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INTRODUCTION

For design purposes and to obtain adequate service performance of welded

structures, a study was made to quantify the extent that weidment flaws

affect operational service life. Although the presence of cracks, lack

of fusion, and elongated inclusions exert a more damaging condition in

high strength steel, this initial study was primarily concerned with

various levels of controlled porosity in steel plates (50,000 psi yield

strength) with a double-vee butt-weld joint.

Five porosity levels were produced that parallelled ASME boiler and

pressure vessel code specification (Section VIII). Appendix IV of the

pressure vessel code details acceptance standards for radiographically

determined porosity in welds. Permissible size and number of pores

are specified for 4 levels (assorted, large, medium and fine). This

program included "water clear" as the fifth level.

The primary objectives of the program were:

1. Establish various process (gas metal are welding) parameters

for producing controlled porosity and prepare butt-weld plates

for 5 porosity levels.

2. Establish optimum procedure for ultrasonic inspection and

classification of various porosity levels.

3.Ultrasonically evaluate weld plates and the uniaxial fatigue

specimens prepared from weld plates representative of various

porosity levels.

4I. Ascertain relationship between fatigue life and porosity

level.

The material primarily investigated was low alloy, high strength steel

designated as IH-50X with a minimum yield strength of 50,000 psi.

Additionally, armor steel plate (MIL-S-12560B) was welded and tested.



2. MATERIALS

2.1 Chemistry

The IH-50X material was procured in the form of 3/4 inch thick

plates.

The nominal steel chemistry is shown below.

C Mn Si Cu Cb

0.22 1.10 0.10 0.20 0.01

Armor Steel of IL-S-12560B specification was procured in the
* form of 1 inch thick plate. The steel chemistry is shown

below.

C Mn P S Si Cu Ni Cr Mo Al
0.25 0.25 0.010 0.020 0.20 0.07 3.09 1.00 0.35 0.021

2.2 Material Preparation

Sample test plate sections of 1 inch x 24 inches were cut from

procured plates (76 inches x 152 inches) as initial prepara-

tion in producing weld plates of 14 inches x 24 inches. The

section plates were out to obtain a finished fatigue specimen

with a longitudinal direction. All sectioned plates were

bevelled at one end by flame cutting. The bevelled ends and

adjacent flat surfaces were subsequently cleaned by shot

blasting.

Figure 1 illustrates the double-vee butt joint which was

produced and utilized throughout the study.

2.3 Base Material Properties

Duplicate tensile specimen blanks were sectioned from the IH-

50X plate (3/4") and armor steel plate (1"). Tension tests

conducted on 0.505 inch dia. specimens are shown below.

•"4
4%*
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Ident. UTS, psi YS, psi %%
- _____(.2% of'fset) R.A. Elong.

IH-50X 70,500 50,600 23.0 59.0

IH-50X 72,900 49,900 22.0 56.8

Armor Sti. 169,500 155,000 48.1 13.5

Armor Sti. 168,900 155,100 47.0 13.5

Note: IH-42X was initially planned for preparation and evaluation of
weld porosity. However, tested yield strength was 37,000 psi and did not

meet the minimum yield strength requirement of 42,000 psi. Accordingly,

the higher strength IH-50X was utilized.

3. CONTROLLED POROSITY STUDY

The intent of this study was to develop a suitable method for produc-

ing porosity and preparing weld specimens (fatigue and fracture

toughness) with controlled levels of porosity. Figure 2 shows

porosity charts (ASME Boiler and Pressure Vessel Code) which

classify and designate the number and size of pores in any six inch

length of weld of 3/4 inch thickness. Several weld parameters were

varied to obtain the pore size and content for various porosity

levels sought. All weld plates were prepared using the gas metal arc

welding process.

The electrode wire was type E70S-3 of the following analysis.

Carbon .0 to .15

Manganese .90 to 1.90

Silicon .145 to .70

Phosphorus .025

Sulfur .035

Systematically adjusted process variables included (1) wire feed

(2) travel speed and (3) shielding gas mixture and flow rate. Four

weld passes were made along the 24 inch length (cross-section is

shown in Figure 1). A shielding gas of argon +2% oxygen was used

initially for all four passes. Other variables were as follows:

-3-



Gas flow rate - 35 ft3/hr.

Wire feet rate - 360 inches/min.

Travel speed - 15 inches/min.

Voltage - 30 v

Large pores were produced using this technique. However, radio-

graphic inspection of the initial plates indicated a lack of fusion.
Lack of fusion was remedied by using argon +25% carbon dioxide

shielding gas for all root passes. Argon +2% oxygen was used for

producing the various levels of porosity in the surrounding top

passes of the weld layers.

Table I lists some of the plates with the welding parameters varied

to produce the levels of porosity sought. Note, "water clear" welds

were produced with the use of argon +25% CO2 shield gas for root and

top weld layers. Radiographic inspection of weld plates were

continuously made to measure the influence and adjustment require-

ments for weld parameters. Approximately 70 weld plates of IH-50X

and 20 weld plates of armor plates with the various levels of

porosity were produced in this manner.

