, e.qg., caused by vibra-
tions. Transcrystalline fissures are
formed, frequently without visible defor-
mation.

Freiting corrosion

Corrosion caused by the simultaneous ef-
fect of a corrosive medium and mechani-
cal friction; sometimes called frictional ox-
idation.

Intercrystalline and transcrystalline
corrosion

Types of corrosion characterized by se-
lective formation along the grain bound-
aries or roughly parallel to the deforma-
tion plane in the grain’s interior.

Dezincification

Selective dissolution of zinc from brass,
leaving behind a porous copper structure.
Denickelification and dealuminification
are analogous processes.

Rust formation
Formation of ferriferous oxide and hydrox-
ide corrosion products on iron and steel.

Corrosion testing

Electrochemical corrosion-testing
procedures

In electrochemical testing procedures, in
addition to determining the relationship
between potentials and object materials
during the corrosion reaction, above all
the corrosion currents are measured. In
the case of uniform surface corrosion,
these are then used for the precise cefin-
ition of the periodic weight and thickness
losses. The relevant conversion faztors
are listed in Table 2.

These electrochemical processes thus
represent a valuable supplement to non-
electrochemical methods.

The rate of free corrosion is defined
based on the polarization resistance
(slope of the total-current/voltage curve).
Testing entails subjecting the metal to
minimal, alternating anodic and cathodic
pulses.

Electrochemical Impedance Spec-
troscopy (EIS) is employed to examine
corrosion mechanisms. This alternzting-
current technique determines the AC re-
sistance (impedance) and the phase an-
gle of an electrochemical test object as a
function of frequency. A low-amplitude si-
nusoidal alternating voltage is superim-
posed on the working electrode’s poten-
tial, and the current response is mea-
sured. After measurement, the system is
approximated in the form of an equivalent
network. By way of example, the illustra-
tion captioned “Evaluation of EIS data”
shows the equivalent network for the
metal/coating/medium system.

The parameter-fit method is used to fit
the equivalent networks to the experimen-
tal data. The impedance elements (resis-

Evaluation of EIS data
1 Metal, 2 Coating, 3 Aggressive medium.

——_00,000 00
>
>.%0,000 3
0000 o 00
B 2
1
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Table 1.  Overview of selected standardized non-electrochemical corrcsion-
testing procedures
Standard Type of corrosion-testing procedure

DIN') EN ISO 196
{replaces DIN 50911)

Testing of copper and copper alloys; mercury nitrate test

DIN EN ISO 3651
(replaces DIN 50914)

Testing intercrystalline corrosion in stainless steels

DIN EN ISO 4628-3
(draft)
DIN 53210

Evaluation of degradation of paint coatings, Part 3: evaluation of degree of
rusting

Designation of degree of rusting of paint surfaces and similar coatings (will
be replaced by DIN EN SO 4628-3)

DIN EN ISO 8565
(repl. DIN 50917-1)

Corrosion tests in atmosphere; natural weathering tests

DIN EN ISO 11306
(repl. DIN 50917-2)

Corrosion of metals; testing under natural conditions; testing in ses water

DIN 50016 Method of test in damp, alternating atmosphere

DIN 50017 Condensation water test atmospheres

DIN 50018 Testing in a saturated atmosphere in the presence of sulfur dioxide

DIN 50021 Salt spray testing

DIN 50900 -1...3 General terms, electrochemical terms, terms of corrosion lesting

DIN 50905 -1..4 Corrosion testing; principles, corrosion characteristics under uniform corro-
sion attack, corrosion characteristics under non-uniform and localized corro-
sion attack without mechanical stress

DIN 50 915 Testing intercrystalline stress corrosion in non-alloy and low-alloy steels

DIN 50918 Testing contact corrosion in electrolyte solutions

DIN 50920 -1 Testing corrosion in flowing liquids

DIN 50922 Testing resistance of metallic materials against stress corrosion cracking

DIN 50928 Testing and evaluating protection of coated metallic materials against aque-
ous corrosive media

DIN 51213 Testing metallic wire coatings (tin, zinc)

N42AP 206 Climatic tests; testing in constant condensate climate

N42AP 209 Climatic tests; cyclic humidity tests

N42AP 213 Climatic tests; industrial-climate tesls

1) Deutsches Institut fir Normung e.V.

PETITIONER'S EXHIBIT 1002
US PATENT NO. 6,557,540



Corrosion 261

tances, capacitances, inductances) are
assigned physical properties. Direct con-
clusions can then be drawn about various
characteristics, such as the effectiveness
o corrosion-protection measures, poros-
ity, thickness, a coating’s ability to absorb
water, the effectiveness of inhibitors, the
rate of corrosion of the base metal, and so
on.

The Scanning Reference Electrode
Technique (SRET) is used for detecting
corrosion in its early stages and for exam-
ining local corrosion processes.

Pit, gap, and intercrystalline corrosion
are examples of local processes that can
significantly impair mechanical properties
and even result in failure in extreme
cases. A high local rate of corrosion and a
change in local potential are typical of
these processes.

The illustration captioned “SRET princi-
ple” is a diagrammatic view of the equipo-
tential lines at a local, active corrosion
point. A sensor consisting of two offset
platinum tips measuring the micropoten-
tial changes above a rotating probe is
used to pick up the signal.

Data is recorded automatically on a PC
using the appropriate software for analy-
sis and presentation in the form of 2D
graphics.

SRET is used to examine pitting corro-
sion, activation and repassivation, to de-
tect defects in organic coatings and at
welds, and to trace delamination, etc.

SRET principle

1 Cathode, 2 Anode, 3 Electrons,
4 Metal ions, 5 Equipotential lines,
6 Platinum tips.

To measure contact corrosion, the cur-
rent which flows between the two affected
metals is measured directly with both im-
mersed in the same corrosive mecium.

The degradation rates determined
through electrochemical measurements
closely reflect those obtained in field test-
ing. In addition to the small amount of cor-
rosive medium required, another advan-
tage of electrochemical procedures over
non-electrochemical methods is that they
provide quantitative data on corrosion
rates.

Table 2. Loss of mass and thickness
due to surface corrosion of various
metals with a corrosion current den-
sity of 1 pA/em?

Met- | Relative | Density | Loss of | Loss of
als atomic | g/cm?® mass thick-
mass mg/ ness
(cm?2 - year) | um/year

Fe 55.8 7.87 9.13 11.6
Cu 63.5 8.93 10.40 11.6

Cd 112.4 8.64 18.40 21.0

Ni 58.7 8.90 9.59 10.8

Zn 65.4 7.14 10.70 15.0

Al 27.0 270 2.94 10.9

Sn 118.7 7.28 19.40 266

Pb 2072 | 11.30 33.90 30.0

N R T
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Table 3. Degree of rusting and
proportion of rust penetrations and
visible sub-rusting at the surface to
DIN EN ISO 4628-3

Degree of rusting Rust surface in %
RO v}
Ri1 0.05
R2 0.5
R3 1
R4 8
R5 40...50

Non-electrochemical corrosion-
testing procedures
Non-electrochemical test procedures rely
on determining the weight loss by weigh-
ing, or defining the rust level. DIN EN 1SO
4628-3 (formerly DIN 53210) defines
5 different rust categories according to
rust coverage or surface perforation
(Table 3).

