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Abstract

Laser additive manufacturing, or laser cladding, is a weld overlay technique that is being

increasingly used for hardfacing and corrosion resistant overlays and dimensional repairs

of oil and gas, petrochemical, and mining components. However, laser cladding’s use

in industry is currently limited to non-critical applications due to a lack of applicable

information on how laser cladding affects the fatigue life of industrial components. In this

investigation, the effect of laser cladding is assessed on 2.750 inch (69.85 mm) diameter

components. The material system comprises wrought quenched and tempered AISI-SAE

4140H steel overlaid with 13Cr steel, which is representative of refurbished driveshafts

used in the upstream oil and gas and mining industries. The specimens were evaluated in

four point rotating bending fatigue on a custom built apparatus. The effect of utilizing

no preheat, 300◦F (149◦C), and 600◦F (316◦C) preheats was evaluated relative to unclad

4140H steel (control condition) using a randomized complete block experimental format.

The fatigue results were analyzed using the Kaplan-Meier survival analysis and the log

rank test. It was determined that laser cladding with a 300◦F (149◦C) or 600◦F (316◦C)

preheat increases the fatigue life relative to unclad 4140H, or 4140H clad without the use

of a preheat, at the 95.5% confidence interval.

The impact of laser cladding operations on the fatigue life of the samples was char-

acterized through fractography, hardness surveys, and residual stress measurements by

the hole drilling method. It was determined that the laser applied overlays, regard-

less of preheat level, had higher measured hardness than the unprocessed 4140 (overlay:

HV No Preheat = 418 ± 21 HV, HV 300◦F = 399 ± 29 HV, HV 600◦F = 430 ± 27 HV, 4140

substrate HV = 294± 25 HV). Laser processing of the samples was also found to induce

large compressive residual stress states that were greater than 60% of the substrate yield

stress. The increase in fatigue performance following laser cladding with a suitable pre-
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heat is attributable to two factors: the large compressive residual stresses induced during

laser operations, and the higher hardness of the overlay relative to the substrate material.

The induced compressive residual stresses reduce the tensile stress applied during testing

and create a lower effective stress state in the near surface region of the samples. The

higher hardness of the overlay indicates a higher degree of resistance to the presence of

discontinuities than the base material in regimes where the fatigue strength is dominated

by material defects.
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Chapter 1

Introduction

1.1 Introduction

1.1.1 Introduction

The use of laser additive manufacturing to repair and refurbish industrial components

is rapidly growing worldwide. When applied as layers on pre-shaped large components,

the laser additive manufacturing process is typically referred to as laser cladding. Laser

Cladding is a fusion weld overlay technique in which a consumable, usually blown powder,

is deposited upon a substrate using a laser as a heat source. The process is typified by

low heat input, minimal dilution or intermixing with the substrate, a small heat affected

zone (HAZ), and fine grained overlay microstructure. These characteristics make it ideal

for hardfacing, dimensional repair, and dissimilar welding applications in the oil and gas

and mining sectors [1].

The application of laser cladding as a method for the repair of components subject

to fatigue is currently hampered by the lack of understanding and reliable data on the

fatigue behaviour of repaired components. As a result, many industrial components that

are repaired through laser cladding do not include the refurbished layer in the remaining

life calculations. Overly conservative fatigue life calculations can lead to increased scrap

1
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rates and increased process downtime. This work is the first published assessment of the

effect of laser cladding on the rotating bending fatigue of full-scale components.

1.1.2 Thesis Objective

This project is designed to determine the effect of laser cladding on the four point rotating

bending fatigue performance of full scale AISI-SAE 4140H alloy steel components.

1.1.3 Thesis Outline

This is a paper-based thesis with each chapter comprising its own set of objectives and

conclusions. Chapter 2 focuses on the fatigue testing, and details the equipment design,

calibration, experimental methodology, fatigue test data, and the statistical analysis

performed. In Chapter 3, the effect of laser cladding on the fatigue performance of

alloy steel is characterized through fractography, residual stress measurements by the

hole drilling method, and hardness mapping. Chapter 4 provides a summation of major

findings and suggests future work.

Detailed appendices are provided in order to present ancillary testing and data that

could not be included in the concise framework required for publication.



Chapter 2

Full-Scale Testing of the Fatigue Life
of Laser Additive Manufacturing
Repaired Alloy Steel Components

2.1 Introduction

The use of laser additive manufacturing to repair and refurbish industrial components

is rapidly growing worldwide. When applied as layers on pre-shaped large components,

the laser additive manufacturing process is typically referred to as laser cladding, and

has been used industrially since Weerasinghe and Steen described the principles, method,

and characteristics of laser cladding a mild steel substrate [2]. Laser Cladding is a fusion

weld overlay technique in which a consumable, usually blown powder, is deposited upon

a substrate using a laser as a heat source. The process is typified by low heat input,

minimal dilution or intermixing with the substrate, a small heat affected zone (HAZ), and

fine grained overlay microstructure. These characteristics make it ideal for hardfacing,

dimensional repair, and dissimilar welding applications in the oil and gas and mining

sectors [1].

The application of laser cladding as a method for the repair of components subject

to fatigue is currently hampered by the lack of understanding and reliable data on the

3
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fatigue behaviour of repaired components. As a result, many industrial components that

are repaired through laser cladding do not include the refurbished layer in the remaining

life calculations. Overly conservative fatigue life calculations can lead to increased scrap

rates and increased process downtime. This work is the first published assessment of the

effect of laser cladding on the rotating bending fatigue of full-scale components.

Full scale rotating bending fatigue testing is important because the microstructure and

residual stresses resulting from laser cladding play a dominant role in fatigue life, and they

are determined by the actual size of the clad layer and the component being repaired [3].

Full scale testing has not yet been assessed because available rotating bending fatigue

testing machines are typically limited to standard samples sizes that range between 6.0

mm – 9.5mm (0.236 inch – 0.374 inch ) in diameter [4]. Dieter suggests that for fatigue

considerations in bending, the outer 5% of the component dominates fatigue life [3]. For

the 1 mm of intended thickness of laser cladding in this project, a sample of at least

40 mm in diameter is needed to include the entire overlay layer in the critical region.

While existing rotating bending testing machines are able to test near surface treatments

such as shot-peening, chroming, nitriding, etc., no available machine is able to test the

sample size needed. Work conducted by Alam has shown that fatigue cracking of laser

clad components depends on both the macro load conditions and on the type, location,

and orientation of defects or discontinuities [5]. The use of standard sized samples would

over emphasize the effect of near surface features relative to the potential effects of the

fusion line, HAZ, or subsurface defects or discontinuities. The use of small diameter

samples for alloy steel material systems is further complicated by the development of

thermal cycles during laser processing that are neither feasible for, nor representative

of, large scale industrial components. The challenge of standard/small-scale samples is

evident in the work of Kohler, where laser cladding of 10.3 mm diameter AISI 4140 steel

samples resulted in a HAZ that spanned the specimen diameter [6]. Similar issues were
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encountered in the work of Shi Da Sun et al., where laser cladding of 7 mm thick AISI

4340 specimens was found to degrade the bulk mechanical properties of the sample which

are typically unaffected in laser cladding of large industrial components [7].

Attempts to address the size effect through large scale non-rotating bending studies

have been undertaken by numerous researchers such as Koehler, Whitney, and Tuominen

[8–10]. Non-rotating bending allows for the use of available machines and an appropriate

sample size; however, it is limited by the fact that the maximum load is always applied

at the same points in the sample, and is not distributed over the entire periphery as

in real applications. By exposing the entire periphery to the maximum stress a larger

volume of material is exposed to the critical stress range which increases the likelihood

of encountering a critical flaw [11]. A further limitation of the tests of Koehler, Whitney,

and Tuominen, is that the stress ratio was always R ≥ 0 (non-reversed bending), while

in rotating bending R = -1.

Similar to non-rotating bending fatigue tests, the use of large scale rotating cantilever

bending testing is problematic for evaluating welds as the method of load application of-

ten produces a local stress maximum at the attachment of the cantilever that is not

distributed over the length of the sample. Various methods to overcome the deficiencies

of cantilever testing, such as the method of machining notches at set locations used by

Hutasoit [12] have been employed; however, these methods cannot capture the hetero-

geneity of welded (or laser clad) components [13].

For this research, a full-scale four-point rotating bending fatigue testing machine was

designed and built, and the effect of laser cladding 13Cr stainless steel overlays on the

fatigue performance of AISI-SAE 4140 specimens 2.750 inch (69.85 mm) in diameter was

evaluated. The fatigue life of laser-clad components was found to be superior to the

unclad alloy steel. Improved fatigue performance is in stark contrast to the decrease in

fatigue life found in previous research using other fatigue testing techniques less repre-



2.2: Experimental Procedure 6

sentative of the actual applications [7–10,12].

2.2 Experimental Procedure

2.2.1 Fatigue tester

To facilitate four-point rotating bending fatigue testing of full scale samples it was nec-

essary to design and build a custom apparatus. The fatigue test frame, dubbed the

Rotatamatron 3000, is shown in Figure 2.1. It is designed to operate at a maximum

speed of 500 rpm under a maximum applied load of 30,000 lbf (133kN). A load of this

magnitude produces a uniform stress of approximately 100 ksi (690 MPa) for a steel spec-

imen with the geometry shown in Figure 2.4. The machine is displacement controlled

and operates at a constant deflection set at the start of the test with a stress ratio, R,

equal to -1. The machine is instrumented with three load cells, one at the head of the

hydraulic ram used to apply the load, and one beneath each bearing assembly; all data

is logged with an integrated PLC. A schematic diagram of the load application assembly

is shown in Figure 2.2.

2.2.2 Laser Cladding

Laser cladding of the specimens was carried out at Apollo-Clad, a Division of Apollo

Machine and Welding. A 6 kW CO2 laser with coaxial powder delivery was utilized with

the specimens manipulated relative to the laser using a 5-axis CNC positioning system.

Specimens were preheated to the assigned temperatures of 300◦F (149◦C) and 600◦F

(316◦C) with the use of a propane torch. Temperatures were monitored with the use of a

contact thermocouple; no preheat maintenance was conducted once cladding was begun.

Nominal laser parameters utilized are listed in Table 2.1.
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Figure 2.1: The Rotatamatron 3000 Fatigue Testing Apparatus.