4. INSPECTION PROCEDURES

4.1 Radiographic Inspection

The weld zone of each ground plate for weld crown removal was

inspected by radiography (MIL Std. 453). Radiographic inspec-

tion controls are indicated below.

Source to film distance 44 inches

Qulality level 2-2T

Film type Dupont NDT 55

Exposure 260 KV, 12 MA, 1 min.

Focal spot 4 mm

Film screen .005 inch (front)
.010 inch (back)

Representative radiographs showing the 5 porosity levels are pre-

sented as Figures 3 through 7.

-4-



4.2 Ultrasonic Inspection

An ultrasonic calibration standard containing various size

diameter flat bottom holes (1/16, 1/8, 3/16 and 1/4 inch

diameters) was prepared from a 3/4 inch plate of IH-50X. Plate

dimensions and locations of the holes are shown in Figure 8.

used to measure pore size (area). A block diagram of the system

is shown in Figure 9.

The amplitude of a signal displayed on the cathode ray tube

corresponds to a certain D.C. analog voltage. This voltage is

continuously sampled (every 1/750 sec.) by an analog to digital

converter and stored in computer memory for subsequent retrieval

and mathematical processing. The ultrasonic signals are elec-

tronically monitored and classified. The signal amplitude or

D.C. voltage is divided into 16 category levels (Category 1 to

Category 16). Category 1 represents small pores and Category 16

represents large pores.

-- -Category D.C. Volts Range
Corresponding to Category

________(Negative Values

1 0 to 0.62
2 0.63 to 1.25
3 1.26 to 1.87
4 1.88 to 2.50
5 2.51 to 3.12
6 3.13 to 3.75
7 3.76 to 4.37
8 4.38 to 5.00
9 5.01 to 5.62
10 5.63 to 6.25
11 6.26 to 6.87
12 6.88 to 7.50
13 7.51 to 8.12
14 8.13 to 8.75
15 8.76 to 9.37
16 9.38 to 10.00

-5-
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As the transducer scans (longitudinally) the weld zone, a con-

tinuous count of various size pores are stored in computer

memory. At the termination of the scan or multiple scans, the

""" computer is automatically instructed (via Electronic occupancy

switch) to perform a mathematical operation which results in a

quantitative soundness rating. By way of example, the following

operation is automatically performed as follows:

Soundness index rating = F1 x P1 +F2 x P2 + Fix Pi

where:

Fi = Percent of counts occurring for Category i

Pi = Weighting factor for Category i

The format generated by the computer via teletype printer is

illustrated in Figure 10.

From let to right, the first column lists the categories 1

through 16. The second column details the number of counts that

occurred for individual categories or pore sizes. The third

column (percent count) is the ratio of counts for Category 1

to the total number of counts. The fourth column shows the

progression factors selected for each category and the last

column (product) is obtained by multiplying the values of

*.. column three and four of the same category number. The

soundness index is the sum of the individual product values

* -. that appear in the fifth column. The progression factors were

obtained by the following exponential formula; 1.62(n 2)where

n corresponds to category number.

4.2.1 Inspection Apparatus

Basic inspection facilities for immersion testing

consisted of a water tank of dimensions 21 ft. deep x 3

ft. wide x 10 ft. long with a motorized scanning bridge

to which the transducer was attached. The active

4 element of the transducer is composed of lithium

sulfate (3/4 inch in diameter) with a 7 inch focal

length in water and an operating frequency of 5 MHz. A

lithium sulfate transducer was selected due to its

exceptional performance as a receiver of ultrasonic

energy. -6-



4.2.2 Ultrasonic Inspection

Inspection of full size (114" x-24") welded plates were

conducted using an angle (1450) beam scan and longitud-
inal scan. The angle beam scan was parallel to the 24"

length zone.

Inspection of the weld zone width was made by lateral in-

dexing the transducer in 0.050 inch increments at the
ends of each longitudinal scan. That is, 15 longitudinal

scans were made to cover a 3/4 inch width weld zone (0.050
x 15 = .75).

The ultrasonic instruentation was calibrated by angle

alignment of the transducer with a 1/160 dia. flat bottom
hole machined in a 3/4 inch thick plate. The ultrasonic

sensitivity control was adjusted to equate the signal

response (voltage level) from the reference hole (1/16"

dia.) with category level 16 (9.375 v to 10.0 v range).
Successively smaller categories (15, 14---0) represent

lower voltages, and smaller size defects. The voltage

range for each category level is 0.625 volts. (An

increase in counts of Category 16 over an equivalent
number of counts which occur in Category 15 indicate

that defects larger than the reference indication,
1/16" dia. hole are present).