The corrosion tests have been defined
to reflect actual field requirements. In ad-
dition to the standard DIN corrosion-test-
ing procedures (Table 1), processes have
evolved to reflect specific requirements,

e.g. motor-vehicle testing. These tests
provide reliable indices of projected ser-
vice life under normal operating condi-
tions by using short-term exposure in ex-
tremely harsh conditions to simulate long-
term stresses in the real world. (These
tests include operating exposur2 to cli-
matic factors, splash-water tests of
air/fuel mixture systems).

Corrosion protection

The manifestations and mechanisms of

corrosion are many and varied, so widely

differing methods can be adopted to pro-
tect metals against corrosion atteck. Cor-
rosion protection means intervening in the
corrosive process with the objest of re-
ducing the rate of corrosion in order to
prolong the service life of the compo-
nents.

Corrosion protection can be achieved
by applying four basic principles:

— Measures in planning and design: the
choice of suitable materials and the
suitable structural design of compo-
nents,

— Measures that intervene in the
corrosive process by electrochemical
means,

Good and bad orientations of sections
* Direction of gravitational force

Good Bad

O ©
A
ol
1rH

Design of beads and folds

1 Sloping faces (foreign matter slides off),
2 Wide gap with drain, 3 Accretions of dirt
and moisture.

+ Direction of gravitational force

Good Bad

3

)
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— Measures that separate the metal from
tne corrosive medium by protective lay-
ers or coatings, and

— Measures that influence the corrosive
medium, for example the addition of in-
hibitors to the medium.

Corrosion protection by means of
suitable structural design

Selecting suitable materials which feature
optimum resistance to corrosion under
the expected conditions can be of consid-
erable assistance in avoiding corrosion
damage. When the costs that would oth-
envise be incurred for upkeep and repair
are factored into the long-term cost of
ownership equation, a more expensive
material can often be the more cost-effec-
tive alternative.

Design measures, too, are of major im-
portance. A great deal of skill and expertise
goes into design, particularly regarding the
connections between parts that are made
of the same material or different materials.

Corners and edges of sections are diffi-
cult to protect, and this is where corrosion
can easily attack. Favorable orientation
can reduce corrosion.

Beads and folds can trap dirt and mois-
ture. Suitable surfaces and drain open-
ings can help avoid this problem.

Welds, which generally modify the mi-
crostructure for the worse, are another
weak point. In order to avoid crevice cor-
rosion, welds have to be smooth and free
of gaps.

Contact corrosion can be avoided by
joining same or similar metals, or by in-
stalling washers, spacers or sleeves to
ensure that both metals are electricailly in-
sulated.

Electrochemical processes

The schematic current/voltage curves for
a metal suitable for passivation coating
show how these processes work. The
current-density values arranged in as-
cending order on the y-axis represent an-
odic currents corresponding to the corro-
sion reaction defined in the equation

Me — Me™ + ne”

In contrast, the descending current-den-
sity values represent cathodic currents
with the reaction equation prograssing
from right to left. The diagram incicates
that external voltage can be applied to
suppress corrosion. There are two basic
ways of doing this:

For cathodic protection the potential is
shifted so far toward the left that no an-

Design-related crevices in welds and how
they can be avoided

Good Bad
(thorough fusion) (crevice)

F = [kt
7 Ipf

Electric insulation to avoid contact
corrosion
1 Insulating washer, 2 Insulating spacer:

g,
| ] ?
D W

1 ! 2
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odic currents flow, leading to U < U,. As
an alternative to applying voltage from an
external source, it is also possible to shift
the potential by using a base metal to act
as a “sacrificial’ reactive anode.

Another option is to shift the potential of
the threatened electrode into the passive
range, i.e., into the potential range be-
tween U, and Uy This is called anodic
protection. The anodic currents which
flow in the passive range are less than
those in the active range by exponential
powers of between 3 and 6, depending
lupon the type of metal and the corrosive
medium. The resull is excellent protection
‘or the metal.

However, the potential should not ex-
ceed Uy, as oxygen would be produced in
this transpassive range, potentially lead-
ing to higher rates of oxidation. Both of
these effects would cause the current to
ncrease.

Schematic current/voltage curve

U, Free corrosion potential of the metal
in active state,

Uy Passivating potential,

Uy Breakthrough potential.

Active |Passive  |Transpas.

Anodic current density
= rate of metal dissolution

Current density /

I I
Cathodic current density
= rate of metal deposition
l

1
Potential /

Ua

Coatings

Coatings inhibit corrosion by forming pro-
tective films applied directly to the metal
to be protected, where they resist attack
by the corrosive medium. These protec-
tive coatings should be neither porous nor
electrically conductive. Because ade-
quate application depths are alsc essen-
tial, considerable difficulties may be en-
countered when attempts are macle to ap-
ply these substances in systems with
close dimensional tolerances.

Inorganic nonmetallic coatings
Protective coatings can be formed inter-
actively with the material to be protected.
The formation of stable oxide coatings
can be promoted in many metals by alloy-
ing in small amounts of foreign metals,
such as silicon in the case of cast iron, or
molybdenum with chrome-nicke! steels.
Phosphates, chromates and silicates can
also produce coatings. Examples are
found in the automotive industry, where
these substances are employed in body
panel manufacture (“phosphate coating”)
and in cooling systems.

Diffusion process
Surface treatment can be selectivzly com-

bined with surface hardening by using the
diffusion process to thermochemically
carburize, carbonitride or chromate the
metal, or treat it with boron or vanadium.
The metal can also be oxidized, nitrited or
sulfided without hardening.

Browning

Browning is used to produce coztings for
limited protection over a short period of
time. A ferrous material is browned by dip-
ping it in hot concentrated sodium hydrox-
ide containing NaNO.,.

Anodizing

Anodizing applications are restricted to
aluminum. This anodic oxidation process
in electrolytes  containing  sulfuric,
chromic, or oxidic acids generally pro-
duces very durable coatings, which can
be further stabilized and colored by chro-
mating. Cadmium and magnesum sur-
faces can also be chromated.
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Enameling

Enameling furnishes high levels of corro-
sion protection, particularly on unalloyed
steel. On the negative side, enamel coat-
ings are brittle and thus particularly sus-
ceptible to impact and thermal shock. In
addition, they are subject to consistent in-
ternal compressive stress, and tensile
stress factors (e.g. when the yielding point
of the carrier material is exceeded) cause
fissures in the relatively inflexible enamel.
To improve enamel bonding, an interme-
diate layer consisting of a base material is
first fused to the metal; this intermediate
layer is then covered with the actual silica-
based protective coating.

Glass ceramics

Glass ceramics do not display the disad-
vantages of enamel under mechanical or
thermal loading. They are applied to the
material in the form of a semi-crystalline
coating using controlled crystallization of
thermodynamically unstable glasses.
Subsequent heat treatment establishes
roughly 50 % crystallinity.

Metallic coatings

Numerous options are available for apply-
ing foreign metals or metal compounds to
base materials. In many cases, corrosion
protection is combined with enhanced
wear resistance and with the formation of
decorative surfaces. Standard proce-
dures, suitable metals and application
ranges are listed in Table 4. It should be
noted though that not every metal is suit-
able for every type of protection (e.g. alu-
minum applied to base materials in ther-
mal spray processes provides no protec-
tion against wear).