Electric 
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Central 
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Reaction 
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Figure 2.2: Rotatamatron 3000 Load Application Schematic.
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Table 2.1: Typical Laser Parameters

Laser Power Travel Speed Powder Flow Rate

3 kW – 4 kW 1.52 m/min (60 in/min) 17.5 g/min

2.2.3 Materials System

The fatigue specimens were AISI-SAE 4140H wrought alloy steel in the quenched and

tempered condition. All specimens were fabricated from the same heat of steel that was

austenitized at 1475◦F (802◦C), quenched in water, and tempered at 1125◦F (607◦C) by

the manufacturer. The chemistry of the steel is given in Table 3.1, and the properties

as reported on the materials test report (MTR) are given in Table 3.2. The steel was

clad with Apollo-Clad 1407 powder (13Cr steel) with the chemical composition listed in

Table 3.3.

Table 2.2: Material chemistry of the 4140 steel used in experiments (wt%)

C Mn P S Si Cr Ni Mo Cu Al V

0.42 0.98 0.01 0.022 0.026 0.98 0.14 0.2 0.19 0.028 0.006

Table 2.3: Mechanical properties of the 4140 steel used in experiments as reported on the
materials test report (MTR)

σY MPa (ksi) UTS MPa (ksi) % Elong % RA Hardness(BHN)

899 (130.4) 1,030 (149.4) 15.4 49.6 328

2.2.4 Statistical Design

It has been well established that the fatigue performance of a given material can be

affected by variables such as fabrication techniques, surface finish, and environmental

factors. In the context of fatigue experiments, the variables that affect fatigue strength
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Table 2.4: 13Cr overlay chemistry (wt. %)

C Si Cr Fe

0.1 0.75 12 Bal

can be divided into two categories: treatment conditions and nuisance variables. A

treatment condition connotes an intentional action, such as shot-peening, heat treatment,

laser cladding etc., whose effect on the fatigue performance is to be measured either

absolutely, or relative to another treatment condition [14]. A nuisance variable is a test

factor whose effect on the specimen is unintended and undesirable. To accurately measure

the effect of the intended treatment conditions, fatigue test programs must be designed

so that the influences of nuisance variables can be isolated from the measured treatment

condition effects [14]. In this study, a randomized complete block (RCB) experimental

format was utilized for this purpose.

The RCB consisted of a total of 24 samples that were arranged into six blocks of four

distinct treatment conditions. The first treatment condition corresponded to control

specimens with neither cladding nor preheat. The other three conditions corresponded

to the application of cladding with no preheat, a 300◦F (149◦C) preheat, and a 600◦F

(316◦C) preheat. Each block consisted of a sample of each of the four treatment conditions

plus a spare sample. All samples were tested at the same initial operating stress of 55

ksi (379 MPa).

The blocks, labeled A – F, were randomly assigned to six bars of the same heat of

AISI-SAE 4140H steel. Each treatment condition, control (-CO) no preheat (-NO), 300◦F

preheat (-30), 600◦F preheat (-60), and a spare sample (-SP) were randomly assigned to

a length of material within each bar. Each bar was subsequently processed in random

order according the to process schematic shown in Figure 2.3. At each process level, the

order in which the samples were processed was mechanically randomized and the same
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operator/machinist was used to process the entire block.

SP CONO6030

Rough 
Machine

Rough 
Machine

Rough Machine (Prep For Laser)

Laser Clad

Final Machine

Fatigue Test

Hold

4140 Bar

Figure 2.3: Process Schematic for the treatment conditions within each block

2.2.5 Specimen Geometry

The laser clad specimens were undercut as shown in Figure 2.4. They were subsequently

clad with three layers of overlay to give an average deposited weld metal thickness of

0.110 inch (2.79 mm). The samples were machined back to the finished diameter of 2.750

inch ± 0.002 inch (69.85mm ± 0.05mm) as shown in Figure 2.4. The control and spare

specimens were rough machined to the oversized ”as clad dimension” (≈ 2.900 inch /

73.66 mm), and all samples were final machined under the same parameters. This way,

it was ensured that all samples would have similar roughness and lathe-induced residual

stresses after final machining. The spare specimens were held at the rough machine

stage and were utilized to replace other specimens that were scrapped during cladding

or machining operations. In the final machining step the samples were polished with

240-grit emery paper to a 16 µ-in Ra surface finish with the induced scratches orientated

circumferentially.
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After Cladding 
and Machining

Before 
Cladding

Detail A

Figure 2.4: Geometry of the finished machined test specimen (left of center) and the specimen
geometry before cladding (right of center)

2.2.6 Rotatamatron Calibration

The Rotatamatron was calibrated by instrumenting a blank sample of 4140 alloy steel of

the same finished machined geometry shown in Figure 2.4 with strain gauges as shown in

Figure 2.5. The blank sample was subject to displacements that produced loads ranging

from 5000 lb to 28,000 lb, just below the level to yield the sample. Multiple, independent,

calibration runs were performed to correlate the applied load to the induced stress using

a modulus value of 30 × 106 psi (210 GPa) [15]. Regression analysis of the applied load

and calculated stress values produced a coefficient of determination (R2) value of 99.6%.

The regression analysis and the residuals plot of the calibration data are given in Figures

2.6 and 2.7 respectively.

2.2.7 Test Procedure

The load profile during a typical test run is shown in Figure 2.8. After the sample is

installed in the testing machine, it is run at a reduced load of approximately 3,500 lb,

as measured on the central load cell, for approximately 20,000 cycles. Loads of this
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Strain 
Gauges

Figure 2.5: Strain gauged blank sample used for the calibration trials

30000250002000015000100005000

90000

80000

70000

60000

50000

40000

30000

20000

10000

0

Central Load (lb)

Sp
ec

im
en

 S
tr

es
s 

(p
si

)

Specimen Stress (psi) =  - 4169 + 3.166 Central Load (lb)

R-Sq = 99.6%

Figure 2.6: Load calibration curve for the Rotatamatron 3000. The dashed lines correspond
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Figure 2.7: Residuals for the calibration data regression analysis showing no clear bias in the
coefficient of determination (R2)
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magnitude produce a sample stress of approximately 6.9 ksi (48 MPa) and allow the

bearings and other rotating components to warm-up and reach a steady state operating

temperature. The load is then applied with the use of a hydraulic ram, and the deflection

is locked in place with lock-nut assemblies. Once the deflection is set, the revolution

counter is reset. During the initial 5,000 – 20,000 cycles at load there was a run-in period

where the sample seated itself, and the machine was periodically stopped to re-tighten

the grip assemblies.

Figure 2.8: Measured central load (lb) plotted versus time for the entire F block control
specimen test run at 5 Hz

2.3 Results

Failure of the samples was defined to be the point at which the measured live load

decreased to 80% of the initial applied load. This definition captured initiation and
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propagation of cracks and prevented total failure, which would mask the features of

crack initiation and propagation. The load decrease is associated with crack growth due

to the test apparatus operating at a set deflection; as a crack propagates the section

thickness is reduced and less load is required to maintain the deflection. The initial

running stress for each specimen is given in Table 2.5; the number of cycles to failure for

all samples is listed in Table 2.6. The target running stress was 55 ksi (379 MPa). This

produces an alternating stress (σa) of 55 ksi (379 MPa), a mean stress (σm) of 0 ksi (0

MPa), and a stress range (σr) of 110 ksi (758 MPa). No data is reported for E-NO due

to installation issues during testing that led to an unstable running load and variable

stresses.

Table 2.5: Actual stress initially applied during testing. Target stress was 55 ksi (379MPa)

Block
CO NO 30 60

Stress (ksi) Stress (MPa) Stress (ksi) Stress (MPa) Stress (ksi) Stress (MPa) Stress (ksi) Stress (MPa)

A 55.92 386 54.79 378 55.89 385 56.67 391
B 54.92 379 57.96 400 56.41 389 54.59 376
C 55.26 381 54.30 374 55.30 381 55.08 380
D 53.90 372 56.44 389 51.90 358 56.31 388
E 55.39 382 - - 54.85 378 54.44 375
F 56.11 387 57.20 394 57.87 399 56.14 387

Average 55.25 381 56.14 387 55.37 382 55.54 383
Std. Dev 0.8 5 1.6 11 2 14 1 7

2.4 Statistical Analysis

The fatigue results were analyzed using Kaplan-Meier survival analysis. Kaplan-Meier

analysis is a non-parametric statistical technique that is used estimate the probability of

time-to-event occurrences of a population based upon a sample population [16]. In this

case, the effect of each treatment on the fatigue life, or time to fatigue failure of 4140,

is estimated from the samples analyzed in this investigation. The cumulative incidence
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Table 2.6: Fatigue life of samples tested

Block

Treatment Condition

CO NO 30 60
(104 Cycles) (104 Cycles) (104 Cycles) (104 Cycles)

A 25.92 20.57 15.75 22.21
B 14.07 20.86 52.29 49.80
C 42.88 10.36 61.47 19.55
D 28.00 30.66 25.28 50.33
E 18.38 - 72.58 15.45
F 23.56 14.05 27.45 50.10

Average 25.47 19.30 42.47 34.57

of fracture between treatment groups was compared through the log-rank test. Both the

Kaplan-Meier survival analysis and the log rank testing were performed using IBM SPSS

software.

The Kaplan-Meier survival plots for each treatment condition and the log-rank test

result (p value) are given in Figure 2.9. For each treatment condition plot shown, the

length of the horizontal portions of the curve represents the survival duration for that

interval [16], which in this case is the number of cycles between failures. The vertical

distance between the horizontal portions represents the cumulative probability of the

event, which in this case represents the probability that failure has not occurred. The

discrete points represent occurrences of the monitored event, i.e. failures of the fatigue

specimens used in the investigation.

Survival analysis of the test data indicates that in the context of fatigue performance,

laser cladding with a preheat is better than the control condition with 95% certainty. At

400,000 cycles there is a 50% probability that 4140 laser clad with the use of a 300◦F or

600◦F preheat has not failed. In comparison, the probability unclad 4140 has not failed

at 400,000 cycles is approximately 18%. There is 0% probability that 4140 clad with

no preheat has not failed by 400,000 cycles. Similarly, the number of cycles required to
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Figure 2.9: Kaplan-Meier Survival plot for the four treatment conditions. Comparison of
cumulative incidence of fracture between groups using the log rank test yielded p=0.045

produce 100% probability of failure is approximately 720,000 cycles and 505,000 cycles

for the 300◦F preheat and 600◦F preheat treatment conditions respectively, but only

430,000 cycles and 310,000 cycles for the control and no preheat treatment conditions

respectively. Comparison of the survival curves using the log-rank test produced a p

value of 0.045, showing that the observed differences in the survival curves of the various

treatments are statistically significant at the 95.5% confidence interval.