Ultrasonic printout data of several representative

plates using a longitudinal scan are shown as Figures

10 through 15. Ultrasonic printout data sheets of

several plates which were inspected by immersed angle

beam are shown in Figures 16 through 23. Note the
difference in inspection response with Plate #162

(Figures 13 and 21) using an angle beam technique. The

cleanliness rating indices for most of the plates

inspected are listed in Table II.

-7-



5. SPECIMEN LOCATION AND PREPARATION

To test the effect of various porosity levels, a uniaxial loaded

fatigue specimen was designed to provide the largest cross-sectional

test area. Figure 24 shows the specimen configuration. Specimen

blanks (3/4" x 3" x 14"), which were initially referenced to

radiographic porosity levels, were sectioned from the weld plates.

Weld zones of the several blanks were inspected using various

ultrasonic techniques to determine optimum response for different

search unit orientations. Speciumen blanks sectioned from plates

No. 116 and 180, which contained an assorted size of pores, were

inspected by longitudinal immersion and contact methods as well as

angle beam (450) immersion and contact methods.

To obtain a more precise measure of large size pores, the

ultrasonic instrumentation was recalibrated with a 1/8" diameter

flat bottom hole. A 2 inch video amplitude which corresponded to

-9.8 volts resulted in an instrument gain setting of 14.0 db.

Table III shows the corresponding voltage levels and gain settings

(db) for several large size pores (approx. 1/8 inch diameter)

using longitudinal immersion and angle beam contact search units.

The gain setting for angle beam measurement (area) of the pore

size required decreasing the gain to correspond to an inch video

amplitude signal from the 1/8 inch dia. (25 db and 4.9 volts) flat

bottom hole. By manual relocation of search unit and varying

angle beam orientation with the individual pores, a more sensitive

response was obtained. The sensitivity from pore No. 1 (plate

116) was increased 36% (6.67 volts versus 4.9 volts). Higher

defect response was obtained by contact angle beam inspection with

subsequent orientation measurements made and shown in Table IV.
Initial measurements were with the angle beam oriented 900 tothe
weld pass or line.

Pore No. 4 was also ultrasonically measured from the opposite

plate face at various orientation angles to the weld line. The

results were as follows:
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Search Unit Reflected
Orientation Voltage from Pore

Perpendicular to weld line 7.149 Volts

35' right of perpendicular 11.25 volts

200 left of perpendicular 10.13 volts
These results emphasize the importance of adjusting (rotating)

search unit orientation to obtain maximum ultrasonic response from
irregular shaped pores. The remaining specimen blanks were

inspected to determine porosity magnitude and position of various
size pores in the specimen test zone. All measurements were made
with a contact angle beam (1450) search unit.

5.1 Specimen Fixturing

Specimen fixtures were designed and machined to test flat

unaxial fatigue specimens under tension-tension loading.

Universal joints were incorporated at both loading ends to

assure axial alignment during loading. Strain gages were
mounted on Opposite flats Of initial specimen test section and

monitored. Stress deviations as indicated by the strain gages
* were less than 0.4% at maximum stress (53,000 psi). However,

initial specimens were prepared with a 2J inch width grip
section which resulted in premature fracture at bolt holes in

the grip section. Additional strain gages were mounted on the

grip section sides opposite the bolt holes. A static load

equivalent to 4% above the proportional limit was applied.

The strain gages indicated that yielding was occurring on grip

edges adjacent to clamping holes.

The grip width of prepared specimens was suitably increased by

welding I inch flats to the edges and flush grinding the

flats. Subsequent specimens were prepared with a wider grip
* . section.

6.0 MECHANICAL TESTS

6.1 Uniaxial Fatigue

* After a satisfactory specimen design was obtained, base line

specimens of IH-50X were tested in tension-tension loading at

a stress ratio (min./max.) of 0.1.

-9-



13- Maximum test stress was 55,000 psi (30,000 lbs.). Base material

- results are shown in Table V. Figure 25 shows a Weibull plot of

the data points. Pertinent Weibull parameters calculated from

the data points are listed below:

Slope = 3.38

Mean life 448,984 cycles

Characteristic
life = 500,342 cycles

Standard
deviation = 147,339 cycles

Median life = 448,948 cycles

The 95% confidence limit for each sample is also plotted as a

vertical rectangle. It is interesting to note that the median

and mean life coincide and the curve approximates a normal

distribution with a slope of 3.5.

Fatigue specimens representing the various porosity levels

were then tested at the same maximum stress level and cyclic

stress ratio (0.1). Prior to testing, all specimens were

radiographed. Figures 26 through 28 are radiographs of

several representative porosity levels. Table VI shows the

ultrasonic signature number for each specimen tested along

with uniaxial fatigue test results. The identification of

weld plates from which specimens were sectioned are also

shown.

Weibull plots of the data (cycles to failure) for each

porosity level based on ultrasonic results (Table X) are shown

in Figures 29 through 33. The pertinent Weibull parameters

are shown for each porosity level in Table VII.