Electroplating (electrolytic deposition)

In electrolytic plating, metals suspended
in ionized metallic-salt solutions are de-
posited on conductive bases in a cathodic
reaction. Under controlled conditions it is
possible to produce alloys and dispersion
coatings (layers of finely dispersed addi-
tives) of a type not amenable to duplica-
tion in fusion processes. Most metals are
deposited from suspensions in agueous
solutions. In contrast, aluminum — &n ex-
tremely base metal — can only be applied
using water-free organic or molten saline
solutions.

Table 4. Uses of inorganic protective coatings

Method of application

Type of metal

Primarily used for

Chemical deposition

Ni (NiB, NiP, NiPCu), Cu,
dispersion coatings
{NiB + SiC, NiP + SiC).

Corrosion protection, prctec-
tion against wear, decorative
surfaces.

Vapor deposition

Al, Ay, Ta.

Corrosion protection

Electroplating
(external power source)

Ag, Al, Au, Cd, Cr, Ni, Sn,
Zn, ZnNi, ZnNiP.

Corrosion protection,
decorative surfaces

Plating

Al, Cu, Ni, Pb, Ti, Zr and
their alloys, stainless steels.

Corrosion protection

Hot immersion (including
“hot-dip galvanization”)

Al, Pb, Sn, Zn.

Corrosion protection

Thermal spraying

Al and alloys, Cr, Ni, NiCr,
NICrBSi, Ti, borides, car-
bides, oxides.

Corrosion protection,
protection against wear.
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Chemical deposition

The basic principles are the same as in
the electroplating process, but the elec-
trons required for reduction do not come
from an external power source. Instead,
they are furnished by an added reducing
agent (usually sodium hypophosphite or
sodium boranate). This is why phospho-
rus and boron are present in most nickel
coatings.

ot immersion priming

The most common immersion process is
the hot-dip galvanizing of iron and steel;
this process is also the one most fre-
quently used in the automotive industry.
Here the pretreated (pickled and wetted
with flux) material is immersed in the
molten coating metal to produce alloy lay-
ers; this process progresses at the phase
limit in accordance with solubility condi-
tions in the phase diagrams. The alloy lay-
ers promote bonding between the coating
and the base material. This process al-
lows substantially greater layer depths
than electroplating methods.

Evaporation

Due to its high cost, the evaporation
process is limited to special applications,
particularly in applying thin coatings to
objects with limited surface areas (sub-
strates). These thin layers often require
additional protection from supplementary
inorganic or organic coatings (example:
headlight reflectors). The coating material
(metal) is heated by an electric current
and evaporated in an intense vacuum. It
condenses on the substrate, forming a
fine metal coating.

Thermal spraying

In thermal spraying, the coating material
(usually in powdered form) is melted by a
plasma (“plasma spraying”) or an arc as it
leaves the spray gun. Because this
process entails accepting a certain
amount of inconsistency and porosity in
the final coating, thick layers (150 to 200
um) are required to ensure effective cor-
rosion protection.

Plating
Flating is the joining of two or more metal
layers at high temperature and/or under

high pressure. These metal layers do not
separate under normal stress. Plating
methods are divided into rolling, fransfer
and mechanical cladding. The materials
are joined by using diffusion processes,
bonding with alloying techniques, or me-
chanical interlocking. The application ma-
terials are several millimeters in thick-
ness.

Organic coatings

Thermoplastics, elastomers and
duromers are the primary types of organic
protective coatings. They are used in the
automobile industry in paints, wnirl-sin-
tered compounds, interior coatings, fiber-
reinforced resins and fillers. How well
these coatings protect the underly ng ma-
terial depends not only on the individual
plastic, but also on the binder, anti-aging
agent, UV stabilizers and the type of filler
and pigment used. Organic coatings can
be used alone or together with one of the
inorganic coatings mentioned above.

Painting

Depending upon individual requirements,
paint can be applied with brushes and
rollers, using compressed-air or high-
pressure sprays, and by imrnersion
processes (with and without elec-
trophoresis), and with electrostatic spray
painting. An adhesion-promoting primer
coat is applied to the pretreated metal
surface with subsequent application of
the actual protective coat on top of the
primer. Solvent evaporation and/or oxy-
gen absorption then promote formation of
a homogenous, continuous surface layer.

Powder coating

Powdered plastics, which are very difficult
to transform into a liquid phase at room
temperature, can be applied usirg pow-
der coating processes. The powder can
either be fused onto the preheated parts,
flame-sprayed or electrostatically spray-
ed. Heat treatment can be employed to
form homogenous sealed layers as re-
quired. Powder coating processes are
usually more economical than painting
processes, while environmental and oc-
cupational safety are both less of a prob-
lem.
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Internal rubber and plastic coatings
Rubber and plastic coatings are fre-
quently used to protect the insides of
transport and storage tanks, vessels and
pipes. Prelinked natural and synthetic
rubber, and pretreated thermoplastic films
are applied with interlacing adhesives; fi-
nal linkage takes place either catalytically
or by applying heat after the coatings
have been applied to the bare carrier ma-
terials.

Plasma polymerization

Plasma polymerization is a process in
which a gaseous-discharge plasma pro-
motes polymerization of organic mono-
mers on the object material. This type of
polymer film represents a suitable coating
for any metal. The result is an organic
layer without gas enclosures or the
volatile components frequently found in
solid polymers.

Inhibitors

Inhibitors are substances added to the
corrosive medium in low concentrations
(up to a maximum of several hundred
ppm) for absorption at the surface of the
protected metal. Inhibitors drastically re-
duce the rate of corrosion by blocking ei-
ther the anodic or the cathodic sub-
process (frequently blocking both sub-
processes  simultaneously).  Organic
amines and amides of organic acids are
the most frequent inhibitors. In automo-
tive applications, for example, inhibitors
are used in fuel additives; they are also
added to antifreeze in order to inhibit cor-
rosion damage in the coolant circuit.
Vapor-phase inhibitors provide only tem-
porary protection for metallic products
during storage and shipping. They must
be easy to apply and remove.

The drawback of vapor-phase inhibitors
is that they are potentially injurious to
health,

Vapor-phase inhibitors (VP1), or volatile
corrosion inhibitors (VCI), are organic
substances of moderate vapor pressure.
They are frequently enclosed in special-
purpose packing materials or as solvents
in liquids or emulsions with oil. The in-
hibitors evaporate or sublimate over the

course of time, and are adsorbec as
monomolecules on the metal, where they
inhibit either anodic or cathodic corrcsion
subreactions, or both at once. Dicyclo-
hexylamin nitrite is a typical example,

For optimal effectiveness, the inhibitor
should form a sealed coating exterding
over the largest possible surface area.
This is why they are generally enclosad in
packing materials such as special paper
or polyethylene foil. An airtight edge seal
is not required; the packing can be
opened briefly for inspection of contents.
The duration of the packing's effective-
ness depends on the tightness of the seal
and the temperature (normally approax. 2
years, but less in environments substan-
tially hotter than room temperature).