2.5 Discussion

Comparative fatigue test data is generally analyzed through analysis of variance (ANOVA)

[14]. ANOVA is a statistical technique through which the variance of the mean between

groups is compared to the variation within each group. In essence, ANOVA is a statistical

test of whether or not the means of several groups are equal, and relies on the principle

assumption that the data is independent and normally distributed. Given the size of the
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specimens utilized in this experiment, it was not feasible to have a large enough sam-

ple size to ensure that the conditions of ANOVA, i.e. normality of the data, were met.

Additionally, the loss of the E-NO sample data resulted in an incomplete data set and

necessitated a non-parametric statistical test [17].

Potential sources of error in this study include uncertainties in the running stress for

each sample, and potential inhomogeneities between the samples that may have been

introduced during the fabrication and testing process. Regression analysis of the calibra-

tion data produced a coefficient of determination (R2) value of 99.6%; indicating that the

differences between the measured sample stress (via strain) and the model’s predicted

stress values are very small. Further analysis of the regression residual plots shows that

the data is unbiased. Given the strength of the calibration data, the minor deviations

observed in the running stresses of 0.8 ksi – 1.6 ksi (5 MPa – 14 MPa) are not indicative

of substantial machine drift or bias in the running loads/stresses.

The potential for error due to inhomogeneities between samples was addressed through

the randomization and blocking techniques used as part of the RCB experimental format.

Blocking was used to account for both potential and proven nuisance variables by sepa-

rating experimental units and test conditions into subsets that were more homogeneous

than the aggregate, thereby allowing for statistical separation of the nuisance effects from

the treatment effects [14]. The use mechanical randomization techniques throughout the

experiment ensured the validity of the statistical analysis by providing a random sample.

2.6 Conclusions

Full scale rotating bending fatigue testing was performed on samples of 2.750 inch (69.85

mm) diameter. The material system tested was laser applied 13Cr overlays on a wrought

AISI-SAE 4140H substrate. the process and materials tested are representative of refur-
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bished industrial components commonly used in the mining and upstream oil and gas

sectors. Three levels of preheat were considered in comparison to a control condition:

no preheat, 300◦F (149◦C), and 600◦F (316◦C) preheats. An innovative application of

Kaplan-Meier survival analysis was used to process the fatigue test data. It was found

that with 300◦F (149◦C), and 600◦F (316◦C) preheats the fatigue life of refurbished com-

ponents was increased. 100% probability of failure occurred with the 300◦F and 600◦F

preheat treatments at approximately 720,000 and 505,000 cycles respectively. In contrast,

100% probability of failure of the no preheat and control treatment conditions occurred

at 310,000 and 430,000 cycles respectively. Comparison of the survival curves of the

various treatment conditions using the log-rank test showed that the observed differences

in fatigue lives were statistically significant at the 95.5% confidence interval.
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Chapter 3

Characterization of the Increased
Fatigue Life of Alloy Steel
Components Following Laser
Additive Manufacturing
Refurbishment

3.1 Introduction

Laser additive manufacturing, whether for fabrication or repair of industrial components,

is a rapidly growing industry world wide. The growth of laser additive manufacturing,

often referred to in industry as laser cladding, is driven by its process characteristics.

Laser cladding is typified by low heat input, minimal dilution or intermixing with the

substrate, a small heat affected zone (HAZ), and fine grained overlay microstructure

[1]. However, the widespread application of laser additive manufacturing in industry

is hampered by a lack of understanding and reliable data on the fatigue behaviour of

repaired components. As a result, many industrial components that are repaired through

laser cladding do not include the refurbished layer in the remaining life calculations.

This overly conservative approach can lead to increased scrap rate and increased process

downtime.

20
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In previous work carried out by Bell et al. [18], full-scale four-point rotating bending

fatigue testing was carried out on specimens 2.75 inch (69.85 mm) in diameter. The

samples comprise AISI-SAE 4140H steel that had been laser overlaid with 13Cr steel

using three different levels of preheat: no preheat, 300◦F (149◦C), and 600◦F (316◦C)

preheats. The effect of laser processing was evaluated relative to a control condition of

unprocessed 4140H material. It was demonstrated that laser processing with a 300◦F

preheat or a 600◦F preheat produces a statistically significant increase in fatigue life

relative to unprocessed 4140H samples or samples that had been processed without the

use of a preheat. In this paper, the fatigue results of Ref. [18] will be characterized through

fractography, residual stress measurements by the hole drilling method, and through

microhardness surveys. Before the work of Ref. [18], no studies had been conducted

on the effect of laser additive manufacturing on the fatigue performance of full scale

components in a four point rotating bending mode [18]. Previous studies had been

conducted using smaller scale samples in various fatigue modes. The alternate studies,

in combination with generalized fatigue experimentation, demonstrate strong correlations

between fatigue performance and two principal factors: the residual stress state induced

during laser processing [6, 7, 10, 12, 19–21], and the strength of the material system. [5,

22–24].

Fatigue life is increased in the presence of compressive residual stresses. The mag-

nitude and nature of the residual stresses that are produced during laser processing are

governed by the laser parameters and by the temperature dependant responses of the

materials themselves. [19]. Tensile residual stresses are developed by the bulk substrate

restricting the thermal contraction of the overlay during solidification and cooling. This

tensile residual stress can be exacerbated, or mitigated, by volume changes associated

with solid-state transformations that occur in the overlay, HAZ, or in both regions. The

most commonly encountered solid state transformation is the austenite to martensite
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transformation, which is accompanied by a significant volumetric expansion. If this ex-

pansion is constrained, large compressive residual stresses can be developed in the trans-

formed region [10,12,19,20,25–28]. In the work completed by Chen et al. [25] the residual

stress state produced by cladding several different materials systems was evaluated. In

the system with no solid state transformation materials (alloy 625/alloy 625), large ten-

sile residual stresses were produced in the overlay due to differential thermal expansion.

In a materials system in which a non-solid state transformable overlay was applied to a

transformable substrate (stellite 6/AISI 1075 steel) compressive residual stresses were de-

veloped in the HAZ, and large tensile stresses were developed in the overlay. In the work

completed by Da Sun [7], overlaying a solid-state transformable steel with another solid

state transformable steel (AerMet 100/AISI 4340) produced large compressive residual

stresses in both the overlay and HAZ.

The strength of the material affects the mechanism of failure. The fatigue limit for a

given material is not the threshold for crack nucleation, but rather the threshold stress for

the propagation of microcracks that were developed under cyclic stresses [24]. For lower

strength steels below approximately 400 HV, the microcracks are generally developed

at microstructural features such as grain boundaries or persistent slip bands [22]. In

this case, the fatigue limit is governed primarily by microstructural considerations and

it is proportional to the material hardness. [24]. For higher strength materials above

approximately 400 HV, the development of microcracks is associated with the presence of

inhomogeneities such as precipitates, inclusions and other discontinuites. In this regime,

the fatigue limit is dependent on a critical flaw size, and it is no longer proportional to

the material hardness. [24]
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3.2 Experimental Design

Four spare samples from the investigation of Ref. [18] were used to measure residual

stresses, hardness, and to characterize the microstructures. Sample C-SP was used as

a control sample, labelled RS-CO in this work. Samples B-SP, A-SP, and F-SP were

used for the no preheat condition (RS-NO), 300◦F preheat (RS-30), and 600◦F preheat

(RS-60) conditions respectively.

The chemical composition and mechanical properties of the 4140 substrate as reported

on the materials test report (MTR) are given in Tables 3.1 and 3.2. The chemical

composition of the overlay material is given in Table 3.3.

Table 3.1: Composition of the 4140 steel used in experiments (wt%)

C Mn P S Si Cr Ni Mo Cu Al V

0.42 0.98 0.01 0.022 0.026 0.98 0.14 0.2 0.19 0.028 0.006

Table 3.2: Mechanical properties of the 4140 steel used in experiments as reported on the
materials test report (MTR)

σY Mpa (ksi) UTS Mpa (ksi) % Elong % RA Hardness(BHN)

899 (130.4) 1,030 (149.4) 15.4 49.6 328

Table 3.3: 13Cr overlay chemistry (wt. %)

C Si Cr Fe

0.1 0.75 12 Bal
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3.3 Results

3.3.1 Material Characterization

The 4140H control specimen microstructure comprises tempered martensite. The mi-

crostructure is heavily banded in the axial, or rolling direction direction. The laser pro-

cessed samples, shown in Figures 3.1 – 3.3 comprise tempered martensite. All of the laser

clad overlay microstructures possessed morphologies consistent with macro-segregation

including: beaches, peninsulas, and islands. [29] Delta ferrite was also identified in all

overlay microstructures through electrolytic tint etching with ASTM E407 Etchant No.

220 (20% NaOHaq at 20 V-DC for 7 seconds), which reveals martensite and colours delta

ferrite yellow. [30] The delta ferrite was present both interdendritically and as large is-

lands. The RS-NO sample was qualitatively observed to have more delta ferrite islands

than either the RS-30 or RS-60 samples.

In all of the laser processed metallographic samples, the overlay was metallurgically

bonded to the substrate and free from linear defects or discontinuities such lack of fusion,

cracking, or oxide stringers. Isolated small scale spherical oxides and/or porosity was

observed in all overlays.
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Figure 3.1: 300◦F preheat specimen (RS-30) Overview of the overlay layer including the
interpass and 4140H substrate fusion lines. Etched with ASTM E407 Etchant No. 220.
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Figure 3.2: 600◦F preheat specimen (RS-60) Overview of the overlay layer including the
interpass and 4140H substrate fusion lines. Etched with ASTM E407 Etchant No. 220.
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Figure 3.3: No preheat specimen (RS-NO) Overview of the overlay layer including the inter-
pass and 4140H substrate fusion lines. Etched with ASTM E407 Etchant No. 220.

3.3.2 Fractography

In the work completed by Ref. [18], failure of the 23 fatigue samples tested was defined to

be the point at which the measured live load decreased to 80% of the initial applied load.

This definition captured initiation and propagation of cracks and prevented total failure,

which would mask the fracture features associated with initiation and propagation. The

partial fatigue fractures were opened for analysis by cooling the specimens to liquid

nitrogen temperatures and subjecting them to overload in a 3-pt bending mode. The

fracture surfaces were subsequently characterized through optical and scanning electron

fractography.