Photomacrographs showing the fracture surfaces of select weld

specimens are shown in Figures 34 and 35.

6.1.1 Armor Plate Specimens

Initially, several specimens were loaded monotonically

(prestrained 0.1%) to determine maximum load

requirement.

-10-



Maximum capacity of the fatigue machine load frame is

100,000 psi under monotonic loading and 75,000 psi under

cycle loading. The initial specimen was loaded to 76,300

lbs. (143,000 psi) to determine an offset strain of 0.1%.

Base specimens of armor plate material were initially

tested at a maximum stress level of 100,000 psi. Failure

occurred at an early cycle life and maximum stress level

was reduced to 80,000 psi. Table VIII shows fatigue test

data for base line and weld specimens.

After testing Sample 4A (base material with two million

cycles), the balance of the specimens were tempered at

130OF to lower material strength to approximate the

strength of IH-50X steel. The lowest hardness obtainable

after temper was Rc 25.

A log stress versus log cycle plot of armor steel speci-

men data is presented as Figure 36. The inverse slope of

the regression line was calculated to be 33.3 with an

intercept at 1 cycle of 113,000 psi. Other regression

parameters were as follows:

Mean life 237,000 cycles

Mean stress 83,000 psi

Std. deviation = 7,800 psi

6.2 Fracture Toughness

* The ASTh (E-399) minimum recommended thickness and crack length
2for adequate specimen size should be greater than 2.5 (Kic/a )

yy

adequate specimen thickness. The yield strength of the material

(IH-50X) is 50,000 psi. The corresponding ratio of ca /E is
y

0.00167 which would require a specimen in excess of 3 inch thick-

ness.
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Therefore, it was considered appropriate to utilize a v-notch

square (0.394 inch) Charpy specimen in which a correlation

between fracture toughness (Kic) and Charpy impact energy has

been established by J. M. Barsom and S. T. Rolfe. 3

The correlation equation is of the form

- (Kic/ay)2 =d (CVN - ay/20)

* Where:

Kic = Plain strain fracture toughness

" y = .2% offset yield strength

CVN = Charpy impact energy

Square v-notch Charpy specimens were machined from IH-50X weld

plates representing various porosity levels and impact tested at

800F. The test data is shown in Table IX along with calculated

fracture toughness values.

Visual observation of fracture specimens indicated that pores

were occasionally situated at or just below the notch root

surface. This situation was prevalent with Specimen #9 which

contained a large pore at the notch root. Specimens containing

fine scattered porosity exhibited the highest impact strength

and fracture toughness. This is believed to result from a bene-

ficial crack arrest structure. That is, a propagating crack

* will require a higher crack reinitiation energy level at a pore

site. In the absence of a pore, a lower energy level is adequate

to sustain crack propagation.

7.0 ANALYSES & DISCUSSION

Table VI shows the grouping of various porosity levels based on

radiographic results. Table X shows a regrouping of specimen

porosity levels based on ultrasonic (category) results. Regrouping

was in accord with the following criteria:

-12-
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Porosity Level Ultrasonic Category
%____Range

Clear 1 to 1.5

Fine 1.6 to 3.2

Medium 3.3 to 7.1

Assorted 7.3 to 11.2

I- Large 11.3 to 16

A comparison of fatigue response (mean life cycles) for the

various porosity levels by Weibull method gave the following

mean life ratio in comparison with the base material. (Mean life

Um of porosity material + mean life of base material.) Mean life

(base material) = 449,000 cycles.

The mean life of each porosity level along with other Weibull

parameters are presented in Table XI.

Mean Life Ratios

Clear Fine Medium Large Assorted

Radiographic .50 .36 .40 .53 .65

Ultrasonic .56 .46 .42 .52 .24

There is no appreciable (approx. 6%) change in the mean life

ratios between a clear weld and weld zone with a large pore.

(.125 inch dia.) This large pore size represents an area of

.01213 in2 contained in a cross-sectional specimen area of .4906
2in which represents 2.5% of the area. There is a lower mean

life with fine and medium size pores (approx. 20%). Apparently,

the pore size of 1/8 inch diameter associated with Category 16

does not affect uniaxial fatigue strength. These results are in

agreement with published data by C. F. Boulton, "Acceptance

Levels of Weld Defects for Fatigue Service."
4

Mr. Boulton's fatigue results showed that severe porosity (30% by

volume) was commensurate with low porosity(1% of projected area

per inch of weld thickness). That is, fatigue response for

severe and low porosity levels were comparable. A plot (C. F.

Boulton) showing results for severe and low porosity fatigue

specimens is presented as Figure 37.

-13-
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A difference in fracture toughness response between porosity

levels was noted with v-notch square Charpy specimens. Fine

porosity (0.024 inch diameter max.) which exhibited the highest

fracture toughness values is due to a superior crack arrest

texture.

The mean value difference in fracture toughness response for

fine pores (157 Ksi-inl) and large pores (124 Ksi-inl) is 27%.