Standard commercial vapor-phase in-
hibitors are generally a combination of nu-
merous components capable of providing
simultaneous protection for several met-
als or alloys. Exceptions: cadmium, lead,
tungsten and magnesium.
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Heat treatment of
metallic materials

Heat treatment is employed to endow
metallic tools and components with the
specific qualities required either for sub-
sequent manufacturing processes or for
actual operation. The heat-treating pro-
cess includes one or several time and
temperature cycles. First, the parts to be
treated are heated to the required tem-
perature, where they are maintained for a
specific period before being cooled back
down to room temperature (or below in
some processes) at a rate calculated to
achieve the desired results.

The process modifies the microstruc-
ture o achieve the hardness, strength,
ductility, wear resistance, etc., required fo
withstand the stresses associated with
static and dynamic loads. The most
significant  industrial processes are
summarizedin Table 1 (see DIN EN 10052
for terminology).

Hardening

Hardening procedures produce a marten-
sitic microstructure of extreme hardness
and strength in ferrous materials such as
steel and cast iron.

The parts being treated are heated to the
austenitizing, or hardening temperature, at
which they are maintained until an

Table 2. Standard austenitizing
temperatures

Type of steel Quality Ausiteniti-
specifica- | zing tempe-
tion rature °C

Unalloyed and DIN EN

low-alloy steels 10083-1
DIN 17 211

DIN 17 212 | 78(...950
< 0.8% by mass of C
>0.8% by mass of C|-

Cold- and hot-
working tool steels

High-speed steels
Cast iron -

780...820
DIN 17 350 |950...1100

1150...1230
850...800

austenitic structure emerges, and until an
adequate quantity of carbon (released in
the decay of carbides, such as graphite in
cast iron) is dissolved in the treated ma-
terial. The material is then quenched or
otherwise cooled back to room tempera-
ture as quickly as possible in order 10 obtain
a maximum degree of conversion to a mar-
tensitic microstructure (the time-tempera-
ture transformation chart for the specific
steel in question contains the reference fig-
ures for the necessary cooling rate).

The austenitizing temperature: varies
according to the composition of the ma-
terial in question (for specific data, consult
the DIN Technical Requirements for
Steels). Table 2 above furnishes refer-
ence data. See DIN 17 022, Parls 1 and
2, for practical information on hzrdening
procedures for tools and components.

Table 1. Summary of heat-treatment processes

Hardening Austempering| Tempering Thermo- Annealing Precigitation
chemical hardening
treatment

Through Isothermic Tempering of | Carburizing Stress-relief | Solution

hardening transforma- hardened treatment

tion in the parts Carbonitrid- Recrystalliza- | and aging

Surface bainite stage ing tion annealing

hardening Hardening

and Nitriding Soft annealing,

Hardening of tempering spheroidization

carburized above 550°C | Nitrocarbur-

parts (case- izing Normalizing

hardening)

Boren Homogenizing
treatment
Chromating
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Not all types of steel and cast iron are
suitable for hardening. The following
equation describes the hardening poten-
tial for alloyed and unalloyed steels with
mass carbon contents of between 0.15
and 0.60%, and can be applied to esti-
mate the hardness levels achievable with
a completely martensitic microstructure:

Mex. hardness = 35 + 50 - (%C) £ 2 HRC

If the microstructure does not consist en-
tirely of martensite, then the maximum
hardness will not be reached.

When the carbon content exceeds
0.6% by mass, it may be assumed that
the material's structure contains untrans-
formed austenite (residual austenite) in
addition to the martensite. This condition
prevents the maximum hardness from be-
ing achieved, and the wear resistance will
be lower. In addition, residual austenite is
metastable, i.e. there exists a potential for
subsequent transformation to martensite
at temperatures below room temperature
or under stress, with changes in specific
volume and internal stress as the possible
results. Low-temperature follow-up proce-
dures or tempering operations at over
230 °C can be useful in cases where
residual austenite is an unavoidable prod-
uct of the hardening procedure.

The surface and core hardnesses re-
main virtually identical in components with
material thicknesses up to approx. 10 mm.
Beyond this point the core hardness is
lower; there is a hardness progression or
gradient. The rate of the progression de-
pends upon the hardening response (test-
ing described in DIN 50 191), which is a
function of the material’s composition (Mo,
Mn, Cr). This factor requires particular at-
tention with parts which do not cool well
(thick parts and/or slow or graduated cool-
ing processes designed to minimize the
risk of cracks and/or distortion).

DIN 50 150 defines the method for us-
ing hardness as the basis for estimating
tensile strength Ry, this method can only
be applied in cases where the surface and
core hardnesses are virtually identical:

Ry = (34...37.7) - Rockwell C hardness
number in N/mm2 or

Rin = (3.2...3.35) - Vickers hardness
number in N/mm,

The specific volume of the martensitic mi-
crostructure is approximately 1.0 % greater
than that of the original material. In addi-
tion, stresses result from the rearrange-
ment of the microstructure and from con-
traction during cooling. As the latter phe-
nomenon does not take place at a uniform
rate in all sections of the part, it produces
variations in shape and dimensiong; ten-
sile stresses near the surface and pressure
tension at the core are the common resulit.

Surface hardening

The process is especially suited for inte-
gration within large-scale manufacturing
operations, and can be adapted to fit the
rhythm of the production line.

Heating and hardening are restricted to
the surface, thereby minimizing alterations
in shape and dimensions. Heating is
generally provided by high- or medium-
frequency alternating current (inductive
hardening) or by a gas burner :flame
hardening). Friction (friction hardzning)
and high-energy beams (e.g. electron or
laser beams) can also provide the heat
required for austenitizing. Table 3 provides
asummary of the specific heat energies for
the individual procedures.

These methods can be used to treat
both linear and flat surfaces, meaning that
the parts can be heated either while sta-
tionary or in motion. The heat source itself
can also be moved. Rotation is the best
way of dealing with radially symmetrical
parts, as it ensures concentric hardening.
Either immersion or spraying arrange-

Table 3. Comparison of power
densities when heating with different
sources

Energy source Normal power
density Wicra?

Laser beam 108...104

Electron beam 103..104

Induction (MF, 108...104

HF, HF pulse)

Flame heating 10%..6-10°

Plasma beam 104

Molten salt 20

(convection)

Air/gas 0.5

(convection)

é"_‘_?‘_‘.'xw S
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ments can be applied for quenching.

Heat rise is rapid, so the temperatures
must be 50...100°C higher than those
used in furnace heating so as to
compensate for the shorter dwell period.
The procedure is generally employed with
low-alloy or unalloyed steels with mass
carbon contents of 0.35...0.60 % (consult
DIN 17 212 for list of suitable steels).
However, surface hardening processes
can also be applied with alloyed steels,
cast iron and rolling-bearing steels. The
parts can be heat-treated to provide a
combination of improved base strength
and high surface hardness, making them
suitable for high-stress applications
(recessed edges, bearing surfaces, cross-
sectional transitions).

Surface hardening generally results in
internal compression stresses along the
edge. This leads to increased fatigue re-
sistance, especially when notched parts
are exposed fo inconstant vibration stress
(see illustration).