Analysis of the specimen fracture surfaces showed that fatigue failure preferentially
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initiated at different locations depending on the sample condition. Control specimens

were found to exclusively initiate failure at the sample surface. In some cases failure

was initiated by a non metallic inclusion in the near surface region (Figure 3.4), in

other instances there was no obvious stress raiser associated with initiation (Figure 3.5).

Four of five specimens that had been laser processed without the use of a preheat were

found to preferentially initiate failure at fusion line discontinuities as shown in Figure 3.6.

Scanning electron microscopy (SEM) and electron dispersive spectroscopic (EDS) analysis

of the discontinuities determined that they were entrapped silicon oxides associated with

the overlay process. The one specimen that did not initiate failure at a fusion line

discontinuity had fracture initiate at a HAZ inclusion.

The 300◦F preheat specimens were found to preferentially initiate failure at non-

metallic inclusions located in the substrate HAZ. Four of the six 300◦F preheat specimens

failed at HAZ inclusions, the remaining specimens failed at a fusion line inclusions.

The 600◦F preheat specimens did not show a clear preference in the location of failure

initiation. Two of the six 600◦F preheat specimens tested failed at fusion line discontinu-

ities; other locations of failure included: non-metallic inclusion in the HAZ (1 sample),

entrapped oxide in the overlay layer (1 sample), surface initiation (1 sample), and gas

porosity in the overlay (1 sample).

A representative optical view of a subsurface inclusion initiated fracture is shown in

Figure 3.7 for the Block B 300◦F preheat specimen. EDS analysis of the inclusion in

Figure 3.8 showed that it was a mixed calcium and aluminium oxide with a calcium

sulphide/Manganese sulphide shell. Inclusions of this type are commonly produced dur-

ing steel making and processing operations. [22].
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Figure 3.4: Block F control specimen (F-CO) fatigue initiation at a non-metallic inclusion

Figure 3.5: Block B control specimen (B-CO) fatigue initiation at the surface as indicated by
the presence of a radially orientated ratchet mark.
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Figure 3.6: Fatigue failure initiation location on the no preheat specimen of Block A (A-NO)

Figure 3.7: 300◦F preheat specimen of Block B (B-30) subsurface fatigue fracture initiation
in the substrate material HAZ
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Figure 3.8: 300◦F preheat specimen of Block B (B-30) failure initiated at a non-metallic
inclusion typical of steel making.

3.3.3 Residual Stress

Residual stress measurements were carried out on each sample condition using the hole

drilling method outlined in ASTM E837-08 [31]. Type A strain gauge rosettes of 1/16 inch

size were installed on the specimen reduced sections. The residual stresses were calculated

from the resulting strain data using the non-uniform stress computational method for

a “thick” work piece and a modulus of 30×106 psi (210 GPa) [15]. The computed

Cartesian stresses are plotted relative to the depth below the sample surface in Figures

3.9 – 3.12. One of the Cartesian components is in the axial direction of the specimen,

and the orthogonal component is in the circumferential direction of the specimen. The

axial stress is orientated in the longitudinal direction (the direction of bending stress),

and the circumferential stress acts in the hoop stress direction (perpendicular to the axial
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stress). For all laser clad samples, the substrate fusion line was located approximately

0.040 inch (1 mm) below the sample surface.

For each preheat level, the laser processed samples had measured compressive residual

stresses that significantly exceeded 60% of the 4140 substrate material yield stress (90

ksi/539 MPa). At measured stresses greater than 60%; it is likely that localized yielding

of the material has occurred in the vicinity of the drilled hole. [31, 32]; in this case,

the measured stresses can only be reported as indicative of large compressive residual

stresses [31].

The control specimen was found to have maximum calculated compressive residual

stress of approximately 32 ksi (221 MPa). The location of maximum stress coincided with

the surface of the sample, and the stress decayed to near zero over a depth of 0.004 inch

– 0.006 inch (0.10 mm – 0.15 mm). Near surface residual stress profiles of this type and

magnitude are consistent with stresses induced through machining operations. [10,33,34]

Figure 3.9: 300◦F (149◦C) Preheat (RS-30) sample residual stress profile
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Figure 3.10: 600◦F (316◦C) Preheat (RS-60) sample residual stress profile

Figure 3.11: No Preheat (RS-NO) sample residual stress profile
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Figure 3.12: 600◦F (316◦C) Preheat (RS-60) sample residual stress profile

3.3.4 Hardness Mapping

For the laser processed coupons, RS-NO, RS-30, and RS-60, a hardness survey was

performed using a 10×15 matrix with 0.2 mm (0.005 inch) indent spacing. For the

control specimen hardness survey, a 10×5 matrix with 0.2 mm (0.005 inch) spacing was

used. For all laser clad specimens, the fusion line was located approximately 0.040 inch

(1 mm) below the sample surface. The average hardness for each sample condition is

given as a function of depth in Figure 3.13.

The average hardness of each overlay to a depth of 0.040 inch (1 mm) was determined

to be 418 HV, 399 HV, and 430 HV for the no preheat, 300◦F (149◦C) preheat, and 600◦F

(316◦C) preheat conditions respectively. The average hardness of the substrate adjacent

to the no preheat, 300◦F preheat, and 600◦F preheat overlays was found to be 304 HV,

320 HV, 321 HV respectively. The unclad control specimen had an average hardness of
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294 HV.
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Figure 3.13: Average specimen hardness as a function of depth. For each of the laser processed
samples, the fusion line was located ≈1 mm (0.040 inch) below the surface

3.4 Discussion

Fractographic analysis showed that all laser clad coupons fell under the flaw dominated

fatigue regime. In this regime the fatigue strength is dependant on a critical flaw size,

which in turn is governed in part by the hardness of material [24]. In this regime the

higher hardness overlay is more tolerate than the substrate material to similarly sized

defects. Experimentally, this effect was observed by the location of fatigue initiation.

The unprocessed 4140 material preferentially initiated failure at the surface. In contrast,

samples that had been laser processed with 300◦F preheats preferentially initiated failure

at non-metallic inclusions located in the substrate HAZ, despite the presence of simi-
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larly sized oxides in the overlay layer. The poor fatigue life of samples that had been

laser processed without a preheat is attributable to the higher probability of cladding

discontinuities; four of five samples were observed to nucleate failure at large fusion line

inclusions. It is likely that the higher occurrence of fusion line disontinuites is related

to the bead geometry produced by laser processing without a preheat. Laser cladding

onto a cooler substrate would produce a tall, narrow, clad bead [35]. In subsequent,

overlapping, laser tracks, bead geometries of this type would increase the probability of

fusion line defects such as entrapped oxides and porosity.

Residual stress measurements showed that the laser processed coupons had large

compressive residual stresses. Based upon the material system it is expected that large

compressive residual stresses would be developed in the overlay and portions of the heat

affected zone (HAZ) as both the overlay and substrate material are capable of undergo-

ing solid-state transformations from austenite to martensite during rapid cooling from

cladding temperatures to ambient temperature. The variability in the residual stress over

the measured depth of the laser processed samples is consistent with localized yielding

of the material [31, 32], and back-tempering between successive laser passes and overlay

layers. The generation of the compressive residual stress is a function of the constrained

volumetric expansion that accompanies martensite transformation. Tempering the con-

strained martensite results in precipitation of carbides and a reduction in total volume,

which serves to reduce the local stress state in the transformed and tempered regions [19].

Hardness surveys of the laser processed samples showed that they had similar average

hardness values in the overlay region. In all cases, it was observed that the hardness of

the overlay increased from the specimen surface towards the fusion line, located approx-

imately 1 mm (0.040 inch) below the surface. The increase in hardness is indicative of

back-tempering between the first and second overlay layers. The large amount of vari-

ability in the hardness of both the control specimen and the substrate regions of the laser
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clad samples is consistent with the banded microstructure of the 4140 material.

3.5 Conclusions

Full scale rotating bending fatigue testing was performed on wrought AISI-SAE 4140H

samples with laser applied martensitic stainless steel overlays with three different preheat

levels. The samples, which were 2.750 inch (69.85 mm) diameter, were tested in a 4-pt

rotating bending fatigue mode on a custom built apparatus. The impact of laser cladding

operations on the fatigue life of the samples was characterized through fractography,

hardness surveys, and residual stress measurements by the hole drilling method.

All sample microstructures comprise tempered martensite. The pre-clad 4140 sub-

strate comprises tempered martensite heavily banded in the axial (rolling) direction.

The overlay microstructure of at all preheat levels showed morphologies consistent with

macro-segregation.

Fractographic analysis indicated that the location of fatigue initiation was strongly

influenced by the processing conditions. 100% of the control specimens initiated the

fracture at the sample surface. 80% of the specimens clad without preheat were found

to initiate failure at fusion line discontinuities between the overlay and 4140 substrate.

67% of the 300◦F preheat samples initiated failure at non-metallic inclusions located in

the substrate heat affected zone (HAZ). No clear preference was observed in the failure

initiation location of the 600◦F preheat samples.

Residual stress analysis indicated that laser processing produced large compressive

residual stress states, regardless of the level of preheat used. The measured stresses

exceeded 60% of the substrate material yield stress. At these high measured stresses

the applicable standard [31] indicates that the measures are ”indicative only” because

of the likelihood of plastic deformation during the hole drilling operation. The control
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condition, which saw no thermal cycling, showed a maximum compressive residual stress

of ≈32 ksi (221 MPa) at the sample surface. The stress was observed to decay to near

zero over a depth of 0.004 – 0.006 inch (0.10 mm – 0.15 mm). Residual stresses of this

magnitude are consistent with residual stresses induced during machining operations.

The laser processed samples had similar average hardness values in the overlay region.

For all preheat levels, the hardness of the overlay was found to be significantly higher

than that of the 4140 substrate. The average hardness of the laser processed samples in

the overlay region was 418 HV, 399 HV, and 430 HV for the no preheat, 300◦F (149◦C)

preheat, and 600◦F (316◦C) preheat conditions respectively. The average hardness of

the substrate adjacent to the no preheat, 300◦F preheat, and 600◦F preheat overlays was

found to be 304 HV, 320 HV, 321 HV respectively. The unclad control specimen had an

average measured hardness of 294 HV.