In addition to improved crack arrest texture, the occurrence of

fine pores at the notch root are less severe than large pores in

crack initiation. An increased scatter of toughness response

was noted with large size pores. This is thought to be caused by

a more variable area of the large pores occurring at the notch

root and along the fracture path. The weld pores were ultra-

sonically located and positioned (during specimen machining) to

coincide as close as possible with the fracture plane through

the notch root.

Although the instrumentation was calibrated with a 1/8 inch

diameter standard, larger pores of approximately 3/16" diameter

were located and positioned in several specimens.

One 3/16 inch diameter pore represents 5% of fatigue specimen

* .'cross-sectional weld area. A 3/16 inch diameter pore also

- represents 22% of the Charpy specimen cross-sectional weld area.

-14-



8.0 SUMMARY OF RESULTS

Various levels of controlled porosity were produced in butt welded

3/4 inch thick steel plate by gas metal arc welding. Lack of fusion

was eliminated by using argon - 25% carbon dioxide shielding gas for

root passes. Pore sizes and numbers were determined by radiographic

and ultrasonic test methods. A second order equation was found to

relate ultrasonic signature number of pore size with radiographic

pore size classification. The equation is y = .23x2 + 1.74 x -0.17.

Where x is an integer from 1 to 5 representing radiographic pore

classification (1-clear, 2-fine, 3-medium, 4-mixed, 5-large) and y

is the corresponding ultrasonic pore classification. Uniaxial

fatigue tests of specimens containing specific pore classification

indicated that the mean fatigue life of "water clear" welds were

superior to the mean fatigue life of all pore containing welds at

maximum test stress level of material yield strength (55,000 psi).

Difference in mean fatigue life for various pore sizes (ultra-

sonically measured) compared to "water clear" weld:

% Reduction or Gain in

Pore Size Mean Fatigue Life

Fine -16

Medium -24

Large - 6

A more accurate detection and classification of large pore sizes was

obtained by manual varying search unit (contact) orientation with

respect to pore location. This is believed to be due to variable

scatter of ultrasonic radiated energy upon impingement with

irregular shaped pores. Fracture toughness measurements made with

Charpy v-notch specimens indicated that fine pores improved

toughness approximately 5% in comparison with "water clear" weld

toughness.

Difference in average fracture toughness (KIC) for various pore

sizes compared to "water clear" weld:

% Reduction or Gain in

Pore Size Average Fracture Toughness

Fine + 5

Medium -1

Large -17
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9.0 CONCLUSIONS

1. Controlled porosity was produced in butt weld joints of 3/4

inch thick steel plates by selective adjustments of shield gas

composition, gas flow rate, electrode wire feel and voltage.

2. The optimum ultrasonic inspection method for detecting pores

was noted to be an angle beam technique in which the search

unit orientation to the weld seam is varied similar to a saw

tooth or zig-zag scan. That is, pore sites should be

approached from several directions due to nonuniform scatter

of ultrasonic energy in different directions.

- 3. The relation between ultrasonic signature number and pore size

was calculated from a graphical plot and noted to be of the

following form.

y = 0.23 x2 + 1.74 x -0.17

where

y = Ultrasonic signature number

x = Pore diameter size (inches)

4. No appreciable impairment of fatigue life in 55,000 psi steel

was noted with porosity levels which were 50% above the

maximum allowable dimension (0.125 inch) for 3/4 inch thick

plate. The mean life ratios of fine and medium size pores

".1 showed a reduction of approximately 20% in comparison to

"water clear" mean life ratio (mean life of weld + mean life

of base plate).

More crack initiation sites are present in the specimen test

*zone with f ine pores. Additionally, there is more material
around the sites of the smaller pores. After -nitiation of

cracks at these high stress concentration sites, rapid crack

growth occurs by connection and extension across multiple pore

sites. With larger size pores, pore frequency or occurrence

is less and fewer crack growth paths between pores are

leni .dned considerably.
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5. Fracture toughness as measured by v-notch square Charpy

specimens was noted to improve with fine (0.024 inch or less)

porosity levels over "water clear" weld and is attributed to an

improved crack arrest texture. Conversely, fracture toughness

decreased with large size pores. Pore size magnitude shows an

opposite effect on fracture toughness properties as compared

with uniaxial fatigue. The crack is initiated by a sharp V-notch

which has a smaller radius than the fine pore size. A fine

pore causes the crack to arrest and reinitiate at a higher

energy level than required to sustain normal crack growth.

As the pore size increases, fewer pore sites are available to

arrest a running crack and the cross-sectional area along the

fracture plane is considerably reduced (22%) by a large pore.

6. Weld specimen response containing various size weldment pores

is dependent upon the material property under evaluation. The

effect of weld pore size on fracture toughness is opposite to

the pore size effect on uniaxial fatigue.