The relationship defined above can be
employed to estimate the potential surface
hardness. There is a substantial reduction
in hardness between the surface and the
unhardened core region. The hardening
depth Ry, — the depth at which 80 % of the
Vickers surface hardness is found — can
be derived from the hardness progression
curve (see DIN 50190, Part 2).

Austempering

The object of this process is to achieve a
bainite microstructure. This microstruc-
ture is not as hard as martensite, but does
display greater ductility as well as smaller
changes in specific volume.

After austenitizing (see hardening), the
parts for austempering are first cooled to a
temperature of 200...350°C (depending
upon the exact composition of the
material) atthe required rate. The parts are
then held at this temperature until the
microstructure’s  transformation  into
bainite has been completed. The parts can
then be cooled to room temperature (no
special procedure required).

Austempering is an excellent alterna-
tive for parts whose geometrical configu-
ration makes them sensitive to distortion

Cyclically alternating stress according to
surface-layer hardening

+ @ Tensile stress, - o Compression;

1 Case layer, 2 Bending stress,

3 Reduction of tensile stress,

4 Resulting tension, 5 Intrinsic stress

6 Increase in compression siress.

and/or cracks, or in which high ductility is
required together with substantial hard-
ness, or which should combine hardness
with a low level of residual austenite.

Draw tempering

Parts emerge from the hardening process
in a brittle state; they must be tempered to
increase their ductility in order to reduce
the risk of damage associated with exces-
sive internal tension, such as delayed
cracking after hardening or splintering
during grinding. This tempering process
is based on the elimination of carbides, a
phenomenon accompanied by an in-
crease in ductility, albeit at the price of re-
ductions in hardness.

The parts are heated in the draw to a
temperature of between 180 anc 650°C;
they are then held there for at least one
hour before being allowed to cool to room
temperature. Depending upon the specific
composition of the material, tempering at
temperatures in excess of 230°C may re-
sult in any residual austenite being trans-
formed into bainite and/or marterisite.

Tempering at temperatures as low as
180°C is enough to reduce the Fardness
of unalloyed and low-alloy steels by ap-
prox. 1...5 HRC. The individual rmaterials
respond to higher temperatures with spe-
cific characteristic hardness loss. The
graph at the right shows a characteristic
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tempering curve for typical types of steel.
The graph illustrates the fact that the
hardness of high-alloy steels remains
constant until the temperature exceeds
550 °C, after which it drops.

The mutual relationships between tem-
pering temperature on the one side, and
hardness, strength, yield point, fracture
contraction and ductility on the other, can
be taken from the tempering diagrams for
the various steels (see DIN EN 10083).

Tempering of hardened parts is accom-
paried by a reduction in specific volume.
In some cases, tempering can also in-
duce changes in the progressive variation
in internal tension at different depths in
the parts.

It must be remembered that steels al-
loyed with manganese, chromium, man-
ganese and chromium, chrome-vana-
dium, and chromium and nickel should
not be tempered at temperatures of
350...500°C, as brittleness could result.
When these types of materials are cooled
from higher tempering temperatures, the
transition through this critical range
should also be effected as rapidly as pos-
sible (see DIN 17022, Parts 1 and 2 for
additional information).

Quench and draw

This type of quench and draw process
cornbines hardening and tempering at
temperatures above 500°C. This proce-
dure is designed to achieve an optimal re-
lationship between strength and ductility.
It is applied in cases where extreme duc-
tility or malleability is required.

Particular care must be devoted to
avoiding brittleness in the quench and
draw operation (see above).

Thermochemical treatment

In thermochemical treatment, the parts
are annealed in agents which emit spe-
cific elements. These diffuse into the sur-
face layer of the parts being treated and
mcdify their composition. This results in
very specific properties. Of particular im-
portance for this process are the ele-
ments carbon, nitrogen and boron.

Tempering response of various types
of steel

1 Non-alloyed tempering steel (C45),

2 Non-alloyed cold-working tool steel
(C80W2),

3 Low-alloyed cold-working toof steel
(105WCr6),

4 Alloyed cold-working tool steel
(X165CrV12),

5 Hot-working tool steel (X40CrMoV51),
6 High-speed tool steel (S6-5-2).

HRC

Hardness
P w (4]
w (=] o
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Carburizing, carbonitriding,

case hardening

Carburizing increases the carbon ccntent
in the surface layer, while carbonitriding
supplements the carbon enrichment with
nitrogen. This process is generally carried
out in molten salt, granulate, or gas at-
mospheres at temperatures ranging from
850...1000°C. The actual hardening is
performed subsequently, either by
quenching directly from the carburizing/
carbonitriding temperature (direct hard-
ening), or by allowing the parts to cool to
room temperature (single hardening), or
by allowing them to cool to a suitable in-
termediate temperature (e.g. 620 °C) prior
to reheating (hardening after isothermic
conversion). This process produces a
martensitic surface layer, while th2 de-
gree of martensite at the core is a function
of hardening temperature, hardenability
and part thickness.

Specific temperatures can be selected
for either surface hardening in the Jpper
layers with higher carbon content (case
refining), or for the non-carburized core
(core refining) (see DIN 17022, Part 3).

Carburizing and carbonitriding produce
a characteristic carbon declivity, with lev-
els dropping as the distance from the sur-
face increases (carbon curve). Tha dis-
tance between the surface and the point
at which the mass carbon content is still
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0.35% is normally defined as the carbur-
zation depth Atg gs.

The length of the carburizing or car-
oonitriding process depends upon the
required carburization depth, the temper-
ature and the atmosphere’s carbon-diffu-
sion properties. A reasonable approxima-
tion is possible:

At=K-\1-DIpinmm

Depending on temperature and carbon
levels, K lies between 0.3 and 0.6 during
carburization in a gas atmosphere, for ex-
ample; the correction factor D/j is gener-
ally 0.1...0.3 mm; the time ¢ in h must be
inserted.

Generally, the objective is to achieve a
carbon gradient with a concentration of at
least 0.60 % mass carbon content, the ul-
timate goal being a surface hardness of
750 HV (corresponding to 65 HRC).
Higher concentrations of carbon can lead
1o residual austenite and/or carbide diffu-
sion, which could have negative effects on
the performance of case-hardened parts
in actual use. Control of the atmosphere’s
carbon level, and thus the part's ultimate
carbon content, is thus extremely impor-
tant.

The gradient defining the relationship
between hardness and depth corre-
sponds to the carbon concentration
curve. The hardness gradient is used to
define the case depth Ehr. DIN 50190,
Part 1 defines this as the maximum dis-
tance from the surface before the hard-
ness drops below 550 HV.

The case-hardened part generally ex-
hibits compression tension at the surface,
and tensile stresses at the core. As with
surface-hardened materials, this distribu-
tion pattern provides enhanced resis-
tance to vibration loads.

In carbonitriding, nitrogen is also ab-
sorbed,; it serves to improve the material's
tempering properties, increase its durabil-
ity and enhance its wear resistance. The
positive effects are especially pro-
nounced with non-alloyed steels. For addi-
tional, more detailed information on case-
hardening procedures consult DIN 17022,
Part 3, and Information Sheet 452 of the
Steel Information Center, Diisseldorf.