The large compressive residual stress state produced in this materials system, in

conjunction with higher measured hardness of the overlay, accounts for the increase in

fatigue life following laser processing with an appropriate preheat. The induced com-

pressive residual stresses offset the tensile stress applied during testing and creates a

lower effective stress in the near surface region. Similarly, the higher measured hardness

of the overlay relative to the 4140 substrate indicates a microstructure that has both a

higher fatigue strength, and that is more resistant to the presence of discontinuities than

the base material. These effects were observed experimentally in the location of fatigue

failure initiation.
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Chapter 4

Conclusions and Future Work

4.1 Conclusion and Summary of Findings

Full scale rotating bending fatigue testing was performed on samples of 2.750 inch (69.85

mm) diameter. The material system tested was laser applied 13Cr overlays on a wrought

AISI-SAE 4140H substrate. the process and materials tested are representative of refur-

bished industrial components commonly used in the mining and upstream oil and gas

sectors. Three levels of preheat were considered in comparison to a control condition:

no preheat, 300◦F (149◦C), and 600◦F (316◦C) preheats. An innovative application of

Kaplan-Meier survival analysis was used to process the fatigue test data. It was found

that with 300◦F (149◦C), and 600◦F (316◦C) preheats the fatigue life of refurbished com-

ponents was increased. 100% probability of failure occurred with the 300◦F and 600◦F

preheat treatments at approximately 720,000 and 505,000 cycles respectively. In contrast,

100% probability of failure of the no preheat and control treatment conditions occurred

at 310,000 and 430,000 cycles respectively. Comparison of the survival curves of the

various treatment conditions using the log-rank test showed that the observed differences

in fatigue lives were statistically significant at the 95.5% confidence interval.

Fractographic analysis indicated that the location of fatigue initiation was strongly

influenced by the processing conditions. 100% of the control specimens initiated the

40
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fracture at the sample surface. 80% of the specimens clad without preheat were found

to initiate failure at fusion line discontinuities between the overlay and 4140 substrate.

67% of the 300◦F preheat samples initiated failure at non-metallic inclusions located in

the substrate heat affected zone (HAZ). No clear preference was observed in the failure

initiation location of the 600◦F preheat samples.

Residual stress analysis indicated that laser processing produced large compressive

residual stress states, regardless of the level of preheat used. The measured stresses

exceeded 60% of the substrate material yield stress. At these high measured stresses

the applicable standard [31] indicates that the measures are ”indicative only” because

of the likelihood of plastic deformation during the hole drilling operation. The control

condition, which saw no thermal cycling, showed a maximum compressive residual stress

of ≈32 ksi (221 MPa) at the sample surface. The stress was observed to decay to near

zero over a depth of 0.004 – 0.006 inch (0.10 mm – 0.15 mm). Residual stresses of this

magnitude are consistent with residual stresses induced during machining operations.

The laser processed samples had similar average hardness values in the overlay region.

For all preheat levels, the hardness of the overlay was found to be significantly higher

than that of the 4140 substrate. The average hardness of the laser processed samples in

the overlay region was 418 HV, 399 HV, and 430 HV for the no preheat, 300◦F (149◦C)

preheat, and 600◦F (316◦C) preheat conditions respectively. The average hardness of

the substrate adjacent to the no preheat, 300◦F preheat, and 600◦F preheat overlays was

found to be 304 HV, 320 HV, 321 HV respectively. The unclad control specimen had an

average measured hardness of 294 HV.

The large compressive residual stress state produced in this materials system, in

conjunction with higher measured hardness of the overlay, accounts for the increase in

fatigue life following laser processing with an appropriate preheat. The induced com-

pressive residual stresses offset the tensile stress applied during testing and creates a
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lower effective stress in the near surface region. Similarly, the higher measured hardness

of the overlay relative to the 4140 substrate indicates a microstructure that has both a

higher fatigue strength, and that is more resistant to the presence of discontinuities than

the base material. These effects were observed experimentally in the location of fatigue

failure initiation.

4.2 Recommended Future Work

This study represents the first investigation into the effects of laser cladding on the fatigue

performance of full scale components. This is also the first instance in which laser cladding

was measured to produce increased fatigue performance. It is recommended that future

studies be undertaken to model the cladding process. Potential objectives of the model

could include:

� Determination of the effect of overlay geometry and thickness on the residual stress

state.

� Determination of the effect of changing substrate geometries and thickness on the

development of residual stresses.

� Determination of the microstructural evolution and potential mechanisms for the

observed macro-segregation.



Bibliography

[1] Patricio F. Mendez, Nairn Barnes, Kurtis Bell, Steven D. Borle, Satya S. Gajapathi,

Stuart D. Guest, Hossein Izadi, Ata Kamyabi Gol, and Gentry Wood. Welding

processes for wear resistant overlays. Journal of Manufacturing Processes, 16(1):4–

25, 2014.

[2] V.M. Weerasinghe and W.M. Steen. Laser Cladding with Blown Powder. Metal

Construction, pages 581–585, 1987.

[3] George E. Dieter. Mechanical Metallurgy. McGraw-Hill, Boston, 3rd edition, 1986.

[4] ISO-1143:2010(E). Metallic materials - Rotating bar bending fatigue testing. 2010.

[5] M. M. Alam, A. F H Kaplan, J. Tuominen, P. Vuoristo, J. Miettinen, J. Poutala,
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Appendix A – Full Scale Monotonic
Tensile Testing

5.1 Introduction

Full-scale monotonic tensile testing was conducted at the Morrison Structural Engineer-

ing Laboratory using a 1 M-lb test frame. Samples corresponding to each condition

(control, no preheat, 300◦F preheat, 600◦F preheat) were tested using the finished ma-

chined specimen geometry shown in Figure 6.1. The measured tensile properties and

the 4140 substrate material test report (MTR) are provided in the subsequent sections.

The tensile testing was stopped once the UTS had been exceeded, but before completed

fracture had occured, as such, no data is reported for % Elongation

Full scale monotonic tensile testing showed that laser cladding had a negligible effect

on the bulk properties of the substrate. All tensile specimens, including the unprocessed

control specimen, were found to have lower yield and ultimate stresses than was reported

on the MTR. The difference in measured versus reported values can be attributed to the

location and size of the MTR test specimen relative to the full scale coupons. The MTR

reports the use of specimens of 0.505 inch diameter sectioned from the mid-radius of a

5 inch bar; the finished machined diameter of the full scale coupon is 1 inch below the

mid-radius location. It has been well established that the tensile properties and hardness

of low alloy steels in the heat treated and stress relieved condition decreases towards the
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centre of large components.

Figure 5.1: Finished machined monotonic tensile coupon geometry

5.2 Tensile Test Results

Table 5.1: Full scale monotonic tensile test data for each sample condition

Specimen σ0.2% (MPa) σ0.2% (ksi) σUTS (MPa) σUTS (ksi)

T-CO 805.1 116.8 948.5 137.6
T-NO 783.7 113.7 959.9 139.2
T-30 784.6 113.8 968.2 140.4
T-60 784.4 113.8 975.4 141.5
MTR 891.2 129.3 1025.7 148.8
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Figure 5.2: Full scale monotonic tensile curves for each sample condition
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5.3 4140H Material Test Report (MTR)
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Appendix B – Surface Finish

Characterization

6.1 Introduction

The fatigue performance of a given material or component is sensitive to surface rough-

ness or the presence of stress raisers at the surface. [36] In general, decreasing the sur-

face roughness will minimizes local stress risers and produce increased fatigue perfor-

mance. [37] For most experimental fatigue test applications, the effect of surface finish

is negated by testing samples with a metallographic surface finish, i.e. a mirror finish,

that is free of machining grooves or scratches. [36] In the context of this thesis study, a

metallographic surface finish was undesirable as it would not be representative of most

industrial components.

The effect of surface roughness on fatigue performance can be expressed through

the effective stress concentration factor (Kt) and fatigue stress concentration factor (Kf)

determined through the Neuber rule. [38] Neuber’s approach involves treating surface

roughness as a series of adjacent notches as shown in Figure 7.3. The surface stress
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concentration factor can then be expressed as

Kt = 1 + n

√
λ
Rz

ρ
(6.1)

where ρ is the notch root radius and Rz is given to be the height of the surface profile

(surface roughness peak-to-valley distance). The value of n is a constant that defines the

stress state (n = 1 for shear, and n = 2 for tension), and λ is the ratio of between notch

spacing and height. [37] For most applications involving machined surfaces, λ is taken to

be 1. [37].

The stress concentration factor obtained from Eq. 7.1 can then be used to calculate

the fatigue stress concentration factor as [39]

Kf = 1 + q(Kt − 1) (6.2)

where q refers to the notch sensitivity and can be expressed in terms of the profile radius

ρ as [39]

q =
1

(1 + γ/ρ)
(6.3)

The γ term in Eq. 7.3 is a material constant that can be expressed in terms of the

ultimate tensile strength (σUTS) [37]

γ = 0.025(
2070MPa

σUTS

)1.8mm (6.4)
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Figure 6.3: Schematic representation of surface roughness as a series of adjacent notches with
a lower degree of stress concentration. From Ref. [37]

Because it was not possible to completely eliminate the potential effects of surface

finish, it was necessary to classify surface finish as a nuisance variable. As outlined in

Chapter 2, a nuisance variable is a test factor whose effect on the specimen is unintended

and undesirable and that must be controlled through blocking. However, for blocking

to be valid, the blocking variable cannot interact with the with treatment variable [14];

i.e., the magnitude of the effect of surface finish on fatigue cannot be dependant on

whether or not a sample was laser clad. From Eq. 7.1 – Eq. 7.3 it can be seen that the

magnitude of the surface roughness effects are primaily determined by the notch radius, ρ.

Thus, in order to ensure that there are no interaction effects between laser cladding and

surface finish; it is necessary to show that machining operations that produce equivalent

roughness parameters (Rz) also produce equivalent notch radii (ρ).
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6.2 Experimental Methodology

To determine the surface finish parameters RZ and ρ, detailed profilometry studies were

conducted at the University of Alberta NanoFab facility. By using nanometer scale pro-

filometers it was possible to precisely measure the radii of the machining marks produced

by the same machining operations that would be utilized for manufacture of the fatigue

specimens; i.e. turning on a CNC lathe and subsequent polishing with 220-grit emery

paper to a 16 µ-inch Ra surface finish. The pre-clad coupon geometry used for the laser

cladding surface finish assessment is shown in Figure 7.4. The un-clad 4140 surface finish

sample comprised a bar machined to 2.830 inch diameter.