-16a-



10.0 RECOMMENDATIONS

1. A review of the various weld standards should be made to

ascertain if the limiting pore level acceptance is adequate

for the principal material properties and loading conditions

the weldment will experience under service conditions.

2. Additional studies are recommended to quantify the extent

various severities (% pores by volume) of equal pore size

levels influence fatigue life of weidments.

3. Additional studies are needed to quantify the extent the

impairment in fracture toughness as a function of weld

porosity severity (% pores by volume) for various pore

sizes.

4Ultrasonic inspection with an angle beam technique is

recommended as the most suitable means for detection of

pores.

5. The recommended instrumentation and procedure for

inspection of butt welds are detailed in the Appendix.

-17-
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TABLE II

ULTRASONIC POROSITY
RATING OF VARIOUS

WELD PLATES

IH-SOX

Plate No. Ultrasonic Rating
I __ (Porosity Level)

119 3.7
120 3.1
135 1.1
151 1.5
159 12.6
132 14.5
171 60.1
177 49.9
167 92.8
158 45.4
182 66.1
138 172.4
114 3.3
115 3.8
116 84.6
117 3.7
118 3.0
121 2.4
122 11.7
123 4.1
124 10.5
180 208.3
139 87.3
163 52.4
147 14.0
127 1.7
152 15.5

ARMOR PLATE

Plate No. Ultrasonic Rating
(Porosity Index)

A-I 2.2
A-2 2.3
A-3 13.6
A-4 24.4
A-5
A-6 3.1
A-7 92.1
A-8 21.5
A-9 26.3
A-l0 44.1
A-11 2.2
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TABLE III

VARIATION IN ULTRASONIC
INSPECTION TECHNIQUE FOR
MAXIMUM RESPONSE FROM
WELD DEFECT (PORE)

Plate No. 116

Pore Ident. Instrument Response Voltage
Gain Setting Immersion Contact

___-".___Angle Beam

1 14 10.98 12.0+

1 25 4.90 6.67

2 14 10.45 12.0+

2 25 4.90 12.0

3 14 10.27 12.0+

3 25 4.90 7.68

4 25 4.90 6.20

5 25 4.90 8.83

(12.0 + voltage represent saturated video signal)
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TABLE IV

RESPONSE SENSITIVITY FROM
VARIOUS LARGE PORES IN

WELD PLATE USING IMMERSION
AND ANGLE BEAM CONTACT

ULTRASONIC INSPECTION METHOD

Plate No. 184

Pore Ident. Instrument Response Voltage
Gain Setting Immersion Contact

_ _.-_Angle Beam

1 14 9.68 Saturated

1 25 4.90 11.09

1 33 2.45 6.05

2 14 8.14 Saturated

2 25 4.90 Saturated

2 33 2.45 9.15

3 14 8.93 Saturated

3 25 4.90 11.60

3 33 2.45 8.25

4 14 12.25 Saturated

4 25 4.90 10.19

4 33 2.45 4.59
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TABLE V

UNIAXIAL FATIGUE RESPONSE
OF IH-50X BASE SPECIMENS

(S. R. -0.1, MAXIMUM STRESS-= 55, OOOPSI)

Spec. No. Cycles to Failure

3B 711,000

4BE 552,000

5B 388,000

6B 41,710,000 (runout)
(419,000 psi max.)

7B 423,900

8B 390,700

9B 383,100

10OB 283,000
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TABLE VI

UNIAXIAL FATIGUE TEST OF
IH-50X WELD SPECIMENS WITH.-" VARIOUS POROSITY LEVELS

(RADIOGRAPHIC) WITH 55,000 psi
MAXIMUM STRESS, S. R.=0. 1

Sample No. Plate No. Ultrasonic Category Cycles to Failure

CLEAR

8 127 .6 161,800

27 127 4 86,300

34 135 .8 312,000

2 151 1 198,200

35 151 1 128,000

36 135 .8 421,500

FINE

33 110 2 312,300

6 162 3 42,900

12 158 11.2 242,600

18 147 3 153,400

21 121 5 71,500

25 163 8 97,600

MEDIUM

13 152 11.4 201,400

17 147 2.5 30,700

20 158 10 96.800

24 152 6.5 43,300

3 122 2 198,000

37 167 2 413,300
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U TABLE VI (Cont)

-- Sample No. Plate No. Ultrasonic Category Cycles to Failure

LARGE

15 139 14.5 365,900

10 139 13.5 575,700

4 116 114 17,300

22 152 16 220,100

16. 119 13 25,200

14 139 16 309,000

38 116 15 42,000

41 114 13 93,400

ASSORTED

39 182 7 67,200

19 132 5 1,132,500

5 138 8 20,600

7 147 2 282,100

11 163 2 45,000

26 132 7 543,700

40 182 9 103,200

~42 159 10 43,700
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TABLE VIII

UNIAXIAL FATIGUE TESTS OF
ARMOR STEEL (MIL-S-12560-B)