Nitriding and nitrocarburizing

Nitriding is a thermal treatment process
(temperature range: 500...600°C}) which
can be used to enrich the surface layer
of virtually any ferrous material with
nitrogen. In nitrocarburizing, a certain
amount of carbon is diffused into the
material at the same time.

The nitrogen enrichment is accompa-
nied by precipitation hardening. This
strengthens the surface layer, enhancing
the material's resistance to wear, corro-
sion and alternating cyclic stress.

Because the process employs rela-
tively low temperatures, there are no vol-
umetric changes of the kind associated
with transformations in the microstruc-
ture, so that changes in dimensions and
shape are minute.

The nitrided region consists of an outer
layer, several millimeters in depth, and a
transitional white layer, the harcness of
which may be anywhere from 700 to over
1200 HV, depending upon the composi-
tion of the material. Still deeper is a softer
diffusion layer extending several tenths of
a millimeter. The thickness of the individ-
ual layers is determined by the tempera-
ture and duration of the treatment pro-
cess. The process produces a hardness
gradient (similar to that which results from
surface and case-hardening); this gradi-
ent furnishes the basis for determining the
nitriding depth Nhr. DIN 50 190, Part 3 de-
fines this as the depth from the surface at
which the hardness is still 50 HY above
the core hardness.

The material's resistance to wear and
corrosion is essentially determined by the
white layer, which contains up to 10 mass
components of nitrogen in %. The nitrid-
ing depth and the surface hardness deter-
mine the material’s resistance to alternat-
ing cyclic stress (for additional details, see
DIN 17022, Part 4, and Information Sheet
447 from the Steel Information Center,
Disseldorf).

Boron treatment

This is a thermochemical treatment
method which employs boron to eririch the
surface layer of ferrous materials.
Depending upon duration and tempera-
ture (normally 850...1000°C), en iron-
boron white layer of 30um...0.2mm in
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depth and with a hardness of 2000...2500
HV is produced.

Boron treatment is particularly effective
as a means of protecting against abrasive
wear. However, the comparatively high
process temperature leads to relatively
larga changes in shape and dimensions,
meaning that this treatment is only suit-
able for applications in which large toler-
ances can be accepted.

Annealing

Annealing can be applied to optimize cer-
tain operational or processing character-
istics of parts. With this method, the parts
are heated to the required temperature
and maintained there for an adequate pe-
riod before being cooled to room temper-
ature. Table 1 lists the various processes
used in specific individual applications.

Stress-relief

Depending upon the precise composition
of the parts, this operation is carried out at
temperatures ranging from 450...650°C.
The object is to achieve the maximum
possible reduction in internal stress in
components, tools and castings by induc-
ing physical deformation.

After an oven time of 0.5...1h, the parts
are cooled back to room temperature; this
cocling should be as gradual as possible
to prevent new stresses from forming.

Recrystallization annealing

Recrystallization annealing is applied with
parts that have been formed using non-
cutiing procedures. The goal is to restruc-
ture the grain pattern in order to prevent
increased hardening, thereby facilitating
subsequent machining work.

The temperature requirement depends
upon the composition of the material and
the degree of deformation: it lies between
550...730°C for steel.

Soft annealing, spheroidization

So't annealing is intended to facilitate the
machining and/or shaping of workpieces
which have hardened owing to deforma-
tion processes or other heat treating pro-
cedures.

The temperature requirement is deter-
mined by the material's composition. It is
in a range of 650...720°C for steel, and
lower for nonferrous materials.

Spheroidizing of cementite is applied
when a microstructure with a granular
carbide pattern is desired. If the iaitial
structure is martensite or bainite, the re-
sult will be an especially homogenizous
carbide distribution.

Normalizing

Normalizing is carried out by heating the
parts to austenitizing temperature and
then allowing them to gradually cool to
room temperature. In low-alloy and non-
alloyed steels, the result is a structure
consisting of ferrite and perlite. This
process is essentially employed to reduce
grain size, reduce the formation of coarse
grain patterns in parts with limited re-
shaping, and to provide maximum hamo-
geneity in the distribution of ferrite and
perlite.

Precipitation hardening treatment

This process combines solution treatment
with aging at ambient temperature. The
parts are heated and then maintainad at
temperature to bring precipitated struc-
tural constituents into a solid solution, and
qguenched at room temperature to form a
supersaturated  solution. The aging
process comprises one or several cycles
in which the material is heated and hzld at
above-ambient temperatures (hot aging).
In this process, one or several phases, i.e.
metallic bonds between certain base al-
loys, are formed and precipitated in the
matrix.

The precipitated particles enhance the
hardness and strength of the bas2 mi-
crostructure. The actual characteristics
are determined by the temperature and
duration of the aging process (option of
mutual substitution); exceeding a cartain
maximum will usually reduce the strangth
and hardness of the final product.

Precipitation hardening is mostly ap-
plied for nonferrous alloys, but some hard-
enable steels (maraging steels) can also
be processed.
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Hardness testing

Hardness is the property of solid materi-
als that defines their resistance to defor-
mation. In metallic materials the hardness
is used to assess mechanical properties
such as strength, machinability, malleabil-
ity, and resistance to wear. DIN 50 150 de-
fines guidelines for converting hardness
to tensile strength. Measurement proces-
ses are practically nondestructive.

The test data are generally derived
from the size or depth of the deformation
produced when a specified indentor is ap-
plied at a defined pressure.

A distinction is made between static
and dynamic testing. Static testing is
based on measurement of the permanent
impression left by the indentor. Conven-
tional hardness tests include the Rock-
well, Vickers and Brinell procedures. Dy-
namic testing monitors the rebound of a
test tool accelerated against the surface
of the test specimen.

Another option for obtaining an index of
surface hardness is to scratch the surface
with a hard test tool and then measure the
groove width. The table (next page) com-
pares the standard application ranges for
the Rockwell, Vickers and Brinell hard-
ness tests.

Table 1. Rockwell test methods

Rockwell hardness
(DIN EN 10109)

This method is particularly suitable for
large-scale testing of metallic workpieces.
A steel or diamond indentor is positioned
vertically against the surface of the test
specimen and a minor load applied prior
to application of the full test press ure (ma-
jor load) for a period of at least 30 s. The
Rockwell hardness is the resultirg pene-
tration depth e in mm (see Table 1).

The test surface should be smooth (de-
pending on hardness range, Rmna <
1.2...3.4 um) and as flat as possitle. If the
specimen’s radius of curvature is less
than 20 mm then the results must be
scaled using the correction factor for the
individual resistance level.

Selection of the individual test proce-
dures enumerated in Table 1 is based
upon either the specimen's thickness or
the case depth of the hardened surface
layer (refer to Figs. A.1..A.3 in DIN
EN 10109). The abbreviation for the se-
lected test method should be appended to
the numerical data when specifying hard-
ness, e.g., 65 HRC, 76 HR 45 N. The
Rockwell C procedure’s error range is ap-
prox. £1 HRC.

Advantages of the Rockwell test
method include minimal specimen prepa-
ration and rapid measurement; this test
process can also be completely auto-
mated.