Two regions 180◦ apart were sectioned from each of the clad and unclad samples. The

surface roughness of each specimen was then measured using an Alpha-Step IQ surface

profiler. The surface roughness parameters and radii of 12 notches from each location

(24 total for each the clad and unclad samples) were measured for each specimen. The

resulting ρ measurements were statistically analyzed through the Mann-Whitney test to

determine if they were statistically different.

Figure 6.4: Pre-cladding Surface finish specimen dimensions. Following laser processing the
sample was machined flush to the 2.830 inch diameter



6.3: Profilometry Results 57

6.3 Profilometry Results

The measurements data for each of the clad and unclad specimens is given in Figures 7.5

– 7.24. A summary of the measured data is given in Tables 7.2 and 7.3.

Table 6.2: Summary of measured surface roughness parameters

Coupon Ra (nm) Rq (nm) Rp (nm) Rz(nm)

Clad Specimen 1 271 345 857 2052

Clad Specimen 2 403 507 1020 1840

Average 337 426 939 1946

Control Specimen 1 439 531 1033 2614

Control Specimen 2 386 495 650 2623

Average 413 513 842 2619
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Table 6.3: Notch radii measured on both the control and clad surface finish specimens

Clad Specimen 1 Clad Specimen 2 Control Specimen 1 Control Specimen 2

120.0 64.2 97.8 27.7

67.3 23.7 23.8 74.3

40.7 105.0 72.7 19.4

19.8 38.9 90.9 60.6

24.9 39.1 15.0 98.7

29.4 29.3 27.5 37.5

120.0 16.3 40.2 61.7

47.9 35.7 23.8 43.4

26.1 13.5 18.3 23.5

20.0 23.0 15.8 74.6

47.5 166.0 18.4 116.0

87.2 66.2 106.0 208.0
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6.3.1 Laser Clad Surface Roughness Data

Figure 6.5: Clad sample specimen 1 roughness profile
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Figure 6.6: Notch radii measurements at location 1, which was randomly selected from the
profile shown in Figure 7.5

Figure 6.7: Notch radii measurements at location 2, which was randomly selected from the
profile shown in Figure 7.5



6.3: Profilometry Results 61

Figure 6.8: Notch radii measurements at location 3, which was randomly selected from the
profile shown in Figure 7.5

Figure 6.9: Notch radii measurements at location 4, which was randomly selected from the
profile shown in Figure 7.5
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Figure 6.10: Clad sample specimen 2 roughness profile

Figure 6.11: Notch radii measurements at location 1, which was randomly selected from the
profile shown in Figure 7.10
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Figure 6.12: Notch radii measurements at location 2, which was randomly selected from the
profile shown in Figure 7.10

Figure 6.13: Notch radii measurements at location 3, which was randomly selected from the
profile shown in Figure 7.10



6.3: Profilometry Results 64

Figure 6.14: Notch radii measurements at location 4, which was randomly selected from the
profile shown in Figure 7.10

Figure 6.15: Control sample specimen 1 roughness profile
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Figure 6.16: Notch radii measurements at location 1, which was randomly selected from the
profile shown in Figure 7.15

Figure 6.17: Notch radii measurements at location 2, which was randomly selected from the
profile shown in Figure 7.15



6.3: Profilometry Results 66

Figure 6.18: Notch radii measurements at location 3, which was randomly selected from the
profile shown in Figure 7.15

Figure 6.19: Notch radii measurements at location 4, which was randomly selected from the
profile shown in Figure 7.15
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Figure 6.20: Control sample specimen 2 roughness profile

Figure 6.21: Notch radii measurements at location 1, which was randomly selected from the
profile shown in Figure 7.20
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Figure 6.22: Notch radii measurements at location 2, which was randomly selected from the
profile shown in Figure 7.20

Figure 6.23: Notch radii measurements at location 3, which was randomly selected from the
profile shown in Figure 7.20



6.4: Statistical Analysis: Mann-Whitney Test 69

Figure 6.24: Notch radii measurements at location 4, which was randomly selected from the
profile shown in Figure 7.20

6.4 Statistical Analysis: Mann-Whitney Test

The Mann-Whitney test is used to make inferences about the difference between two

population medians based on data from random samples. In this case it was used to

determine if the median of the notch radii for clad and control samples was the same.

All calculations were carried out using MiniTab software.

The median notch radius was calculated to be 39.00 µm for the clad sample and 41.80

µm for the control sample. The Mann-Whitney statistic was calculated to be 582.0 and

the associated p-value is 0.91. Therefore, there is no statistical difference between the

notch radii at the 90% confidence interval.
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6.5 Conclusion

Statistical analysis of the notch radii determined that there is no statistical difference in

the machining induced surface roughness between clad and unclad samples. Therefore,

the effect of surface roughness and laser cladding do not interact, and the effects of surface

roughness can be managed through appropriate blocking.



Appendix C – Fractography

7.1 Introduction

Chapter 3 summarized the results of the fractographic analysis. The complete data set,

including tabular summaries of the initiation locations and and fatigue data for each

block, is provided below. The data is arranged alphabetically by block with scanning

electron microscopy (SEM) data presented at the end. Where appropriate, electron

dispersive spectroscopy (EDS) spectra and composition maps are provided below the

relevant SEM image.
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7.2 Optical Fractography

7.2.1 Block A

Table 7.4: Running stress, cycles to failure, and failure initiation location for the Block A
samples

Specimen Cycles to Failure Stress (psi) Failure Initiation Location

A-CO 259197 55916 Surface defect initiation

A-NO 205670 54791 Fusion Line Inclusion

A-30 157489 55892 Fusion Line Inclusion

A-60 222112 56673 Mid-overlay oxide

Figure 7.25: A-CO coupon showing fracture initiation at a ”dent” in the surface
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Figure 7.26: A-CO coupon OD view of initiating dent

Figure 7.27: A-NO fracture initiation at an entrapped oxide located at the fusion line
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Figure 7.28: A-30 fracture initiation at an multiple adjacent entrapped oxides located at the
fusion line

Figure 7.29: A-60 fracture initiation at a circular entrapped oxide in the overlay region
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7.2.2 Block B

Table 7.5: Running stress, cycles to failure, and failure initiation location for the Block B
samples

Specimen Cycles to Failure Stress (psi) Failure Initiation Location

B-CO 140703 54918 Surface Initiation

B-NO 208567 57963 Fusion Line Inclusion

B-30 522947 56410 HAZ Inclusion

B-60 497976 54591 HAZ Inclusion

Figure 7.30: B-CO coupon fracture initiation at the surface
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Figure 7.31: B-NO coupon fracture initiation at a fusion line oxide

Figure 7.32: B-30 coupon fracture initiation at a non metallic inclusion located in the HAZ
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Figure 7.33: B-60 coupon fracture initiation at a non metallic inclusion located in the HAZ

7.2.3 Block C

Table 7.6: Running stress, cycles to failure, and failure initiation location for the Block C
samples

Specimen Cycles to Failure Stress (psi) Failure Initiation Location

C-CO 428793 55264 Surface Initiation

C-NO 103622 54301 Fusion Line Inclusion

C-30 614668 55297 HAZ Inclusion

C-60 195482 55080 Fusion Line Discontinuity
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Figure 7.34: C-CO coupon fracture initiation at the surface

Figure 7.35: C-NO coupon fracture initiation at a fusion line oxide inclusion
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Figure 7.36: C-30 coupon fracture initiation at a non metallic inclusion in the HAZ

Figure 7.37: C-60 coupon fracture initiation at a fusion line discontinuity
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7.2.4 Block D

Table 7.7: Running stress, cycles to failure, and failure initiation location for the Block D
samples

Specimen Cycles to Failure Stress (psi) Failure Initiation Location

D-CO 279969 53901 Surface Initiation

D-NO 306552 56438 Fusion Line Discontinuity

D-30 252782 51895 Fusion Line Inclusion

D-60 503252 56313 Surface Initiation

Figure 7.38: D-CO coupon fracture initiation at multiple locations on the surface
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Figure 7.39: D-NO coupon fracture initiation at a fusion line discontinuity

Figure 7.40: D-30 coupon fracture initiation at multiple fusion line oxide inclusions
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Figure 7.41: D-60 coupon fracture initiation at the surface

7.2.5 Block E

Table 7.8: Running stress, cycles to failure, and failure initiation location for the Block E
samples

Specimen Cycles to Failure Stress (psi) Failure Initiation Location

E-CO 183848 55385 Surface Initation

E-NO - - -

E-30 725759 54853 HAZ Inclusion

E-60 154472 54437 Fusion Line
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Figure 7.42: E-CO coupon fracture initiation at the surface

Figure 7.43: E-30 coupon fracture initiation at a non metallic inclusion located in the HAZ
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Figure 7.44: E-60 coupon fracture initiation at the fusion line

7.2.6 Block F

Table 7.9: Running stress, cycles to failure, and failure initiation location for the Block F
samples

Specimen Cycles to Failure Stress (psi) Failure Initiation Location

F-CO 235596 56107 Surface and Near Surface Initiation

F-NO 140504 57196 Linear Fusion Line Defect and HAZ Inclusion

F-30 274486 57868 Haz Inclusion

F-60 501034 56140 Near Surface Porosity
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Figure 7.45: F-CO coupon overview showing initiation and propagation of multiple fractures
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Figure 7.46: F-CO coupon surface initiation of the lower fracture shown in 8.45

Figure 7.47: F-CO coupon surface initiation of the upper fracture shown in Figure 8.45.
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Figure 7.48: F-NO coupon showing adjacent initiation at a fusion line discontinuity and a
non metallic inclusion located in the HAZ

Figure 7.49: F-30 coupon showing multiple fracture initiation locations. The fracture initiated
at location 1 dominated failure
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Figure 7.50: Location 1 of the F-30 fracture shown in Figure 8.49. Initiation occurred at a
non metallic inclusion in the HAZ

Figure 7.51: F-60 coupon fracture initiated at porosity in the overlay layer
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7.3 SEM Fractography

Figure 7.52: B-CO Secondary electron (SE) image showing the presence of a ratchet mark
perpendicular to the sample surface.
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Figure 7.53: B-30 SE image showing fracture initation at a non metallic inclusion located in
the substrate HAZ.
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Figure 7.54: B-30 SE image of the non-metallic inclusion
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Figure 7.55: B-60 SE image showing fracture initiation at a non metallic inclusion located in
the substrate HAZ.
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Figure 7.56: B-60 SE image of the inclusion shown in Figure 8.55. EDS analysis was conducted
at the locations marked 1 and 2.
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Figure 7.57: B-NO SE image showing fracture initiation at a non metallic inclusion located
at the fusion line.
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Figure 7.58: B-NO Back Scatter Electron (BSE) image showing fracture initiation at a non
metallic inclusion located at the fusion line.
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Figure 7.59: B-NO high magnification SE image of the fusion line inclusion.
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Figure 7.60: B-NO high magnification BSE image of the fusion line inclusion.
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Figure 7.61: F-CO SE image of the initiation location shown in Figure 8.46. Initiation
occurred at a near surface non metallic inclusion.
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Appendix D – Residual Stress Data

8.1 Introduction

Strain data acquired during hole drilling was processed using the computation method

for non-uniform stresses in a thick work piece as outlined in ASTM E837-2008 [31]. Due

to the iterative nature of the calculations, a MatLab script was written to perform the

calculations. The script is presented in Appendix 10.2; all raw data and computational

outputs are provided in the Residual Stress Data section below. For each of the resid-

ual stress samples the strain gage rosette was installed so that the reference direction

corresponded to the longitudinal axis of the part as shown in Figure 9.62.