IN TENSION-TENSION AT A
STRESS RATIO OF 0.1

Porosity Level Maximum Stress, psi Cycle Life

Clear 100,000 1,500

Large 100,000 150

Large 85,000 3,400

Base 75,000 1,940,000
*: (run out)

Base 80,000 207,900

Base 80,000 227,500

Medium 80,000 13,000

Fine 80,000 20,000

Base 80,000 292,000

Clear 80,000 132,000

Clear 80,000 P70,000

Fine 80,000 149,000

Fine 80,000 34,000

Large 80,000 212,000

*Tempered to Rc 25
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TABLE IX
V-NOTCH SQUARE CHARPY IMPACT
RESULTS (ROOM TEMPERATURE)
AND CALCULATED KIC VALUES

FOR VARIOUS POROSITY LEVELS
.- IN IH-20X WELD PLATES

Spec.# Porosity Level Impact Energy, Calculated KIC,
.Ft.-Lbs. Ksi-in

7 Clear 95 152.1

3 Clear 83 141.4

8 Clear 99 155.3

13 Fine 93 150.4

15 Fine 100 156.1

17 Fine 110 164.0

4 Medium 85 143.6

5 Medium 88 146.2

11 Medium 89 147.0

16 Medium 102 157.7

1 Assorted 76 135.6

2 Assorted 77.5 136.9

6 Assorted 88.5 146.6

9 Large 32 85.9

10 Large 70 129.9

14 Large 98.5 154.9

-68-



TABLE X

UNIAXIAL FATIGUE RESULTS OF IH-50X
WELD SPECIMENS WITH VARIOUS POROSITY
LEVELS (ULTRASONIC) TESTED AT 55,000

PSI, MAXIMUM STRESS, S.R. z0.1

Sample No. Ultrasonic Category Cycles to Failure

CLEAR

8 .6 161,800

34 .8 312,000

2 1 198,000

35 1 128,000

36 .8 421,000

FINE

33 2 312,300

6 3 42,900

18 3 153,400

17 2.5 30,700

3 2 198,000

37 2 413,300

7 2 282,100

11 2 45,000
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TABLE X (Cont)

MEDIUM

27 4 86,300

21 5 71,500

24 6.5 43,300

39 7 67,200

(omitted)

26 7 543,000

ASSORTED

12 11.2 242,600

25 8 97,600

20 10 96,800

5 8 20,600

40 9 103,200

42 10 43,700

LARGE

13 11.4 201,400

15 14.5 365,900

10 13.5 575,700

4 14 17,300

22 16 220,100

16 13 25,200

14 16 309,000

38 15 42,000

41 13 93,400
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APPENDIX

This Appendix describes and discusses the ultrasonic test procedures for

detection and measurement of various porosity levels in steel weldments.

Ultrasonic porosity rating can be expressed in terms of a select porosity

size (ultrasonic category or signature no.) or distribution of various

size pores (ultrasonic porosity rating). Ultrasonic signature number is

applicable to a certain pore size and requires the use of a digital

display voltmeter connected to the conditioned ultrasonic output

terminal.

In this study, an analog to digital converter, which is synchronized with

the ultrasonic pulser, samples and selects the various pore sizes for

assimilation into computer memory. A calculated porosity rating is then

generated from stored data representing various pore sizes.

1. EQUIPMENT

1.1 Ultrasonic Instrument

The ultrasonic instrument shall be capable of performing the

following requirements.

a. Generate and receive pulse of 2.25 and 5 MHz frequenicy

energy.

b. Oscilloscope screen presentation and an analog output

capability.

c. A receiver band pass of 1.3 MHz.

d. The pulse repetition rate shall be within 500 pps to 1000

pps.

e. The analog output voltage for full scale (2 inch amplitude

on oscilloscope) should not vary more than 0.050 inch.

f. Coaxial cable length (terminal plug-in at pulser/receiver

module) should be correct dimension to obtain optimum

impedance matching with the search unit selected. A 30 ft.

cable length provides adequate impedance matching with a 5

MHz search unit.
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1.2 Search Units

For immersion type testing, spherically focused search units are

recommended. Lithium sulfate type active elements provide for

sensitive response and efficient converstion of reflected

mechanical energy to electrical energy. The recommended

frequency and focal length of the search unit in water is 5.0

+ .5 and 7.5 + .3 inch, respectively.

For contact type testing, an angle beam (450) shear wave mode

of inspection is recommended. Transducer type produced satis-

factory inspection response with the 3/4 inch thick plates.

Oil (S.A.E. lOW) or glycerine were found to be suitable

couplants for transmission and receiption of ultrasound waves

using contact search units.