Abbreviation | Indentor Minor load Total test Hardness number
force (e indentor penetration depth)
N N
HRC Diamond 14719 20..7)
cone 100 - ¢/0.002
HRA 5885 60 ... 381
98z2
HRB 980 £ 6.5 35... 100
Steel ball 130 - ¢/ 0.002
HRF 5885 60 ... 100
HR15N 147 £ 1 66.. 32
HR30N Diamond 29406 294 £2 39..84
HR45N cone 4413 17..75
100 - ¢/0.001
HR15T 15+ 0.1 50.. 3
HR30T Steel ball 3+0.06 30+0.2 10 ... 34
HR45T 45+0.3 075
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Any tester vibration, or shifting and
movement of either the test probe or the
specimen itself can lead to testing errors,
as can an uneven support surface or a
damaged indentor.

Brinell hardness (DIN EN 10003)

This procedure is used for metallic ma-
terigls of low to medium hardness. The
test tool (indentor) is a hard-metal or
hardened-steel ball. It is applied to the
surface of the specimen at an individually
specified force F for at least 15 s'). Micro-
scopic examination of the resulting defor-
mat'on diameter d provides the basis for
calculating the Brinell hardness. These
data can be correlated with standard
charts or calculated as follows:

Brinell 0.204 - F
hardness  n.p-(D-V/D?-d?)
F Forcein N

D Ball diameter in mm
d Indentation diameter in mm

Test pressures range from 9.81 to
29,420 N. Results obtained using spheres
of different diameters are only condition-
ally comparable, and any comparisons
should be based on testing at identical
force levels. Testing should always be per-
formed using the largest possible spheri-
cal sphere, while load factors should be

1) At least 30 s for lead, zinc, etc.

Comparison of hardness ranges for

different test methods

The figures at the range extremities indicate
the hardness data for the respective
methods. HB test procedures with force
levels 30 (1); 10 (2); 5 (3); and 1 (4)

Hardness
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68 85.603.284.4754
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Table 2. Application of the Brinell hardness test

Material Brinell hardness Load factor 0.102 F/D?
Steel; nickel and 30
titanium alloys
Castiron) <140 10
2140 30
Copper and <35 5
copper alloys 35 to 200 10
<200 30
Light metals and <35 2.5
their alloys 35 10 80 5
10
15
>80 10
15
Lead and tin 1
Sintered metals see EN 24498-1
') Ball nominal diameters of 2.5, 5 or 10 mm are specified for testing cast iron.

PETITIONER'S EXHIBIT 1002

US PATENT NO. 6,557,540



276

Hardness

selected to obtain an indentation diameter
of (0.24 ... 0.6) - D. Table 2 lists the re-
commended load factors and ball diame-
ters for a variety of materials as laid down
in DIN EN 10003.

In the Brinell hardness designation the
numeric data are accompanied by the
procedure code, the material of the ball
(W for hard metal, S for steel) and the ball
diameter. The final element is the test
force (in N) multiplied by a factor of 0.102.
Example: 250 HBW 2.5/187.5.

To prevent test errors stemming from
deformation of the ball itself, testing at
hardness factors in excess of 450 HB is to
be carried out exclusively with a hard-
metal ball.

High test pressures producing defor-
mations extending over a relatively wide
surface area can be employed to gather
data on materials with inconsistent struc-
tures. An advantage of the Brinell method
is the relatively high degree of correlation
between the Brinell hardness factor and
the steel's tensile strength.

The range of application for the Brinell
test method is limited by specifications for
the thickness of the test specimen (cf. DIN
EN 10003) and by the ball material. The
required preparations and ensuing test
procedures are more complex than those
used for Rockwell testing. Potential error
sources are the test's reliance on visual
evaluation of the impact area’s diagonal
length and the possibility of inconsisten-
cies in the impression itself.

Vickers hardness (DIN 50 133)

This test method can be used for all me-
tallic materials, regardless of hardness. It
is especially suitable for testing minute
and thin specimens, while the potential
application range extends to include sur-
face and case-hardened parts as well as
nitrided workpieces and parts carburized
in nitrogen-based atmospheres.

The test tool is a square-based dia-
mond pyramid with an apical angle of

136°. This is applied to the surface of the
test specimen at the specified force £

The diagonal d of the rhomboidal cavity
remaining after the tool's removal is mea-
sured using a magnifying glass to obtain
the basis for calculating the Vickers hard-
ness, which can be read from tables or
calculated as follows:

Vickers hardness = 0.189 - Fld®2 HV

F Applied force in N
d Diagonal of impression in mm

Table 3 gives an overview of the gradu-
ated force levels defined in DIN 50133,

In the formula for Vickers hardness
data, the actual test figure is accompa-
nied by the abbreviation HV, the fcrecein N
(multiplied by a factor of 0.102) and, fol-
lowing a slash, the force application
period (if other than the standard 15 s) in
seconds, e.g.: 750 HV 10/25.

The test specimen’s surface should be
smooth (Rpax < 0.005 - d) and flat. DIN
50 133 stipulates that correction factors
be used to compensate for any error
stemming from surface curvature. Test
pressure levels are selected with refer-
ence to either the thickness of the test
specimen itself or of its hardened outer
layer (cf. Fig. 2 in DIN 50133). Practical
experience indicates an error rangje of ap-
proximately * 25 HV. Although the geo-
metrical configurations are similar, hard-
ness data vary as a function of applied-
force levels.

A major advantage of this test method
is that there are virtually no limitations on
using it to assess thin parts or layers. It al-
lows the use of extremely small force lev-
els to determine the hardness of individ-
ual structural sections. The Brinell and
Vickers numbers correlate up to approx-
imately 350 HV.

However, a certain minimal degree of
surface consistency is necessary fo en-
sure accurate results. Vickers testing fur-
nishes roughly the same accuracy levels
as the Brinell method, although the mea-

Table 3. Vickers hardness force increment

Abbreviation| HV0.2 [HV0.3|HV0.5|HV1 | HV2 [ HV3 | HV5 | HV10 | HV20 | HV30| HV50 | HV100

Applied 1.96 [2.94 149 98 |196|29.4|149 |98 196 | 294 |490 |980
force N
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Correlation between hardness and strength in accordance with DIN 50 150

HV HRC HRA HR15N HR30N HR45N
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1) Applied force =98 N. 2) Force level 30.
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surement process is extremely sensitive
to movement of the test set-up. The test
tools are more expensive than the balls
used in Brinell testing.

Knoop hardness

This process closely resembles the Vick-
ers procedure. [t is the method of choice
for testing thin-layer hardness in the An-
glo-Saxon world.

The test tool is designed to leave an im-
pression in the form of a thin, elongated
rhombus. The extended diagonal 4 is
seven times longer than the short one and
is the only one that is actually measured.
The applied force is less than 9.8 N. Hard-
ness ratings are available from standard
charts, or may be calculated as follows:

Knoop hardness = 1.451 - F/l¢2 HK

F Applied load in N
d Long diagonal in mm

The diagonal, which is roughly 2.8 times
longer than in the Vickers method, pro-
vides more accurate results with visual
assessment procedures. The penetration
depth is 1/3 less than in the Vickers
method, allowing evaluation of surface
hardness in thin parts and layers. By mak-
ing Knoop impressions in different direc-
tions, even material anisotropies can be
detected.