Figure 8.62: RS-30 strain gauge rosette installation
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8.2 Residual Stress Data

Figure 8.63: R-CO measured strain Vs. Depth
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Figure 8.64: RS-CO tabulated strain data
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Figure 8.65: RS-CO combination strain data

Figure 8.66: RS-CO estimated standard error in the combined strain calculations
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Figure 8.67: RS-CO Cartesian stresses versus depth. The X-direction corresponds to the
longitudinal axis of the sample

Figure 8.68: RS-CO magnitude of the maximum and minimum stresses as a function of depth
below the surface
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Figure 8.69: RS-CO direction in which the maximum stresses act relative to the longitudinal
axis of the sample (reference direction)
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Figure 8.70: RS-CO direction in which the minimum stresses act relative to the longitudinal
axis of the sample (reference direction)
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Figure 8.71: R-NO measured strain Vs. Depth

Figure 8.72: RS-NO tabulated strain data
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Figure 8.73: RS-NO combination strain data

Figure 8.74: RS-NO estimated standard error in the combined strain calculations
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Figure 8.75: RS-NO Cartesian stresses versus depth. The X-direction corresponds to the
longitudinal axis of the sample

Figure 8.76: RS-NO magnitude of the maximum and minimum stresses as a function of depth
below the surface



8.2: Residual Stress Data 117

Figure 8.77: RS-NO direction in which the maximum stresses act relative to the longitudinal
axis of the sample (reference direction)
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Figure 8.78: RS-NO direction in which the minimum stresses act relative to the longitudinal
axis of the sample (reference direction)



8.2: Residual Stress Data 119

Figure 8.79: R-30 measured strain Vs. Depth

Figure 8.80: RS-30 tabulated strain data
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Figure 8.81: RS-30 combination strain data

Figure 8.82: RS-30 estimated standard error in the combined strain calculations
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Figure 8.83: RS-30 Cartesian stresses versus depth. The X-direction corresponds to the
longitudinal axis of the sample

Figure 8.84: RS-30 magnitude of the maximum and minimum stresses as a function of depth
below the surface
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Figure 8.85: RS-30 direction in which the maximum stresses act relative to the longitudinal
axis of the sample (reference direction)
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Figure 8.86: RS-30 direction in which the minimum stresses act relative to the longitudinal
axis of the sample (reference direction)
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Figure 8.87: R-60 measured strain Vs. Depth

Figure 8.88: RS-60 tabulated strain data
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Figure 8.89: RS-60 combination strain data

Figure 8.90: RS-60 estimated standard error in the combined strain calculations
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Figure 8.91: RS-60 Cartesian stresses versus depth. The X-direction corresponds to the
longitudinal axis of the sample

Figure 8.92: RS-60 magnitude of the maximum and minimum stresses as a function of depth
below the surface
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Figure 8.93: RS-60 direction in which the maximum stresses act relative to the longitudinal
axis of the sample (reference direction)
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Figure 8.94: RS-60 direction in which the minimum stresses act relative to the longitudinal
axis of the sample (reference direction)



Appendix E – Hardness Survey Data

9.1 Introduction

Microhardness surveys were conducted on each sample condition using an indenter load of

500g. For the laser processed coupons, RS-NO, RS-30, and RS-60, the hardness survey

comprised a 10×15 matrix with 0.2 mm (0.005 inch) indent spacing. For the control

specimen hardness survey, a 10×5 matrix with 0.2 mm (0.005 inch) spacing was used.

The datum for each matrix, (1,1) was adjacent to the drilled hole near the sample surface.

For all laser clad specimens, the fusion line was located approximately 0.040 inch (1 mm)

below the sample surface. Overviews of the indent matrices and 3-D hardness color maps

are presented in the subsequent section.
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9.2 Hardness Data

Figure 9.95: RS-CO microhardness survey matrix overview
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Appendix F – MatLab Scripts

10.1 Introduction

The following script was created to perform the iterative calculations outlined in ASTM

E837-2008 for non-uniform stresses in a thick work-piece.

10.2 Main MatLab Program

1 %This script is used to calculate the residual stress in a part through

2 %the Vishay hole-drilling method as per ASTM E837-08.

3 %This method is based upon non-uniform stress conditions in a thick

4 %workpiece using a 1/16'' Nominal TYPE A/B Rosette.

5 %USE OF ANYOTHER TYPE OR SIZE OF ROSETTE WILL LEAD TO INVALID

6 %CALCULATIONS!!!!

7

8 display('This script is used to calculate residual stresses as per')

9 display('ASTM E837-08. It is designed to be used with a 1/16in nominal')

10 display('Type A/B Rosette-USE OF ANYOTHER SIZE OR ROSETTE TYPE WILL LEAD')

11 display('TO INVALID CALCULATIONS!!!! ')

12 display('Make sure proper calibration matrix values are saved in the ...

working file')

135
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13 display('To proceed ensure that all strain data is saved in')

14 display('C:Documents\MATLAB\Residual Stress\Strain Gauge Rosette ...

Data.xlsx')

15 display('and formatted by column in the following order: HoleDepth | ...

ep1 | ep2 | ep3 where')

16 display('ep1 represents strain in the reference direction')

17 display('the hole depth must be listed in 0.002in steps and begin at i ...

= 1 = 0.002in')

18 display('(i.e. OMIT 0in depth) and terminate at i = 20 = 0.040in')

19

20 %Prompt to ensure display above is being followed.

21 prompt=input(['Did you use type A or B Rosette & Save data ...

appropriately?',...

22 ' Enter ''1'' for y, ''0'' for no ans= ']);

23 if isempty(prompt);

24 disp('Invalid Entry...exiting script');

25 return

26 elseif prompt==0;

27 disp(['I don''t have what you need...its not you...its me',...

28 ' exiting script']);

29 return

30 elseif prompt 6=0 & prompt 6=1 ;

31 disp('invalid key - exiting script');

32 return

33 elseif prompt==1;

34

35 end

36

37 %Prompts for output filename

38 prompt = {'Enter Data Output file name: '};

39 dlg title = 'Excel Output File Name';
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40 num lines=1;

41 def= {'DEMO1.xlsx'};

42 file name = inputdlg(prompt,dlg title,num lines,def);

43

44 %Changes filename to .ppt extension for use with saveppt.m function

45 ppt=cellstr('.ppt')

46 ppt name=strcat(file name{1},ppt)

47

48 [E]=modulus(); %input prompt for modulus

49 [mu]=poisson(); %input prompt for poissons ratio

50 [hole dia]=hole dia(); %input prompt for the measured hole diameter

51 [a]=calib matrix a(hole dia); %Generate Calibration Matix a for calcs

52 [b]=calib matrix b(hole dia); %Generate Calibration Matix b for calcs

53 [c]=matrix c(); %Generate Calibration Matix c for calcs

54

55 strain data = xlsread('Strain Gauge Rosette Data.xlsx');

56 holedepth = strain data(:,1);

57 ep1 = strain data(:,2)*1E-6;

58 ep2 = strain data(:,3)*1E-6;

59 ep3 = strain data(:,4)*1E-6;

60

61 %Plot strain data to ensure the data follows smooth trends

62 figure(1);

63 plot(holedepth,ep1,'b-',holedepth,ep2,'g--',holedepth,ep3,'r-.');

64 xlabel('Hole Depth (in)');

65 ylabel('Strain');

66 set(gca,'YTickLabel',num2str(get(gca,'YTick').'));

67 title('Strain Vs. Hole Depth Trend');

68 legend('epsilon 1', 'epsilon 2', 'epsilon 3','Location', 'NorthWest');

69 grid on;

70 F1=gcf;
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71

72 prompt=input('Does Fig. 1 Plot data follow smooth trends? 1=y, 0=n ans=');

73 if isempty(prompt);

74 disp('Check yo''data, before you wreck yo''data...exiting script');

75 return

76 elseif prompt==0;

77 disp('Check yo''data, before you wreck yo''data...exiting script');

78 return

79 elseif prompt 6=0 & prompt 6=1 ;

80 disp('invalid key - exiting script');

81 return

82 elseif prompt==1;

83

84 end

85

86 %p,q,t strain vector calculation

87 p=(ep3+ep1)/2;

88 q=(ep3-ep1)/2;

89 t=(ep3+ep1-2*ep2)/2;

90

91 %p std err, q std error, t std error Calculation

92 [p std err sum,q std err sum,t std err sum]=strain std err(p,q,t);

93

94 %Calculation of Stress P for nonuniform stress state

95 [P]=stress calc P(a,c,E,mu,p,p std err sum);

96

97 %Calculation of Stress Q for nonuniform stress state

98 [Q]=stress calc Q(b,c,E,q,q std err sum);

99

100 %Calculation of Stress T for nonuniform stress state

101 [T]=stress calc T(b,c,E,t,t std err sum);
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102

103 %Cartesian Stress Calculation

104 sig x=P-Q;

105 sig y=P+Q;

106 shear xy=T;

107

108 %Principal Stress and Direction

109 sig max=P+sqrt(Q.ˆ2+t.ˆ2);

110 sig min=P-sqrt(Q.ˆ2+t.ˆ2);

111 beta direc = 0.5 * atan2d(-T,-Q);