1.3 Pulse Counter

A sixteen level pulse counter in the form of an analog to

digital converter which is interfaced with a digital computer

is recommended for rapid assimilation and data processing. An

interface module is required to condition the ultrasonic

analog signal for acceptance by the computer. A voltmeter is

also required to monitor the conditioned voltage. Sixteen

count levels are achieved by dividing the total voltage

response range of the computer by sixteen. For a voltage

range of 10 volts, each count level is a multiple of 0.625

volts (10 volts/16 levels). Ultrasonic determination of pore

size by contact angle beam method can be monitored by noting

the displayed voltage level or automatic printout of the

ultrasonic signature (1 through 16) level corresponding to the

voltage level.
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2.0 CALIBRATION

Reference calibration blocks are required in which (1) flat bottom

holes of 1/16", 1/8", 3/16" and 1/4" diameters have been drilled to a

depth of one-half plate thickness and (2) actual defect standards

representative of fine, medium, large and mixed porosity levels are

available.

2.1 Ultrasonic Calibration and Control Settings

* Prior to adjusting computer interface controls, adjust ultra-

sonic main frame controls as follows:

Pulse length Minimum, full CCW

Reject Off

Sensitivity Maximum

Frequency Frequency of search unit

To adjust ultrasonic sensitivity control for immersed longitudi-

nil beam scanning, position search unit perpendicular to sound

entry surface of reference block. Align search unit over (2

inch) flat bottom hole which is largest acceptable pore size

viz. 3/16 inch diameter. Water path to sound entry surface is 2

inches. Ultrasonically locate (manual) 3/16 inch dia. hole.

Reduce ultrasonic sensitivity control to obtain a 2 inch video

amplitude response from 3/16 inch dia. reference hole.

To adjust ultrasonic sensitivity control or immersed angle
(1450) beam inspection, incline or angulate transducer 190 from

vertical and perpendicular position. With search unit angled

at 19 0, lower search unit to obtain a height of 1. 4 inches

between search unit lens and sound entry surface. Adjust

lateral displacement of search unit from reference hole to

*obtain a video display. Reduce sensitivity to obtain 1 inch

77 video amplitude signal on CRT. Position search unit at edge

of weld plate with shear wave beam pointed in direction of

edge. Slowly move transducer away from edge until a signal
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response (greater than 1 inch amplitude) appears on CRT. This

signal reflected from bottom corner edge of the plate

establishes search unit position for half-skip target defect

position which is equal to the plate thickness. Note position

of defect signal on CRT. Continue moving transducer away from

edge until a signal reappears on CRT. This signal reflected

from the top corner edge establishes search unit location for

a full skip distance to defect position or twice plate

thickness (IJ inch). Record position of search unit from

plate edge and record position of signal trace on CRT.

Reposition search unit to obtain 1 inch signal response (on

CRT) from 3/16 inch diameter hole. The horizontal distance

between search unit and reference hole (Figure 38) should be

equivalent with previous horizontal distances to bottom corner

edge. Adjust ultrasonic sensitivity control to obtain a 2

inch video signal.

To assure complete ultrasonic coverage of the weld area during

inspection, the search unit position and bridge scanner are

initially set at the limit position for a full skip. A

parallel scan (8 in/sec) of the weld seam is conducted with

data printout at end of scan. The positioner is laterally

indexed (0.050 inch) in direction of full skip limit position

and a data printout is automatically furnished. This

inspection process is repeated until the full skip limit

position is reached. Figure 40 shows the scanning pattern and

limit positions with reference to the weld seam.
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Calibration for contact angle beam inspection is the same as

immersed angle beam inspection. However, due to manual movement

of the search unit, a different scanning pattern is used.

Additionally, the output of digital voltmeter or corresponding

ultrasonic category level is printed out in lieu of porosity

distribution rating.

Figure 411 shows the saw tooth scan pattern for contact inspec-

tion between limit positions with reference to the weld seam.

With manual scanning, the search unit can be rotated about its

vertical axis upon encountering a large pore site to determine

maximum response from variable search unit orientation.

Rotation is approximately ± 300 from search unit normality

with weld seam.

2.2 Computer Interface Control Settings

The primary function of the computer interface is to (1)

condition the ultrasonic output voltage for compatability with

input computer requirement (2) use a synchronization signal

for timing analog to digital conversion and (3) provide

amplification means for adjusting the low and high ands of the

conditioned signal. This control assures that correct voltage

is linear and matched to the ultrasonic count level. Adjust

the interface offset control to read 9.7 volts (mid range of

count level 16) on the digital voltmeter with a 2 inch video

amplitude signal displayed on the ultrasonic scope. Next

adjust ultrasonic sensitivity control to obtain a .2 inch

amplitude signal. Adjust interface fine sensitivity control

to obtain a reading of 0.97 volts on the digital voltmeter.

j Reset the ultrasonic sensitivity control to obtain a 2 inch

video amlplitude.
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Reference standards which contain the various porosity grades
such as fine, medium and large should be ultrasonically examined

using longitudinal and shear wave modes. Corresponding

ultrasonic category and voltage response should be noted and
recorded for each standard. With shear wave inspection, the
ultrasonic beam direction should be varied for several search

unit orientations.
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