Disadvantages of this method include
pronounced sensitivity to misaligned
specimen surfaces, which must be ab-
solutely perpendicular to the force-appli-
cation axis, and the fact that the maximum
force is restricted to 9.8 N. There are no
special German standards for this proce-
dure. Test results cannot be correlated
with those of the Vickers test, on account
of this lack of standardization.

Shore hardness

This method is primarily used for hard-
ness testing on rubber and soft plastics.
The test tool is a steel pin of 1.25 mm dia-
meter; this is forced against the surface of
the test specimen by a spring. The subse-
quent change in the spring length (spring
travel) furnishes the basis for determining
Shore hardness.

In the Shore D method a pretensioned
spring exerts a force of 0.55 N. The tip of
the steel pin has the shape of a frustrum
(for testing hard rubber). The spring rate ¢
is 4 N/mm.

In the Shore A method, mezasurement
uses a conical steel pin with a rounded tip
and no pretension. The spring rate ¢ is
17.8 N/mm. Each 0.025 mm of spring
travel corresponds to 100 Shore units.

Ball impression hardness
(DIN 53 456)

This is the standard test for determining
hardness levels in plastomers, and is also
employed with hard rubber substances.
The test tool is a hardened steel ball 5 mm
in diameter. It is applied with a minor load
of 9.81 N to the surface of the 1est speci-
men which must be at least 4 mm thick.
Subsequent graduated rises in force pro-
vide application pressures of 49, 132, 358
and 961 N. After 30 s the penetration
depth is measured and indica‘ed on an
analog display. The test load F should be
selected to provide a penetration depth &
of between 0.15 and 0.35 mm.

Ball impression hardness is defined as
the ratio of the applied load to the de-
formed area in the test surface It can be
read from tables or calculated s follows:

Ball

; : 0.21 - F

impression = =7 a5 N/mm?2
hardness 120 T (h-0.04)

F Applied load in N
h  Penetration depth in mm

Scleroscope hardness

This dynamic measurement method is
specially designed for heavy and large
metal pieces. This process is based on
the measurement of the rebound height
(energy of impact) of a steel indentor
(hammer) featuring a diamond or hard
metal tip; this is dropped from a stipulated
height onto the surface of the test speci-
men. The rebound serves as the basis for
determining the hardness.

The method is not standardized and
there is no direct correlative relationship
with any other hardness testing method.
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Correlations

In the absence of special supplementary
definitions, envelope analysis is manda-
tory for all individual form elements in
prints based on standardized DIN defini-
tions for tolerances and fits (e.g. Indepen-
dence Principle from 1SO 8015). The en-
velope concept is based on the Taylor
gauge test, which specifies that maximum
intolerance material mass shall not pene-
trale the geometric envelope at any point.

Because it is not possible to produce
geometrically ideal workpieces, dimen-
sion limits (dimensional tolerances) are
defined for production.

DIN 7167 includes all tolerances of
form, including tolerances of parallelism,
position and planar regularity as well as
dimensional tolerances. The geometrical
tolerance may lie anywhere within the di-
mensional tolerance (see diagram).

For the following tolerances of position
the envelope dimension at maximum ma-
terial dimension is not defined:

Tolerances of perpendicularity, slope,
symmetry, coaxiality and concentricity.
For these tolerances of position either di-
rect specifications on the drawing or the
general tolerances are necessary.

No generally applicable correlative data
are defined for the relationship between
dimensional tolerance and peak-to-valley
height (general formula: R, <0.5 - 7).

ISO International Organization for Standard-
ization.

Tolerance position
1 Actual form.
a Form tolerance, b Dimensional tolerance.
—+
o T
v i o
i l
K
— t

ISO system for limit
allowances and fits

ISO tolerance classes are indicated by
letters (for basic allowances) and num-
bers (for basic tolerance grades). The de-
finitions are:

—The letters A to Z indicate the position
of the tolerance range relative to the
base line; small letters for shafts; capital
letters for bores.

—The numbers 01 to 18 indicate the
magnitude of the tolerance grade.

The 1SO tolerance ranges for shafts

and bores can be combined as desi‘ed to
give fits; the standard bore and standard
shaft systems of fits are preferred.
Standard bore: The basic allowances
for all holes are identical, and different fits
are obtained by selecting the appropriate
shaft sizes.
Standard shaft: The basic allowances for
all shafts are identical, and different fits
are obtained by selecting the correspond-
ing bore dimensions.

Most common clearance, transition and
interference fits can be defined using the
following selection of ISO tolerances from
ISO 286.

Example for tolerance class: H7
Basic allowance __|
Tolerance grade

Tolerances of form and
position

Tolerances of form and position should be
specified only where required (e.g. in re-
sponse to functional requirements, inter-
changeability and possible production
conditions).

An element's geometrical and posi-
tional tolerances define the zone within
which it must be located (surface, axis or
generating line).

Within the tolerance zone the toler-
anced element may have any desired
form or directional orientation. The toler-
ance applies to the entire length or sur-
face of the toleranced element.

Symbols are employed when entering
the tolerances in prints (see table).
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Symbols for toleranced properties

Supplementary symbols

Properties Symbols Description Symbols
Straightness L s Identification of | direct
the toleranced |
Flatness = element B
Roundness (circularity) O with letter
Cylindricity o iz
Identification of | direct ;
Profile of any line M the reference I T
" Q ! r S—
Profile of any surface with letter A [A
Parallelism ?) / f-’ -
Reference point /

; . P2
Perpendicularity _l_ ‘/\A%
Slope W

Theoretically =
Position g e_ precise dimension | 50
Concentricity, coaxiality @

= Projected

Symmetry = tolerance zone @
Path 4) A =

Maximum material ‘M
Overall path Pl condition oy

1) Tolerances of form, 2) Tolerances of direction,
3) Tolerances of location,
) Running tolerances.

Geometrical deviations

The term “geometrical deviation” refers to
all disparities between the actual surface
and its ideal geometrical configuration.

Critical considerations may be re-
stricted to dimensional deviations, surface
irregularities or undulations, or may en-
compass the entire potential deviation
range, depending upon the specified ap-
plication. To help distinguish between the
different types of geometrical deviation
DIN 4760 defines a classification system
including examples of deviation types and
their possible sources:

1st order geometrical deviations
Formal deviations are 1st order geometri-
cal irregularities which can be detected
when an entire surface area is examined.
Usually, the general relationship between
formal deviation intervals and depth is
>1000:1.

2nd to 5t order geometrical daviations
Undulations. or waviness, are geometri-
cal irregularities of the 2™ orcler. These
essentially periodic irregularities are de-
fined using a representative section of the
actual surface area on the geometrical el-
ement under investigation.

Roughness consists of geometrical irreg-
ularities of orders 3 through 5. It is char-
acterized by periodic or irregular formal
deviations in which the deviation intervals
are a relatively low multiple of their depth.

Surface parameters

Stylus instruments are employed to record
sectioning planes of surface profiles, reg-
istering vertically, horizontally, and as a
function of the two components in combi-
nation. The characteristics are derived
from the unfiltered primary profile (P pro-
file), the filtered roughness profile (R pro-
file), and the filtered waviness profile (W
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