112

113 %Plot Max and Min Stress Vs. Hole Depth

114 figure(2);

115 plot(holedepth,sig max,'b-',holedepth,sig min,'r--');

116 xlabel('Hole Depth (in)');

117 ylabel('Stress (PSI)');

118 set(gca,'YTickLabel',num2str(get(gca,'YTick').'));

119 title('Maximum and Minimum Stresses Vs. Hole Depth');

120 legend('Maximum Stress', 'Minimum Stress','Location', 'NorthWest');

121 grid on;

122 F2=gcf;

123

124 %Plot Cartesean stess and shear Vs. Hole Depth

125 figure(3);

126 plot(holedepth,sig x,'b-',holedepth,sig y,'r--', holedepth,shear xy,'g-.');

127 xlabel('Hole Depth (in)');

128 ylabel('Stress (PSI)');

129 set(gca,'YTickLabel',num2str(get(gca,'YTick').'));

130 title('Cartesian Stress Vs. Hole Depth');

131 legend('\sigma {X}', '\sigma {y}','\tau {XY}','Location', 'NorthWest');

132 grid on;
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133 F3=gcf;

134

135

136 %Create Tablulated Data and Export to Excel

137 warning('off','MATLAB:xlswrite:AddSheet') %suppress add-sheet error

138 run max stress table

139 run min stress table

140 run xy stress table

141 run strain data tabulation

142 run comb strain data tabulation

143 run std err tabulation

144

145 %Save All Figures to Power Point

146 saveppt(char(ppt name),'Strain Vs. Hole Depth','-f1')

147 pause(2)

148 saveppt(char(ppt name),'Max and Min. Stresses Vs. Hole Depth','-f2')

149 pause(2)

150 saveppt(char(ppt name),'Cartesian Stress Vs. Hole Depth','-f3')

151 pause(2)

152 saveppt(char(ppt name),'Max. Stress & Direction Table','-f4')

153 pause(2)

154 saveppt(char(ppt name),'Min. Stress & Direction Table','-f5')

155 pause(2)

156 saveppt(char(ppt name),'X/Y Stresses Table','-f6')

157 pause(2)

158 saveppt(char(ppt name),'Strain Data Tabulation','-f7')

159 pause(2)

160 saveppt(char(ppt name),'Combination Strain Data Table','-f8')

161 pause(2)

162 saveppt(char(ppt name),'Estimated Std. Errors','-f9')
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10.3 Functions

1

2 function[a]=calib matrix a(hole dia)

3 %Retrives ASTM E837-08 calibration matrix a for non-uniform calculations

4 %Ensure excel file "ASTM E837-08 Calibation Matrix A Values" is saved in

5 %the current directory

6

7 calibration matrix raw=xlsread('ASTM E837-08 Calibation Matrix A ...

Values','B4:U23');

8 a=calibration matrix raw*( hole dia/0.080 );

9

10 function[b]=calib matrix b(hole dia)

11 %Retrives ASTM E837-08 calibration matrix a for non-uniform calculations

12 %Ensure excel file "ASTM E837-08 Calibation Matrix B Values" is saved in

13 %the current directory

14

15

16 calibration matrix raw=xlsread('ASTM E837-08 Calibation Matrix B ...

Values','B4:U23');

17 b=calibration matrix raw*( hole dia/0.080 );

18

19 function[filename]=Filename prompt()

20 %This function requests the user to input the file name underwhich all

21 %data outputs will be saved. All data will be saved in

22 % Mydocuments/matlab/filename

23

24 prompt = {'Enter output file name: '}

25 dlg title = 'Output file name'
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26 num lines=1

27 def= {'demo1.xlsx'}

28 file name = inputdlg(prompt,dlg title,num lines,def)

29

30

31 filename=input{'Please enter filename for data output: '}

32 if isempty{filename}

33 filename='data'

34 end

35

36

37 function[hole dia]=hole dia()

38 %Function requires the operator to enter the measured diameter of the hole

39 %This value is essential because it modifies both calibration matrices

40 hole dia=input('Input measured hole dia.(min = 0.075'''' max= ...

0.085'''') =')

41 if isempty(hole dia)

42 hole dia=0.080

43 end

44

45 function [c] = matrix c()

46 %function generates tri-diagonal "second derivitive" matrix c

47 %Used for Tikhonov Refularization of Non-Uniform Stress data per E837-08

48 n=20;

49 D=sparse(1:n,1:n,2*ones(1,n),n,n);

50 E=sparse(2:n,1:n-1, -ones(1,n-1),n,n);

51 S=E+D+E';

52 c=full(S);

53 c(1,1)=0;

54 c(1,2)=0;

55 c(n,n)=0;
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56 c(n,n-1)=0;

57

58 function[E]=modulus()

59 %This function requests the user to input the modulus of elasticity for

60 %use in calculations

61 E=input('Modulus of Elasticity (psi) leave blank for 30x10ˆ6=')

62 if isempty(E)

63 E=30000000

64 end

65

66 function[mu]=poisson()

67 %Function requires the operator to enter the value of Poissons ratio for

68 %use in calculations (generally 0.30 for steels)

69 mu=input('Poisson''s Ratio (leave blank for mu=0.30) =')

70 if isempty(mu)

71 mu=0.30

72 end

73

74 function[p std err sum,q std err sum,t std err sum]=strain std err(p,q,t)

75 %Calculates the Combined Strain Standard Error

76 %Ensure combined strains are labeled p, q, and t and are arranged as column

77 %vectors

78 n=numel(p)-3;

79 p std err=zeros(n,1);

80 for i=1:n

81 p std err(i)=( p(i,1)-3*p(i+1,1)+3*p(i+2,1)-p(i+3,1) )ˆ2 /( 20 * n);

82 end

83 p std err sum=sum(p std err);

84

85 n=numel(q)-3;

86 q std err=zeros(n,1);
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87 for i=1:n

88 q std err(i)=( q(i,1)-3*q(i+1,1)+3*q(i+2,1)-q(i+3,1) )ˆ2 /( 20 * n);

89 end

90 q std err sum=sum(q std err);

91

92 n=numel(t)-3;

93 t std err=zeros(n,1);

94 for i=1:n

95 t std err(i)=( t(i,1)-3*t(i+1,1)+3*t(i+2,1)-t(i+3,1) )ˆ2 /( 20 * n);

96 end

97 t std err sum=su

98

99 function[P]=stress calc P(a,c,E,mu,p,p std err sum)

100 %Calc. of stress P for non-unifor(a,c,E,mu,p)m stress calcs per ASTM ...

E837-08

101 %Initial geuss for alpha p = 1x10ˆ-6

102

103 %Initial Stress P Calculation

104 alpha p=1E-06 ;

105 A=a'*a + alpha p*(c'*c) ;

106 B=(E/(1+mu))*a'*p ;

107 P=A\B ;

108

109 P misfit=p-((1+mu)/E)*a*P; %misfit vector calcualtion

110 p rms misfit=(sum(P misfit.ˆ2))/numel(P misfit);

111

112 if ((p std err sum*0.95)≤p rms misfit...

113 & p rms misfit≤(p std err sum*1.05))%checks validity of initial ...

alpha geuss

114 disp(P)



10.3: Functions 145

115 %if the initial geuss if off, the following loop should recalculate ...

the value

116 else while ((p std err sum*0.95)≥p rms misfit...

117 | p rms misfit≥(p std err sum*1.05))

118 alpha p=(p std err sum/p rms misfit)*alpha p

119 A=a'*a + alpha p*(c'*c) ;

120 P=A\B ;

121 P misfit=p-((1+mu)/E)*a*P; %misfit vector calcualtion

122 p rms misfit=(sum(P misfit.ˆ2))/numel(P misfit);

123

124 end

125 P

126 end

127

128

129 function[Q]=stress calc Q(b,c,E,q,q std err sum)

130 %Calc. of stress Q for non-unifor(a,c,E,mu,p)m stress calcs per ASTM ...

E837-08

131 %Initial geuss for alpha p = 1x10ˆ-6

132

133 %Initial Stress P Calculation

134 alpha q=1E-06 ;

135 A=b'*b + alpha q*(c'*c) ;

136 B=E*b'*q ;

137 Q=A\B ;

138

139 Q misfit=q-(1/E)*b*Q; %misfit vector calcualtion

140 q rms misfit=(sum(Q misfit.ˆ2))/numel(Q misfit);

141

142 if ((q std err sum*0.95)≤q rms misfit...



10.3: Functions 146

143 & q rms misfit≤(q std err sum*1.05))%checks validity of initial ...

alpha geuss

144 disp(Q)

145 %if the initial geuss if off, the following loop should recalculate ...

the value

146 else while ((q std err sum*0.95)≥q rms misfit...

147 | q rms misfit≥(q std err sum*1.05))

148 alpha q=(q std err sum/q rms misfit)*alpha q

149 A=b'*b + alpha q*(c'*c) ;

150 Q=A\B ;

151 Q misfit=q-(1/E)*b*Q; %misfit vector calcualtion

152 q rms misfit=(sum(Q misfit.ˆ2))/numel(Q misfit);

153

154 end

155 Q

156 end

157

158 function[T]=stress calc T(b,c,E,t,t std err sum)

159 %Calc. of stress Q for non-unifor(a,c,E,mu,p)m stress calcs per ASTM ...

E837-08

160 %Initial geuss for alpha p = 1x10ˆ-6

161

162 %Initial Stress P Calculation

163 alpha t=1E-06 ;

164 A=b'*b + alpha t*(c'*c) ;

165 B=E*b'*t ;

166 T=A\B ;

167

168 T misfit=t-(1/E)*b*T; %misfit vector calcualtion

169 t rms misfit=(sum(T misfit.ˆ2))/numel(T misfit);

170
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171 if ((t std err sum*0.95)≤t rms misfit...

172 & t rms misfit≤(t std err sum*1.05))%checks validity of initial ...

alpha geuss

173 disp(T)

174 %if the initial geuss if off, the following loop should recalculate ...

the value

175 else while ((t std err sum*0.95)≥t rms misfit...

176 | t rms misfit≥(t std err sum*1.05))

177 alpha t=(t std err sum/t rms misfit)*alpha t

178 A=b'*b + alpha t*(c'*c) ;

179 T=A\B ;

180 T misfit=t-(1/E)*b*T; %misfit vector calcualtion

181 t rms misfit=(sum(T misfit.ˆ2))/numel(T misfit);

182

183 end

184 T

185 end
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